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While in nature, reactions occur in water-based confined compart-
ments, for a long time, water has been often regarded as an unsuitable
medium for organic reactions. We have, however, found that photo-
chemical cyclopropanation of styrenes with diazo compounds or their
precursors can be performed in micellar systems. COSMO-RS studies
revealed that the reactivity correlates with the predicted critical micelle
concentration (CMC), with higher CMC values delivering higher yields.

Organic solvents comprise the majority of waste in the
chemical industry, which is believed to account for more than
60% by mass in the pharmaceutical sector." One way to mini-
mise solvent waste is to implement water, which is non-toxic,
non-flammable, cheap, safe,> and enables a reaction to adhere
more closely to the 12 principles of green chemistry.? Of course,
the prominent issue with water is the poor solubility of organic
reagents in this medium, which leads to most chemists auto-
matically ruling it out as a solvent choice;* undoubtedly, there
are examples where photochemical reactions in water can
successfully take place though.>® To enhance the viability of
reactions in water, a surfactant can be added, thus forming a
micellar solution. They have been known for many years for
their remarkable properties as solubilisers to dissolve com-
pounds under aqueous conditions," enabling organic synthesis
in water that may not be possible otherwise.”"* With the
reagents encapsulated inside of the micelle, the components
of the reaction pre-organise themselves, which can also lead to
increased selectivies.'®> Moreover, the lifetimes of short-lived
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species, such as carbenes and radicals, are prolonged in
micelles.”'® Studies into the generation of UV-light in situ via
triplet-triplet annihilation upconversion in micelles were
recently reviewed by Nzsborg and co-workers."”

Cyclopropanes are one of the top ten most frequently
represented moieties in FDA-approved drugs, and hence
greener approaches for their construction are of great benefit
to the pharmaceutical sector.'®'® With the copious number of
methods for their synthesis, diazo compounds are one of the
most atom economical starting materials that can be used,
since only the concomitant loss of dinitrogen is required to
generate the reactive species under thermal, photochemical, or
metal-catalysed conditions.*® Photochemical activation of diazo
compounds often performs optimally with DCM, although it is
notoriously toxic>' and poses a high risk to the environment.*?
Using water would alleviate the toxicity issue and make these
reactions safer, but reactions with carbenes in water pose an
additional challenge as O-H insertion is always a viable side
reaction.”

In turn, there are only a limited number of methods invol-
ving diazo compounds in water and most of them are metal-
catalysed. Alvarez et al. used a copper catalyst to allow cyclo-
propanation and C-H insertion of diazo compounds in water,>*
while the use of a water-soluble Ru-porphyrin enabled N-H
insertion reactions in a buffer solution.>® Rh-catalysed lactam
and lactone synthesis was also accomplished in this
medium.>*?® Li’s group showed that [2+1]-cycloadditions can
be performed in water without any external stimuli with the
diazo moiety simply cleaved as a leaving group.>®

Only two reports describe photochemical reactions of diazo
compounds in water. UV irradiation of various a-diazo acet-
amides leads to intramolecular C-H insertions to form an
assortment of lactams.’® O-H insertion was also observed
and the propensity towards hydroxylation was linked to the
hydrophilicity of the diazo compound. Hydrophobic dibutyl
acetamides formed lactams as the exclusive product, whereas
acetamides bearing hydrophilic 2-methoxyethyl substituents
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Table 1 Optimisation of the reaction conditions®

Blue LEDs
Ph._CO,M C Ph, CO,M
T 2Me Ph | Surfactant (3.5 equiv.) M
+
N> H,0, 24 hours

1a 2a Ph 3a
Entry Surfactant® Surfactant charge Yield (%)
1 DTAC Cationic 627 (59)"
2 TPGS-750-M Neutral 16°
3 Potassium laurate Anionic 54°¢
4 DOSS Anionic 56
5 None N/A 534
6" DTAC Cationic 667

“ Standard conditions: diazo reagent la (0.1 mmol), styrene 2a
(0.5 mmol), surfactant (0.35 mmol), H,O (5 mL), blue LEDs, and
24 h.” Diazo reagent 1a (0.5 mmol), and styrene 2a (0.1 mmol).
“ DTAC - dodecyltrimethylammonium chloride, TPGS-750-M - bvL-o-
tocopherol methoxypolyethylene glycol succinate, DOSS - dioctyl sulfo-
succinate sodium salt, and SDS - sodium dodecyl sulfate. ? "H NMR
yield. ¢ GC yield. / Isolated yield.

