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Abstract

In this paper we report a [2 4+ 2] cycloaddition reaction between ketenes and benzils, characterized by an unusual double
photochemical activation triggered by visible light. Employment of a flow system and optimization of reaction conditions
through Design of Experiments resulted in moderate to good yields of the corresponding p-lactones. A thorough computa-
tional analysis allowed to elucidate the mechanism of the reaction and justify the observed diastereoselectivity. The reaction
was also successfully tested with mixed benzils, showing complete regioselectivity.

Keywords Diazoketones - -Lactones - Flow Chemistry - Design of Experiments - Paterno-Biichi reaction - Visible light

Introduction

The synthesis of four-membered rings is a continuous chal-
lenge for synthetic chemists since these scaffolds are versa-
tile building blocks in drug discovery campaigns. In particu-
lar, B-lactones and B-lactams attracted great interest in the
field of medicinal chemistry and chemical biology, thanks
to the intrinsic reactivity of the strained four-membered
heterocycle [1]. Since 1883, the reactivity and the possi-
ble transformations of B-lactones have been the object of
intense investigations [2], along with their synthesis on the
route to the preparation of natural products [3-5]. Nowa-
days, the most common synthetic methodologies toward
these scaffolds employ ketenes as starting materials. Despite
their intrinsic reactivity and instability [6], many examples
describing the cycloaddition between ketenes and carbonyl
compounds to deliver f-lactones have been reported in the
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literature. Starting from stable ketenes [7], it is possible to
obtain the desired products employing N-heterocyclic car-
benes (NHCs; see Scheme 1a) [8—10], phosphines [11, 12]
or Lewis acid-Lewis base (LA*—LB*) bifunctional catalysts
[13], to activate the carbonyl group at its ground state.

A useful strategy for the in situ generation of ketenes
is represented by the photoinduced Wolff rearrangement of
a-diazoketones. Interestingly, the photogeneration of ketenes
does not require any additional species, such as metal cata-
lysts or bases, or harsh conditions such as heating, lead-
ing to a simplification of the reaction system, in terms of
costs and sustainability. Recently, we demonstrated that
a-alkyl and a-aryldiazoketones can undergo a Wolff rear-
rangement under visible light irradiation [14]. The result-
ing ketene intermediates can be involved in multicomponent
processes, such as the Ketene Three-Component Reaction
(K-3CR) [15, 16] and its silylative version (SK-3CR) [17],
as well as a three-component version of the Staudinger Reac-
tion (K-3CSR) [18]. Photogenerated ketenes have been also
employed in [2+4n] cycloaddition processes, giving access
to a wide number of new cyclic architectures [19].

Considering all these synthetic pathways, we have identi-
fied a missed one that could be realized by taking advantage
of the same visible light used to generate such synthetic inter-
mediates. In fact, ketenes could react as alkenes (2x reaction
partners) in a Paterno-Biichi reaction [20, 21] with carbonyl
derivatives, still leading to four-membered (-lactones, but
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Scheme 1 a) General synthesis
of B-lactones through NHC
catalysis from stable ketenes; b)
General Paterno-Biichi Reaction
between olefins and benzils;

¢) General doubly photo-
chemically-activated Paterno-
Biichi Reaction between
a-diazoketones and benzils (this
work)

through a different approach, in which the carbonyl reactant
is activated by light and not upon acid catalysis. This hypoth-
esis is supported by our recent work (Scheme 1b), wherein we
have demonstrated that benzil-type carbonyls can be excited by
visible light and react via the triplet state in [2 + 2]-cycloaddi-
tions with alkenes [22-24]. Thus, based on our experience, we
decided to combine the photogeneration of ketenes with a cata-
lyst-free [2 4+ 2] photocycloaddition with benzils (Scheme 1c).
As depicted in Scheme 2, we postulate that benzils (2) could
react also with ketenes (Ket, formed upon irradiation of
diazoketones 1), with the initial formation of a 1,4-diradical
intermediate (Int), that ultimately delivers the desired cycload-
duct 3. Compared to what already reported in the literature, the
process described in this article displays an unusual double
photochemical activation of both starting materials.
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Results and discussion

