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Abstract: A visible-light induced iron-catalyzed a-alkylation of
ketones with allylic and propargylic alcohols as pro-electrophiles is
reported. The diaminocyclopentadienone iron tricarbonyl complex
plays a dual role by harvesting light and facilitating dehydrogenation
and reduction steps, without the help of any exogenous
photosensitizer. vy,5-Unsaturated ketones can now be accessed
through this borrowing hydrogen methodology at room temperature.
Mechanistic investigations revealed that the steric hindrance on the
&-position of either the dienone or ene-ynone intermediate is the key
feature to prevent or decrease the competitive 1,6-reduction (and
consequently the formation of the saturated ketone) and to favour the
synthesis of a set of non-conjugated enones and ynones.

Introduction

Hydrogen auto-transfer methodology or borrowing hydrogen is a
thrilling area of research.!"? This process is a greener and safer
way to create new C-C or C-N bonds from environmentally benign
alcohols. Plethora of complexes, including abundant metal-based
ones, have been developed in the last decades.["? Among them,
the diaminocyclopentadienone iron tricarbonyl complex has
demonstrated its potency in the formation of both C-C and C-N
bonds. This complex catalyzed not only the alkylation of
ketones,! indoles, ! oxindoles!?® and alcohols,’®! but also the N-
alkylation of amines and amides.[’l Whilst the hydrogen auto-
transfer methodology is a successful technology in fine chemistry,
some drawbacks, such as high reaction temperatures (90-150 °C),
remain. Consequently, there is still room to improve such
technology, to introduce new substrates and to develop
unprecedented methodologies.

Photoinduced processes using visible light offer a great variety of
catalytic transformations, open new retrosynthetic disconnection
and, consequently, is an emerging toolbox in industry. Light,
which can be seen as a clean and traceless reagent, can be
exploited to access reactive intermediates in milder conditions

and at lower temperatures. Most of these reactions presuppose
the excitation of a photosensitizer catalyst (PS) to initiate the
transformation either by hydrogen-atom transfer (HAT), energy
transfer or single-electron transfer.®! The merge of photoredox
catalysis and transition metal catalysis (namely a dual catalysis)
represents a second strategy and has extended the concept of
the light activation.[®! A third complementary approach is to take
advantage of the inner coordination sphere of a transition metal
complex able to harvest the visible light, without the help of any
exogenous photosensitizer.['” Among the original light-induced
methodologies using a chromophoric catalytic species, palladium-
catalyzed  cross-coupling reactions'! and the C-H
functionalization are the most active areas.'?

Recently, cyclopentadienone iron tricarbonyl complexes have
showed their ability to perform alkylation reactions at room
temperature under photoirradiation. Our group has recently
disclosed a simple and robust visible light-induced iron-catalyzed
a-alkylation of a variety of ketones with aliphatic and benzylic
alcohols at room temperature (Scheme 1a).['™¥ Almost
simultaneously, Sundararaju used the Kndlker's complex Fe2 to
perform the methylation of ketones with methanol, also at room
temperature under white light irradiation (Scheme 1a).l'¥ These
results tend to demonstrate the versatility of the
cyclopentadienone iron complexes, as the borrowing hydrogen
strategy can now be applied either under thermal®>7 or visible light
activation.

Homoallylic ketones or y,5-unsaturated ketones are relevant
structures in organic synthesis as they can be intermediates in the
synthesis of various (hetero)cycles, natural products or
peptidomimetics.['® These derivatives might be synthesized from
methyl ketones and allylic alcohols via the borrowing hydrogen
strategy. However, allylic alcohol derivatives belong to a class of
compounds which have been less evaluated in the hydrogen
auto-transfer methodology.['®! Indeed, the use of such alcohols
remains a challenge because of a possible 1,4-reduction of the
o,B-unsaturated aldehyde intermediates, leading to the saturated



products at the end of the reaction (Scheme 1b).['l Another
problem to tackle with this class of compounds is that the dienone
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Scheme 1. Previous work and outline of the blue-light induced Fe-catalyzed hydrogen autotransfer a-prenylation of ketones.

intermediates can also produce the saturated compounds via two
consecutive reductions (an initial 1,6-reduction followed by a 1,4-
reduction) as described in Scheme 1b.