reacted only with water. Later, Yan et al. showed the in situ
formation of diazo compounds from hydrazones in the
presence of triethylamine in water and their subsequent reac-
tion with acetylenes, olefins, anilines, and thiols under blue
LED irradiation.®'

We hypothesised that photochemical cyclopropanation of
diazo compounds could be performed in a micellar solution; in
particular, Maaskant et al. has shown the beneficial effects of
micelles for diazo compounds in an iron-catalysed process. In
the presence of a cationic Fe-porphyrin in water, only traces of
the desired cyclopropane were detected, whereas the addition
of sodium dodecyl sulfate (SDS) increased the yields up to
>99% in the best case.*

To begin our investigation, we tested the feasibility of
methyl phenyldiazoacetate (1a) with styrene (2a) to form cyclo-
propane 3a in a variety of micellar solutions, of which, a
solution of cationic dodecyl trimethylammonium chloride
(DTAC) proved the most effective (62%, Table 1, entry 1).
Importantly, no evidence of side reactions such as O-H inser-
tion with water or C-H insertion with the surfactant was
observed. All neutral surfactants performed poorly with less
than 20% yield, including Lipshutz’s TPGS-750-M* (entry 2).
Reactions in anionic surfactants such as dioctyl sulfosuccinate
sodium salt (DOSS) or potassium laurate gave comparable
results of 56% and 54%, respectively (entries 3 and 4). The
control reaction in the absence of any surfactant proceeds with
only a small decrease in the yield to 53% (entry 5). However, in
this case, substrates 1a and 2a are both oils so it is reasonable
to assume that this reaction takes place as an “on-water”
reaction. To enable a more general reaction, with the improved
dissolution of the starting materials, we continued using the
DTAC micellar system.

All parameters of the reaction (light source, the addition of
co-solvents, ratio of substrates, and surfactant concentration)
were optimised leading to model cyclopropane 3a in 59%
isolated yield (entry 1). Once the concentration of the surfactant
exceeds 40 mM, which surpasses the CMC by ~20 mM,*? there
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is a notable bump in the yield, but increasing the concentration
of DTAC further has a less pronounced impact (Fig. S1, see
ESIT). Only a slight increase in the yield was observed when we
used the diazo compound in excess instead of styrene (entry 6).

In a photochemical bimolecular reaction, short-lived species
such as radicals and carbenes, with lifetimes in a nanoseconds
range, do not diffuse out of the micelle within a period ranging
from ps to ms, thus enabling a high chance of a successful
collision, namely styrene in our case.**** As compartmentalisa-
tion has a strong impact on reactions in micellar systems, the
structure (lipophilicity) of the substrates potentially has a
strong impact on the process. When using diazo compounds
with longer hydrophobic alkyl chains on the ester group, the
yield gradually increased, from 59% for methyl (3a), to 71% for
ethyl (3b), 77% for n-hexyl (3¢), 82% for n-nonyl (3d) and finally
93% for n-dodecyl (3e) (Scheme 1).

To see the impact of the diazo reagent localisation in the
micelle on the reaction outcome, 1f and 1g with hydrophilic
ester substituents were evaluated. The presence of oxygen
atoms on their alkyl chain affects factors such as hydrophilicity,
electrostatic interactions, and hydrogen bonding, which may
change the position of the diazo reagent relative to styrene (2a)
in the micellar compartment. In fact, reactions were less
efficient compared to 3a, with cyclopropane 3f, with one glycol
unit, being obtained in 48% yield with a dr of 1:6, while for
cyclopropane 3g, with three glycol units, the yield dropped to
34% but had a much-improved dr of 1:14. We may therefore

Ar.. ,CO,R
Ar _CO;R Blue LEDs, H,0 /
b GEIY a A
Ar? DTAC (3.5 equiv.) s
N, Ar2
1a-1I 2a-2j 3a-3u

3a R = Me 59% (1:7)
3bR=Et71% (1:7)
3¢ R = CgHy3 77% (1:11)
3d R = CgHyg 82% (1:10)
PR 3e R = CypHys 93%, 76%5 (1:11)
3f R = CH,CH,OMe 48% (1:6)
3g R = (CH,CH,0)sMe 34% (1:14)