We started our investigation irradiating with blue LEDs
a degassed dichloromethane (DCM) solution of phenyl
diazoketone 1a and benzil 2a (Scheme 3a) until disap-
pearance of the diazoketone and analyzed the crude
mixture by GC-MS and NMR. We were pleased to find
that both analyses indicated the presence of two products
(major:minor 1:0.4) compatible with pB-lactone 3a, albeit
in small amounts. Upon purification of the crude, two
diastereomeric p-lactones 3a were isolated in an overall
30% yield and fully characterized, confirming our hypoth-
esis. In a control experiment, a solution of 1a and 2a was
kept in the dark for 24 h, and the compounds were recov-
ered unreacted, demonstrating the essential role of light
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Scheme 2 Proposed mechanism of a general doubly photochemically-activated Paterno-Biichi Reaction between a-diazoketones and benzils

(ISC, Intersystem Crossing)
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Scheme 3 Preliminary experi-
ments. a) Reaction of diazoke-
tone 1a with benzil 2a affording
fB-lactone 3a (no trace of 4 was
detected in the crude NMR).
b) Reaction of diazoketone 1a
with benzaldehyde: NMR of the
crude displayed two doublets
(J=2.8 Hz) at 4.66 and 6.02
ppm consistent with structure 4
(no NMR data available in the
literature); tabulated peaks for 5 0O
are: cis (5.35 ppm, d, J=6.8 Hz
and 5.89 ppm, d, /J=6.8 Hz)
[27]; trans (4.60 ppm, d, J=4.4
Hz and 5.35 ppm, d, /=4.4 Hz) 1a
[28]. ¢) Dimerization of diazok-
etone 1a; postulated compound
4 rearranged to compound 6
[29] c)
O
Z N2

irradiation. To exclude that the photogenerated ketene
could react with the carbonyl derivative in the ground
state, 2a was replaced by benzaldehyde and the resulting
mixture irradiated until disappearance of the diazoketone.
NMR of the crude mixture showed the presence of a new
compound, that was postulated to be the ketene dimer 4
[6, 25, 26], while no adduct 5 between ketene and ben-
zaldehyde was observed (Scheme 3b). This result was
confirmed by irradiating a solution of the sole diazok-
etone 1la, that again afforded the supposed ketene dimer
4 as major product. These results led us to speculate that
benzaldehyde, unable to be excited by blue light, remains
as spectator in the ketene transformations, while benzil,
capable of excitation at this wavelength [22], becomes
the preferred reaction partner for the ketene. It is worth
mentioning, in fact, that no trace of dimer was detected in
the reaction mixture of the first experiment. Attempts to
isolate the ketene dimer by flash chromatography failed,
as this immediately rearranged to but-2-en-4-olide 6 upon
exposure to silica (Scheme 3c).

Reaction optimization in batch
and under continuous flow

With these preliminary, but promising, results in hand, we
decided to optimize the conditions of the reaction between
phenyl diazoketone 1a and benzil 2a. The choice was made
to employ the Design of Experiments (DoE), an efficient
chemometric approach that allows extracting high-quality
information from a limited number of planned experiments

Blue LED
E—

Blue LED

Bule LED
E—
DCM, rt

(0]

6}

O 5

4 L not detected

DCM, rt

[30]. This chemometric method, first introduced by Fisher
in 1935, is widely recognized and should be applied in
all phases of optimization of a given (industrial) chemical
process. However, its implementation is not widespread, as
it is neither universally adopted, nor consistently exploited.
As a matter of fact, in the context of organic synthesis, the
literature often includes references to optimization studies
using "one variable at a time" (OVAT) approaches [31].
To ensure a proper project design, it is essential to identify
all possible variables that can have an effect within the
considered system. At the beginning, we studied the reac-
tion in batch, creating an ad hoc D-Optimal Design, and
then moved to a continuous flow system realizing a Central
Composite Design (Scheme 4).

D-Optimal Design

For the screening design, various factors along with differ-
ent setting levels were identified, including wavelength [32],
solvent, temperature, and equivalents of benzil, all listed in
Table 1.