The use of allylic alcohols as pro-electrophiles in the borrowing
hydrogen approach was initially described by Gunanathan!'"! for
the alkylation of ketones in the presence of a Ru-Macho complex
at 100-125 °C. More recently, Sundararaju et al.l'®] reported a
cyclopentadienone iron tricarbonyl complex Fe1-catalyzed the
alkylation of oxindoles with some allylic alcohols at 100 °C
(Scheme 1c). Following our previous works and our ongoing
interest in hydrogen borrowing reactions, we report a visible-light-
induced a-alkylation of ketones catalyzed by the iron complex
Fe1 at room temperature in the presence of allylic and propargylic
alcohols as pro-electrophiles (Scheme 1d).

Results and Discussion

The reaction of 4-methoxyacetophenone with prenol under blue
light irradiation for 16 hours at room temperature in tert-butanol
was chosen as a model reaction for the optimization (entry 1,
Table 1). The alkylated ketones 3a and 3a’ were obtained in 90%
conversion and 70% isolated yield as an inseparable mixture. The
over hydrogenated compound, namely the hydroxyl compound
corresponding to the reduction of 3a, was not obtained, distinct
from the ruthenium-catalyzed prenylation reaction in thermal

conditions.' The non-conjugated, pB,y-unsaturated ketone was
never observed in these conditions, unlike in the thermal
conditions.['® No alkylated product was formed without catalyst or
in the dark (entry 2, Table 1). Optimization of the amount of
alcohol showed an optimum with 2 equiv. of prenol. This excess
of pro-electrophile allows to reach reasonable conversions
(entries 1, 3-4, Table 1). An investigation of the solvents showed
up that tert-butanol and toluene led to the best conversions, albeit
in lower selectivity in the latter (entries 1 and 5, Table 1).
Prenylation in cyclopentyl methyl ether (CPME) and
dichloromethane furnished ketones 3a and 3a’ in lower
conversions and lower selectivities (entries 6-7, Table 1). Finally,
iron complexes Fe2 and Fe3 did not provide any alkylated product,
demonstrating that the nature of the cyclopentadienone motive is
decisive for the catalytic activity. In conclusion, the optimized
conditions were as follow: one equivalent of 4-
methoxyacetophenone reacts with two equivalents of prenol in
the presence of 0.5 equiv. of NaOH and 2.5 mol % of iron complex
Fe1 to give the alkylated product 3a in mixture with 3a’ (74/26
molar ratio) in 70 % yield.

Having defined the optimal conditions, we commenced to outline
the scope and limitation of this new visible light-mediated iron-
catalyzed prenylation of ketones with allylic alcohols (Scheme 2).
For the first series, a variety of substituted (hetero)aromatic
ketones bearing electron-donating (methoxy, methyl, acetal) or



electron-withdrawing groups (halide, -CF3) were employed as pro-
nucleophiles in the hydrogen auto-transfer strategy under light

Table 1. Optimization of the reaction conditions.[?!