Ph_CO,R

RZ
3h R = Me R2 = OMe 52% (1:12)
3i R = Me R2 = OCy,H,5 41% (1:>20)
CO3R 3j R = Cy,H,5 R? = OMe 65% (1:7)

3k R = Cy,Ha5 R? = NO, 73% (1:2)
ph 31 R = Cy5Has R2 = Br 80% (1:13)

3m R = 4-Me 68% (1:8)
Ph CO,Cy,Hos 3n R = 3-Me 74% (1:8)
g 30 R = 2-Me 76% (1:14)
\ 3p R = 4-OMe 73% (1:5)
sl 3q R = 4-NO, 62% (1:3)
RU 3r R = 4-Br 82% (1:4)
3s R = 3-Br traces
3t R =3-Cl 34% (1:13)
3u R = 2-Br 62% (1:4)

Scheme 1 Scope of the reaction. The major diastereocisomer is drawn.
Reaction conditions: Diazo compounds 1la=1m (0.1 mmol), styrene 2a-2i
(0.5 mmol), DTAC (0.35 mmol), H,O (5 mL), and blue LEDs.  Diazo reagent
1e (1.0 mmol), styrene 2a (10 mmol), DTAC (3.5 mmol), H,O (50 mL), blue
LEDs, and 60 h.

This journal is © The Royal Society of Chemistry 2024
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assume that the reduced yield for the reaction involving these
diazo compounds could be because of internal non-optimal
alignment in the micelles. This type of alignment is not,
however, considered in COSMO-RS calculations.

Furthermore, we investigated how the position of the dodecyl
chain in the diazo compound structure affects their reactivity in
the micellar system. Diazo 1h, containing the 4-methoxyphenyl
substituent and the methyl ester, yielded cyclopropane 3h in 52%
yield. Changing the alkyl substituent on the ester from methyl to
dodecyl led to a 13% increase in the yield (3i). Conversely,
changing the methoxy substituent upon the aromatic ring to a
dodecyloxy group led to an approximate 10% decrease in yield (3j)
demonstrating that the beneficial effect from an extended alkyl
chain is only relevant when it is located near to the reaction
centre. Two diazo compounds 3k and 31 with electron-
withdrawing aromatic substituents provided cyclopropanes in
good yields although the dr is significantly eroded for product
3k possessing the nitro group.

Styrenes with electron-withdrawing and electron-donating
substituents are equally effective. The substitution pattern
(2-, 3- or 4-) in methyl styrenes does not influence the reaction
yield in contrast to bromo styrenes (2r, 2u, and 2s), where the
3-bromo derivative only formed traces of product. Despite this,
the reaction with 3-chlorostyrene (2t) could provide a service-
able amount of product 3t (34%). Expectedly, the diastereos-
electivity of the reaction is influenced by the position of the
substituent.

To demonstrate the applicability of the developed condi-
tions, the reaction of diazo reagent le with styrene 2a was
performed on a one mmol scale. Increasing the amount of
styrene to 10 mmol and extending the reaction time to 60 hours
enabled the construction of cycloadduct 3e in a satisfactory
yield of 76% with identical dr as the 0.1 mmol scale.

Computational analysis (COSMO-RS) shows that the pre-
dicted critical micelle concentration (CMC)*® changes depend-
ing on the diazo compound used with styrene (Fig. 1, blue). The
higher the predicted CMC, the higher the experimental yield.
Those with hexyl, nonyl, and dodecyl chains all had a CMC of
23.5 or above and were the higher performers in our reactions.

100
90
80
70
60

Yield [%]

o0 ®R2=0.7674

40 ®R?=0.7362

30
20.5

21.5
COSMO-RS predicted CMC [mM]

22.5 235 24.5 25.5

Fig.1 COSMO-RS-predicted CMC versus experimental yields. Points
marked in blue represent the CMC for the reaction before any product
formation (the starting point of the reaction). Points marked in green
represent the CMC for the reaction after 25% product formation.
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The higher the CMC, the fewer surfactant molecules are avail-
able to stabilise the micelles (DTAC = 70 mM, for all points).
This would, in general, lead to larger micelles and thus more
reactants are in the micellar core compared to the micelle-
water interface region. The yield vs. CMC trend is negligibly
changed when running the predictions when accounting for
25% product formation (Fig. 1, green). No significant trends
between experimental yields and interfacial concentrations of
the reactant were found, which was consistent with the reaction
taking place mainly in the micellar core. No evidence of OH-
insertion was observed either, which further supported our
conclusion that the reaction occurred in the core.