A multi-step experimental design strategy was followed,
aiming to achieve the highest yield, determined through a
GC-MS analysis using an internal standard (benzyl phenyl
sulfide), by selecting the most effective variables and their
corresponding levels. For each step, a set of replicates was
selected to evaluate any time-related blocking effects due
to the experimental session. Based on the profound asym-
metry between the conditions, the first experimental plan
was meticulously designed to achieve the highest possible
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hv, solvent, T, equiv. of 2a

o
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conc., flow rate, LED intensity
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Scheme 4 Study of the reaction between phenyl diazoketone 1a and benzil 2a to f-lactone 3a in two different systems (batch and flow) and the

corresponding investigated conditions

Table 1 Variables with the

. Var. ID Variable Levels
corresponding levels
X1 Wavelength 365 nm 385 nm 405 nm 450 nm* 470 nm
X2 Temperature -15°C 0°C rt*
X3 Solvent MeCN DCM* Et,0 MeOH THF HC(OMe);
X4 Equiv. of 2a 1 1.5 2

*implicit level

degree of orthogonality, effectively minimizing collinearity
(Variance Inflation Factor, VIF < 1.89), and facilitating the
construction of a regression model (Multiple Linear Regres-
sion, MLR).

From the first set of experiments, it was observed that all
tested solvents performed worse than DCM, which served as
the baseline in the design (implicit level). All the screened
reaction media presented a negative coefficient (fully sig-
nificant; Fig. 1a, see Supplementary Information for more
details). Consequently, the second step involved the study of
the same factors at the same levels as the previous step, but
with the solvent fixed with the best one, DCM (see Table 1).
A total of 30 experiments was planned with an experimen-
tal matrix designed using the same logic as the previous
step to achieve the highest possible degree of orthogonality.
From this step, it was found that wavelengths of 365 nm
and 385 nm performed worse than the others, the tempera-
ture of -15 °C was better than higher temperatures but not
significantly, and the number of equivalents had no effect.
To get more interpretable results, a second elaboration was
performed excluding experiments at 365 nm and 385 nm
due to the poor results. It was found that the temperature of
-15 °C was significantly better than rt and 0 °C; the wave-
lengths 470 nm and 405 nm were not significantly better
than 450 nm, making them worth studying for the subse-
quent step.

The third step aimed to study the interactions between the
same variables (wavelength, temperature, and equivalents) at
the levels reported in Table 2. A few supplementary experi-
ments were performed to assess the interactions among
them. From the results, it was observed that irradiation of
the reaction mixture in DCM at 470 nm and -15 °C led to
the highest yield (45%), and the number of equivalents of
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Table 2 Variables with the corresponding levels of the third step

Levels
Var. ID Variable -1 0 1
X, Wavelength 450 nm 470 nm
X, Temperature -15°C rt
X3 Equiv. of 2a 1 1.5 2

benzil had no effect on the system. The interaction between
wavelength and temperature, as shown in Fig. 1a, was found
to be significant. From the isoresponse (Fig. 1b), it was evi-
dent that the effect of the wavelength is absent when working
at low temperatures.

Having established the optimal conditions to perform the
[2+2] cycloaddition in batch mode, we then moved to inves-
tigate the same reaction under continuous flow conditions.
The potential for optimizing various processes within such
dynamic systems is widely acknowledged [33]. Notably, the
in-house apparatus available in our laboratory (see Supple-
mentary Information for a detailed description) had some
limitations, forcing us to work at room temperature with
irradiation at 450 nm. However, the previous study realized
under batch conditions showed that the outcome of the reac-
tion performed at 450 nm and room temperature (highest
yield: 37%) was not dramatically different from the outcome
performed at 470 nm and -15 °C (45%), highlighting the
possibility to operate in our continuous flow system.

Central Composite Design

An initial exploratory experiment was conducted at 450 nm
wavelength and room temperature, employing DCM as the
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a) Coefficients Yield (%)

2

Fig. 1
the studied system

solvent. Gratifyingly, a reaction yield comparable to the best
one obtained under optimized batch conditions (470 nm at
-15 °C) was achieved, showing that the reaction was per-
forming better under continuous flow and justifying our
decision of using reaction conditions that did not correspond
to the optimum found before.

As a result, a Central Composite Design was subse-
quently employed. The factors identified were: concen-
tration of the reagents, flow rate, and LED intensity, as
delineated in Table 3. In this case, the experimental matrix
consisted of 18 experiments and the reaction yields were
calculated by NMR integration (see Supplementary Infor-
mation for more details).