[e] Fe1 (2.5 mol%) o) o)
OH NaOH (0.5 equiv.)
+ Kyk e — .
N BUOH (0.5 M), r.t. N N
o 1a 2a blue LED, 455 nm, 38 W O 3a 9] 3a'

2 equiv. 16 hours

Entry ®! Deviation from  Conversion 3a+3a’ Selectivity
standard conditions (isolated yield):] 3a/3a’
1 None 90% (70%) 71/29
2 No light, or no N.R. N.D.
complex!
3 1 equiv. of alcohol N. R N.D
4 3 equiv. of alcohol 77% 71129
H 0,
5 Toluene instead of 76% 64/36
‘BuOH
H 0,
6 CH2Cl; instead of 22% 73/97
‘BuOH
H 0,
7 CPME instead of 44% 57/43
‘BuOH
8 Complex Fe2orFe3 N.R. N.D.

instead of Fe1

[l General conditions: 4-methoxyacetophenone (0.5 mmol), prenol (2 equiv.),
NaOH (0.5 equiv.), Fe (2.5 mol%), and BuOH (1 mL, 0.5 M), 38 watts Kessil
blue LED lamp (455 nm), r.t., 16 h. ! Conversions were determined by '"H NMR
analysis of the crude mixture. [ Isolated yield. [ N. R. no reaction. ¥IN. D. not
determined.

irradiation with prenol (Scheme 2). The saturated compound was
always obtained as side product (Scheme 2). The alkylated
products 3a-k were synthesized in moderate to good yields (50-
97 %, Scheme 2). The electronic properties of the substituent on
the aromatic ring did not seem to bias the reactivity as the
chemical yields were comparable (50-75% with electron-donating
substituents vs. 50-97% with electron-withdrawing ones, Scheme
2). However, the steric hindrance on the pronucleophile seems to
play a role in the selectivity as exemplified with alkylated ketone
3k/3k’ (54/46, Scheme 2). The steric factors might favor the 1,6-
reduction of the unsaturated ketone intermediate or slow down
the alkylation step, and consequently favor the reduction of the
unsaturated aldehyde (see mechanistic investigations vide infra,
Figure 1). Other 3,3-disubstituted allylic alcohols can be
introduced in this photo-induced iron-catalyzed alkylation.
Compounds 3o-q were prepared in 26-87% yield, albeit with a
modest selectivity for the tetrasubstituted alkene (3p/3p’: 40/60,
83% yield, Scheme 2). Furthermore, worth to point out is that the
lower yields with all these functionalized allylic alcohols are mainly
due to lower reaction rates (leading consequently to lower
conversions). Geraniol and nerol provided the corresponding
alkylated ketones 3I/3I' and 3m/3m’ in 56 and 37% yield,
respectively (Scheme 2). Interestingly, isomerization of the
unsymmetrically gem-disubstituted alkene was observed when
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these natural allylic alcohols were used as pro-electrophiles.
Starting from pure E-isomer (geraniol), 31 was isolated as an
82/18 mixture of E/Z isomers, when the same reaction from the
pure Z-isomer (nerol) led to a mixture of E/Z isomers in a ratio of
42/58. This isomerization might be due to a photoinduced process
on the dienone intermediate, as already reported in literature.['%]
A second set of allylic alcohols was then evaluated. Starting from
cinnamyl type allylic alcohols as pro-electrophiles and aromatic
ketones as pro-nucleophiles, the corresponding non-conjugated
enones were synthesized in lower conversions (16-43%) and,
therefore, in lower yields (12-43%). However, some key points
have to be stressed. First, 3q-3u were obtained selectively, no
saturated ketone was formed from such allylic alcohols. Second,
functionalities (such as CF3 group, or halide substituent) on the
alkene moiety can be tolerated (Scheme 2). Finally, the
cyclopropyl methyl ketone was engaged in the borrowing
hydrogen transfer with a cinnamyl type alcohol and the
corresponding alkylated ketone 3t was isolated in 20% yield (the
conversion was not determined by "H NMR analysis of the crude
mixture in this case due to the volatility of the starting ketone).
To show up the practicability of this methodology, the visible-light
mediated prenylation was carried out on a 5 mmol scale between
4-methoxyacetophneone and prenol at room temperature for 16h.
Ketones 3a/3a’ were prepared in full conversion, good yield (74%)
and selectivity (75/25).