Whilst our method works efficiently, there is still an inherent
risk present in the work as diazo compounds are well reported for
their instability and potential explosive behaviour.>” Following the
work of Wu and co-workers, we explored the possibility of using
bench-stable hydrazones, which can generate diazo compounds
in situ with the addition of a base*! or an oxidant.*®*° Initially, we
tried the reaction with a small selection of basic surfactants,
namely DOSS, SDS and potassium laurate, with the idea that they
could have a dual role for the reaction, as a base for the generation
of the diazo compound and as a surfactant, being investigated
(Scheme 2). Using DOSS or SDS only formed traces of product 3a,
but we could reach a 40% yield with potassium laurate. However,
DTAC in combination with a small excess of triethylamine
ensured the formation of cycloadduct 3a in 59% isolated yield
analogous to the reaction with the neat diazo compound and a
slight increase in the diastereomeric ratio was observed too (1:7
to 1:10).

Even though the active species, i.e. the diazo reagent,
generated in the reaction is the same, we can expect some
differences in the reactivity between the E- and Z-hydrazones as
their stability vary and thus their propensity for deprotonation
is different.*® Also, the two isomers may position themselves
differently in the micelle to enable favourable electrostatic
interactions and hydrogen bonding, thus influencing the rate
of carbene generation.’ Thus, E- and Z-hydrazones 4b were
evaluated; the E-hydrazone performed better by about 20% in
terms of yield and the diastereoselectivity was significantly
improved to 1:20, whereas the Z-hydrazone provided 1:8 dr.

A COR  — NE(15equv) Ar, COR
\ﬂ/ PH DTAC (3.5 equiv.)
NNHTs Blue LEDs, H,0  pp"
4a-g 2a 3a-c, 3e, 3v-x
R 3a R =H, R? = Me 59% (1:10)°

3b R = H, R? = Et 91% (1:20)°; 69% (1:8)°

3c R =H, R? = CgH43 10% (1:9)°; 20% (1:9)°

3d R=H, R? = CyyHps5 31% (1:15)°

3v R = Me, R?= Et 50% (1:15)°

PR 3w R = OMe, R? = Et 49% (1:20)°; 73% (1:>20)°
3x R =F, R? = Et 34% (1:>20)°; 15% (1:>20)°

ot

Scheme 2 Scope of cyclopropanation with hydrazones. The major pro-
duct is drawn. Conditions: Hydrazones (4a—4g) (0.1 mmol), styrene
(1.0 mmol), DTAC (0.35 mmol), NEtz (0.15 mmol), H,O (5 mL), blue LEDs,
and 18-24 h. ® The hydrazone starting material was predominantly . “ The
hydrazone starting material was predominantly Z.
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In contrast to diazo compounds, for hydrazones, increasing the
length of the alkyl chain had a detrimental effect on the
reaction with yields of 20% or below for hexyl esters (3¢) and
31% for dodecyl ester (3e). Using hydrazones with substituents
in the 4-position worked effectively and provided the products
in sufficient yields. 4-Methoxy- and 4-fluoro-substituted hyra-
zones were highly effective for the diastereoselective synthesis
of cis-cyclopropanes 3w and 3x with 1: > 20 dr.

In summary, the synthesis of cyclopropanes constitutes one
of the fundamental reactions in the repertoire of carbene-
derived processes and can be accomplished in water-based
systems. In micellar systems, the photochemical reaction of
diazo compounds with styrenes in the absence of a metal
catalyst gave products in moderate to excellent yields and with
good diastereoselectivity. The synthetic utility of the reaction is
showcased by a one mmol scale reaction producing cyclopro-
pane 3d in a satisfactory 76% yield. To further enhance the
safety features of the reaction, the diazo compound was
replaced with a hydrazone, enabling the generation of the
carbene in situ by the addition of triethylamine. We believe
that this work is a productive stepping stone to enable the
further use of diazo compounds under photochemical condi-
tions in the absence of organic solvents and we look forward to
seeing further work in a similar vein.
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