For the regulation of LED intensity, a benchtop power
supply and a photodiode connected to a tester were
employed. After positioning the setup on the benchtop, the
current was adjusted to its maximum for measurement pur-
poses. Subsequently, incremental modifications were made
to the applied voltage until the emitted radiant power, as
detected by the photodiode, was equal to a predefined value.
It is worth noting that a preliminary calibration of the system
was required.

The influence of LED intensity was found to be signifi-
cant in affecting the outcome (Fig. 2a). When irradiating the
reaction at 0.73 mA, a reaction yield of 66% was observed.
The remaining variables under investigation are indications
of system robustness. This is demonstrated by comparable
outcomes when conducting the reaction at varying levels of
each respective variable. The response surface of the system
is illustrated in Fig. 2b.

b)  contour Plot Yield (%)
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a) Plot of the coefficients yield (%), interaction between wavelength and temperature; b) Contour plot yield (%) of the response surface of

Reaction scope

Gratified by these results, we then moved to investigate the
possibility of using structurally different diazoketones and
benzils to obtain analogues of compound 3a. The reactions
were conducted under continuous flow conditions using the
optimized conditions previously determined. Various aryl-
diazoketones, including heteroaromatic ones, afforded the
desired products 3b, 3¢ and 3d. On the other hand, aliphatic
diazoketones failed to afford the desired products (see the
case of product 3e). Concerning 1,2-diketones, we conveni-
ently tested p-Br substituted benzil (product 3f), however,
the reaction did not occur in the presence of electron-donat-
ing substituents (MeO- and Me,N-, on the route to products
3g and 3h, respectively), possibly because of a preferred
n-n* excited state [34]. In Fig. 3, the structures of the syn-
thesized compounds are reported, together with the yields
determined by NMR. In all cases a 1:0.4 mixture of diaste-
reoisomers was obtained, but isolation of the products by
column chromatography was often difficult due to the close
polarity of the products with unreacted benzil and partial

Table 3 Variables of the system in Central Composite Design

Levels
Var. ID Variable -1 0 1
X, Concentration (M) 0.02 0.04 0.06
X, Flow rate (mL/h) 0.5 0.75 1
X LED intensity (mA) 0.36 0.54 0.73

@ Springer



154

Journal of Flow Chemistry (2024) 14:149-159

a) Coefficients NMR Yield

Conc*Flow.
Flow.*Emsss
FlowA2
Emiss"2

b) Response Surface NMR Yield

63

62

|
|
NMR Yield| ')

61
- 60

- 59

Emission

[ 58

Fig.2 a) Plot of the coefficients yield (%) obtained from the Central Composite Design; b) Response surface of the studied system

instability of these p-lactones on silica and alumina. The
major diastereoisomer of compound 3f (labelled 3f™" due
to the relative trans arrangement between the two aromatic
groups directly attached to the lactone skeleton) could be
isolated by precipitation in 45% yield, consistent with the
value estimated by NMR (60% for the sum of the two dias-
tereoisomers), demonstrating the reliability of the method
used. The isolated 3" product was characterized by sin-
gle crystal X-ray diffraction, that confirmed its relative ste-
reochemistry (Fig. 4). Its structural model (deposited code
CSD-2250935) was found in the monoclinic system, space
group P2,/n (N. 14), with refined parameters a =6.6352(2)
A, b=10.7113(3) A, c=25.8904(8) A, #=92.3460(10)° and
good residual values (R1=4.79% and wR2=12.36%).

In order to test the possibility of using mixed benzils,
mono 4-methoxy substituted benzil was reacted with phe-
nyldiazoketone 1a, and, in agreement with the observation
that a 4-methoxyphenyl substituent was probably deactivat-
ing the adjacent carbonyl group, only regioisomer 3i was
formed, although in moderate yield.

Because of the difficulties encountered in chromato-
graphic isolation of some of the products, to obtain ana-
lytically pure samples, in some cases crude mixtures of
cycloadducts 3 were subjected to lactone-ring opening with
methylamine (Scheme 5). The reaction was complete in less
than one hour, and the resulting f-hydroxy amides 7a, 7b
and 7i were stable, therefore they could be purified by flash
chromatography and fully characterized.