Having delineated the scope of this reaction with allylic alcohols,
we thought to extend this methodology to propargylic alcohols. To
the best of our knowledge, such pro-electrophiles have not yet
been reported in hydrogen auto-transfer methodology. Again, the
steric parameter was the key feature to allow the formation of the
alkylated product. While no reaction was observed with 2-butynol
and low yield (6 %) was obtained from 3-phenyl propargyl alcohol,
sterically hindered alkynes open the way to the hydrogen auto-
transfer reaction (Scheme 3). As examples, tert-butyl or tris-
isopropylsilyl group  substituted-propargylic  alcohols led
chemoselectively to the corresponding non-conjugated ynones 5a
and 5b in moderate conversions (27 and 35%, respectively) and
yields (22 and 25%, respectively, Scheme 3). A rapid optimization
of the reaction conditions showed that both conversions and
yields could be improved by using 5 mol% of iron complex
(Scheme 3). The v,8-ynone 5a and 5b were then isolated in 53
and 60% yields. Increasing the amount of base (1 equiv.) or
catalyst (> 5 mol%) led to a turbid solution and consequently to a
drop of the conversions.

Fe1 (x mol%)
0 HO NaOH (0.5 equiv.) 1)
+ X
R1k /\RZ 5 1
uOH, r.t. R R
1 4 Blue LED, 455 nm, 38 W 5 R?
(2 equiv.) 48 hours

22 % (27 % conv.) with 2.5 mol% of Fe1 25 % (35 % conv.) with 2.5 mol% of Fe1
53 % (60 % conv.) with 5 mol% of Fe1 60 % (67 % conv.) with 5 mol% of Fe1
5a 5b

Scheme 3. Blue-light-induced alkylation of ketones with substituted propargylic
alcohols.
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0] R2 NaOH (0.5 equiv.) 10) R2 0 R2
+ +
N HO g ‘BUOH, rt. R R® R R3
1 2 Blue LED, 455 nm, 38 W 3 3
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o} O (e} O (0]
Z W ©W\ /@)‘\/\)\
~o F
70 % 75 % 61 % 53 % 63 %
(82 % conv.) (91 % conv.) (95 % conv.) (67 % conv.) (67 % conv.)
3a/3a' = 74/26 3b/3b' = 73/27 3c/3c' = 78/22 3d/3d"' = 86/14 3e/3e' = 87/13
75 %
(5 mmol scale)
3a/3a' = 75/25
O (0} O (0] 0
\ |
Cl Br | CFj3
97 % 83 % 52 % 51 % 50 %
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3f/3f" = 92/8 3g/3g' = 88/12 3h/3h' =91/9 3i/3i' = 83/17 3j/3j' =91/9
%
o o (0} (e}
= = = Z Z
~o >0 ~o
50 % 56 % 37 % 37 %
(82 % conv.) (77 % conv.) (66 % conv.) (53 % conv.)
3k/3k' = 54/46 31/31' = 81/19 3m/3m' = 82/18 3n/3n' = 80/20
E/Z = 82/18 E/Z = 42/58
(0] O (e} o
26 % (2 equiv. of alcohol, 29 % conv.) 26 % 12 % 43 %
83 % (3 equiv. of alcohol, 97 % conv.) (43 % conv.) (16 % conv.) (43 % conv.)
30/30" = 40/60 3p 3q, E/Z=92/8 3r, E/IZ=91/9
0 cl ! o :
P s A
SAea Gl EVARES
o | |
27 % 20 % (NaOH 1 equiv.) 25% ‘ limitation 10 % 1
(42 % conv.) (conv. not determined) (43 % conv.) ' (30 % conv.) !
3s, E/Z = 15/85 3t, E/Z = 6/94 3u : 3v/3v'=86/14 |

Scheme 2. Scope of the blue-light-induced alkylation of ketones with allylic alcohols.

To acquire more insight into the mechanism of this light-mediated
iron-catalyzed prenylation, several experiments were conducted
(Scheme 4).

First, the dienone 6d, prepared from acetophenone and 3-
methylbutenal (prenal), was reduced in iso-propanol at room

temperature under blue light irradiation.?” A 9/1 mixture of 3d/3d’
was obtained in full conversion. The selectivity was comparable
to the one in the catalytic alkylation (86/14) and confirmed that the
1,6-reduction of the dienone intermediate is a competitive side
pathway. Second, the reduction of the dienone 7, prepared from



4-methoxyacetophneone and oa-methyl trans cinnamaldehyde,
led to 8a/8a’ in a 54/46 ratio in the same reaction conditions.

a) Investigation on the 1,6-reduction of the dienone intermediate

W

Fe1 (2.5 mol %)
NaOH (0.5 equw

'PrOH (0.5 M), r.t., 16h
blue LED, 38 W, 455 nm
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W@M

100 % conv., 3d/3d": 90/10

b) Investigation on the importance of the substitution at the 5-position of the dienone intermediate

M M

Fe1 (2.5 mol %)
NaOH (0.5 equiv.)

'PrOH (0.5 M), r.t., 16h
blue LED, 38 W, 455 nm

M

100 % conv., 7b/7b’: 54/46

c) Investigation on the light-induced cis-trans isomerisation

no Fe1

P
solvent (0.5 M), r.t.,, 24h NF
blue LED 38 W 455 nm

2E, 4E 2E 4E

in '\BUOH, 7/7°: 95/5

2E 4z 2z 4E

not observed

ZZ 4z
not observed

in MeOH, 7/7°: 88/12
in CH,Cly, 7/7’: 56/44

Scheme 4. Mechanistic investigations.

This result demonstrates that the steric hindrance on the 5-
position of the intermediate is a key feature to prevent or slow
down the 1,6-reduction. The last experiment was set up to unveil
the role of light for the alkene isomerization. After photoirradiation
for 24 hours, the dienone 7 was obtained in a mixture of isomers
7 and 7’ in a ratio depending on the solvent and on the solubility
of the dienone. No other isomer was observed in these conditions.
When the dienone 7 is poorly soluble in alcoholic solvents (‘BuOH,
MeOH), little isomerization was noticed under blue light irradiation
for 24 h. The ratio between 7/7’ decreases in dichloromethane in
the same reaction conditions.

Based on the above-mentioned experiments and previous works
on the borrowing hydrogen methodology, B"' a plausible
mechanism for the prenylation of ketone 1d with 2a is reported in
Figure 1. Following the decarbonylation procedure used by
Knélker in basic conditions,?' Fe1 could generate the 16-electron
deficient intermediate species I. Coordination of the alcohol 2a
could afford the intermediate Il. Light-mediated dehydrogenation
would liberate the intermediate Il and prenal 9a.' A
condensation step between prenal 9a and the ketone 1d could
furnished the dienone 10a. Reaction of the later with Il could
provide two intermediates IV and VI. A 1,6-photoinduced
reduction could liberate the unsaturated ketone 11a via
intermediate V. The 1,4-photoinduced reduction would lead to
ketone 3a via intermediate VI. The conjugated ketone 11a could
then re-enter in a second catalytic cycle to finally generate the
saturated compound 3d’ via a 1,4-photoinduced reduction.l'® A
second pathway to produce the side product 3d’ could be the
following one. Prenal 9a could be reduced into 3-methylbutanal
12a thanks to a visible light-mediated activation of Ill. Further
condensation of 10a with 1d (leading to 11a) and a second
reduction step could furnish 3d’ (Figure 1).

Conclusion

In conclusion, we have reported a novel visible-light-induced o-
alkylation of ketones using allylic alcohols as pro-electrophiles.
Extension of the reaction to propargylic alcohols, as pro-
electrophiles, allowed for the first time the obtention of the
corresponding alkylated ketones through a hydrogen borrowing
process. Mechanistic investigations confirmed the presence of a
1,6-reduction of the dienone intermediate leading to the saturated
product, and a light-induced isomerization of the alkene. Further
work on the mechanistic understanding is in progress in our group.