Theoretical studies

To get more insights into the mechanism of the reported
transformation, in particular the cycloaddition step, and

@ Springer

possibly rationalize the observed stereochemical course
[35], we undertook a computational investigation describ-
ing the different steps accompanying the formation of prod-
ucts 3 [36]. In our computational work, we applied density
functional theory (DFT) based on the B3LYP functional
coupled with the 6-311+G(d,p) basis set to optimize all the
relevant structures. Preliminary work was performed in the
gas phase, while the solvent effect has been subsequently
included through an implicit model (dichloromethane bulk)
via single point calculations performed on the geometries
previously obtained (see Supplementary Information for fur-
ther details). We focused our attention on the formation of
product 3a from the model reaction between parent benzil
2a and the in situ photogenerated ketene Ket (from phenyl-
diazoketone 1a). According to the definition offered above,
the two diastereoisomers have been labelled as 32" and
3a“, respectively, to identify the major and minor deriva-
tives formed in this process. As reported in our previous
work [22], this type of [2 + 2]-cycloaddition involves the
initial formation of a diradical intermediate (Int) and the
consequent ring closure step (see Scheme 2 above). For
this reason, we split our theoretical work in two parts, the
first describing the conversion of starting materials into Int
and the second focusing on the formation of the desired
cycloadduct(s) from Int. As depicted in Fig. 5, we there-
fore optimized that structure of 2a in the ground state and
its lowest-lying triplet excited state (*2a). According to our
computational data, the triplet energy of benzil is ca. 48
kcal-mol™!, in good agreement with the literature value of
53.7 kcal-mol~! [37]. Noteworthy, the main geometric effect
related to the population of *2a from 2a consists in a sort
of flattening of the overall structure, with the dihedral angle
between the two oxo groups moving from ca. 117° to 174°.
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Fig.3 Scope of the doubly photochemically-activated Paterno-Biichi
reaction between various diazoketones 1 and benzils 2 (NMR yields
in brackets). Reactions were performed dissolving diazoketones

R=Br, 3f [60%]
R=MeO, 3g [0%]
R=NMe,, 3h [0%]

[24%]

(0.1 mmol) and benzils (0.1 mmol) in the given solvent (2.5 mL,
0.04 M) and irradiating the resulting solution in a continuous flow
system (rate 1 mL/h, see supplementary information for details)

e
Ly

Fig.4 Structure of the 3f™ product (major diastereoisomer) as
obtained from X-ray analysis. a) Distribution of atoms within the
molecule (the lactone-ring plane is highlighted in grey). All atoms
except hydrogen ones are shown by their thermal displacement ellip-

Once formed, triplet benzil >2a easily reacts with ketene Ket
through TS-1 via formation of a new C—O linkage. The AG*
associated with this transition state is only 7.4 kcal-mol~!
and leads to the formation of the 1,4-diradical intermediate

b)

soids indicated with 50% probability level; b) Molecules packing
inside the unit cell together with symmetry elements (yellow points:
inversion centres; green lines: two-fold screw axes; pink planes: glide
planes)

Int in its triplet state (*Int), via an overall exergonic pro-
cess (AG=—14.4 kcal-mol~!). The latter species may also
evolve into the corresponding open-shell singlet diradical
Int [38], which lies only 1.5 kcal-mol~! below the triplet
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Scheme 5 General lactone-ring opening reaction with methylamine

state. Interestingly, both spin states of Int share very simi-
lar geometric features, with the moieties originally associ-
ated with the ketene and the diketone lying in perpendicular
planes. This specific arrangement is probably associated to
the minimization of the repulsion between the two unpaired
electrons, that lie in almost orthogonal orbitals (see Sup-
plementary Information, Figure S3).

Next, we moved to the second step of our process, focus-
ing on the evolution of the 1,4-diradical intermediate Int
towards the final cycloadduct 3a. Given its peculiar geom-
etry, Int should allow for the formation of both diastereoi-
somers of the final cycloadduct, being a common interme-
diate on the way towards the two stereochemical outputs
(3a™" and 3a“). Since the first step of this Paterno-Biichi
process occurs on the triplet manifold surface, we initially
optimized the diastereoisomeric transition states describing
the formation of the lactone ring via C—C bond formation in
the triplet state (tagged >TS-2). The corresponding intrinsic
reaction coordinate (IRC) profiles are gathered in Fig. 6 (see