Supporting Information ((optional))
The authors have cited additional references within the
Supporting Information.?%43

Experimental Section

General. Commercial reagents were used without further
purification. All air- and moisture-sensitive manipulations were
carried out using standard vacuum line Schlenk tubes techniques.
The photocatalyzed reactions were carried out in an Hepatochem
HCK1006-01-025 PhotoredoxBox or PhotoredoxBox Duo
irradiated with a 38 W A 160WE Tuna Blue Kessil lamp (455 nm).
Solvents were degassed prior to use by bubbling argon gas
directly in the solvent. NMR spectra were recorded on a Briicker



spectrometer (500 MHz or 600 MHz). 'H NMR chemical shifts are
referenced to the residual hydrogen signals of the deuterated

Dehydrogenation step

HO
Vﬁ/ NaOH or ‘BuONa
2a

WILEY . vcH

lIIIQ-

\ Ph \ Ph
N\' :L N
L’\{ | Pho ,\{\@P—hom
Fe Fe
S L H
ocC CO\D ocC EO
! i
Single reduction
products
o) Reduction intermediates
M 9a or 10a or 11a
g NP Nag
12a LNTQ—OWNa N\é —0~ N
O v ph "o 1,6-reduction of 10a | ‘pp Ar
/MAF oc” T Ar N oc” T~ \
11a cot / - Co =
o = ‘ Condensation step From 2
)\/\/U\A, v v o 0
\ Ph )\v\v”\
3a 1a Ar
\  Ph i N Ar 10a
) N 1,4-reduction of < @o—r\ja
Er%lél:jlgreductlon LN\TQ:O -Na 9aor 10a or 11a N\ F‘ Ph \‘O 92 or 10a NaOH or ‘BuONa
\ Ph ko) : e
Fe-.. oc’ b _TH. Ar R From 3
w oct (‘30 “H%_/)fAf Q €0 R{)’j e 2
Ar R = R?2 )\/\)J\
R2 vi Ar= 4-MeOCgH, Ar
3a’ vil
1a
Figure 1. Proposed mechanism.
solvent (7.26 ppm for CDCIs). The '*C NMR chemical shifts are
referenced to the 13C signals of the deuterated solvent (77 ppm ~ Acknowledgements

for CDCI3). ('H) NMR information is given in the following format:
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet),
coupling constant(s) (J) in Hertz (Hz), number of protons, type.
Carbon (*C) NMR spectra are reported in ppm (8) relative to
CDCls unless noted otherwise. Infrared spectra were recorded on
a Perkin Elmer Spectrum 100 FT-IR Spectrometer. HRMS (ESI-
TOF) analyses were performed by Laboratoire de Chimie
Moléculaire et Thioorganique analytical facilities. Emission
spectra were measured at room temperature in liquid state on a
Perkin Elmer LS 55 spectrofluorometer. UV-visible absorption
spectrum in solution was measured at room temperature on a
Perkin EImer Lambda 40 UV-visible spectrometer

General procedure: In a 10 mL vial, were added under argon
atmosphere ketone 1 (0.5 mmol, 1.0 equiv.), alcohol (1.0 mmol, 2
equiv.), NaOH (10 mg, 0.25 mmol, 0.5 equiv.), Fe1 (2.5 mol%, 5.8
mg, 0.0125 mmol), ‘BuOH (1.0 mL). The reaction tube was sealed.
The mixture was stirred at room temperature and irradiated by a
38W blue LED lamp for 16 hours. The mixture was filtrated on
celite, eluted with diethyl ether and concentrated under reduced
pressure. The conversion was determined by 'H NMR
spectroscopy. The residue was purified by flash chromatography
using pentane/ethyl acetate as eluent to afford the desired
product.
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