60 - AG' =

AV
+<‘< 4 TS
7.4 kcal-mol
- : AG =
. %26\ —_— \.-14.4 keal-mol’
o Ef2a)= ]: e Int
g [48.1 keal'mol” ( ) ,(’,C—/‘ —_—
—= 30 , AA, “Int
3 ' ™ 184
Q \&
15+ [(’ 2‘ .
ey a Int
// H AG (Int - Int) = n
1.5 kcal-mol
O~

Fig.5 Reaction profile associated with the model process between
2a and photogenerated ketene (Ket; from 1a) according to the gen-
eral mechanism depicted in Scheme 2, as from calculations at the
B3LYP/6-3114+G(d,p) level of theory in dichloromethane (DCM)
bulk
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Supplementary Information for more details). As apparent
from Fig. 6 and the data gathered in Table S5, the energy
of the located transition states is quite high (ca. 48—49
kcal-mol~! above *Int) independently from the stereochemi-
cal course, although the 3TS-2 describing the trans pathway
is more stable by ca. 1.5 kcal-mol ™! than the corresponding
cis pathway. We therefore attempted an optimization of the
same transition states in the singlet manifold (to locate 'TS-
2), however, all our efforts were unsuccessful. For this rea-
son and based on the structural similarities observed above
for 13Int, we performed single-point calculations in the sin-
glet spin state on selected geometries resulting from the IRC
obtained for 3TS-2 (both in the frans and cis manifold). This
allowed us to have an estimate of the reaction profile along
the singlet spin state (Fig. 6), which clearly shows that: i)
earlier 'TS-2 are encountered and ii) they lie much lower in
energy than the corresponding triplets (ca. 13—14 kcal-mol~!
above Int); also in this case, the frans pathway is slightly
more stable than the cis one by ca. 0.9 kcal-mol™! (see Sup-
plementary Information, Table S5).

Finally, we optimized the structure of the two diastereoi-
someric products (32" and 3a“*) formed from our model
reaction and their structures are reported in Fig. 7. Accord-
ing to our calculations, the cis isomer is more stable than the
trans one by ca. 1.8 kcal-mol™'; worth of notice is that both
products have a higher energy content with respect to the
sum of the starting materials, pointing to an overall ender-
gonic transformation (by ca. 6-8 kcal-mol~!, depending on
the considered diastereoisomer) [39].

Energy [a.u.]

| Triplet manifold
——trans

-1
—~trans keal-mol

——Cis

cis
_| Singlet manifold 15

-15 -10 -5 0 5 10 15
Intrinsic Reaction Coordinate

Fig.6 Reaction profiles describing the formation of cycloadduct 3a
from the 1,4-diradical intermediates (*Int) depending on the spin
manifold and the stereochemical outcome, as from calculations at
the B3LYP/6-311+G(d,p) level of theory in dichloromethane (DCM)
bulk
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Fig. 7 Geometries of the diaste-
reoisomeric products: a) 3a'rans
(major diastereoisomer) and b)
and 3a™® (minor diastereoiso-
mer)

Conclusions

In conclusion, we have reported for the first time a gen-
eral, visible-light photoinduced Paterno-Biichi-based
B-lactones synthesis that involves a double photochemical
activation. Optimal conditions have been found both for
the batch and the flow mode using a Design of Experiment
(DoE) approach. Despite the moderate reaction yield in
some cases, the reaction outcome showed an improvement
when moving from traditional batch conditions to a flow sys-
tem. DoE has been rarely exploited in organic synthesis and,
at any rate, almost exclusively in batch conditions, leaving
the application of such strategy under continuous flow mani-
fold unexplored [40]. This novel procedure is characterized
by a great synthetic simplicity and does not require any cata-
lyst or photoinitiator [41-43]. Both symmetrical and mixed
benzils could be employed, as well as various aryl diazok-
etones. Finally, the reaction has been studied also from a
computational point of view, suggesting that, after an initial
step on the triplet energy surface that leads to a 1,4-diradi-
cal intermediate, cyclization of the latter probably occurs
on the singlet surface. Indeed, we expect that intersystem
crossing from the triplet to the more stable singlet manifold
may occur at the 1,4-diradical intermediate level or in the
early stages of the cyclization step, where the two surfaces
lie near to each other, therefore impacting on the overall
stereoselectivity observed [44-46]. Noteworthy, the final
fB-lactone products are formed as diastereomeric mixtures
and the process seems to be under kinetic control, leading to
the preferential formation of the less stable “frans” isomer.
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