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Organoselenium compounds have been recognized as potential therapeutic agents against several dis-
eases. Specifically, the incorporation of selenium into natural products has been reported to produce
positive synergistic biological effects. We report herein the one-pot reaction of the natural monoterpe-
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noid (-)-carvone with selenium bromide, which yields mentoselenophenone 1, together with minor
amounts of phenols 2 and 3. A number of derivatives of 1 have also been prepared: the o,a dimer 6,
oxime 7 and its Beckmann rearrangement product lactam 8. All except lactam 8 showed antioxidant GPx-
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Introduction

Selenium was discovered in 1817 by the Swedish chemists
Berzelius and Gahn, but the organoselenium chemistry only
gained momentum after the discovery of selenoxide elimin-
ation by Karl B. Sharpless, a syn elimination similar to sulfox-
ide and nitroxide pyrolysis."”* Although initially considered a
toxin for humans, selenium is now recognized as an essential
micronutrient due to its incorporation, mostly in the form of
selenocysteine, in a number of enzymes that play an important
role in the antioxidant defense of cells. The two main groups
of selenoenzymes are glutathione peroxidases, which catalyse
the decomposition of peroxides by glutathione, and thiore-
doxin reductases.® Selenoproteins are believed to prevent onco-
gene activation and cancer cell differentiation, and may also
interfere with the tumour microenvironment, influencing
cancer progression through the activation of inflammatory and
immune responses.

The interest in the organoselenium chemistry has signifi-
cantly increased due to the discovery that these compounds
can mimic the effect of glutathione peroxidase (GPx) and
reproduce its catalytic activity, thus operating as strong
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like activity, with dimer 6 being the most active compound, followed by phenol 2 and oxime 7.

antioxidants.”® Moreover, a significant number of selenium
compounds show antitumor, antimicrobial, and antiviral pro-
perties and have been proposed as promising agents for
cancer chemoprevention and treatment.”

Considerable efforts have been made in the synthesis of
selenoderivatives of natural products such as terpenoids, cou-
marins, steroids or vitamins, since this has been shown to
generate enhanced or synergistic pharmacological activities.®
We have synthesised selenoderivatives of chrysin and tetra-
methylquercetin with improved antioxidant activity and cyto-
toxicity, exhibiting a high differential behavior toward malig-
nant and nonmalignant cells.” This difference in toxicity led
us to further investigate organoselenium compounds derived
from other natural compounds. This work reports the for-
mation of selenophene derivatives by the reaction of the natu-
rally occurring terpenoid (—)-carvone with SeBr,. Most synth-
eses of selenophenes involve the reaction of a selenium elec-
trophile or nucleophile with an acyclic precursor containing a
n-system, typically a diene or a diyne, in either one or, most fre-
quently, two steps.'®'" In the one-pot reaction described here,
the n-system reacting with the selenium electrophile comprises
an alkene and an enol.

Results and discussion
Synthesis of mentoselenophenone 1

The reaction of (—)-carvone with SeBr, in CH,Cl, produced
mainly mentoselenophenone 1 as a racemic mixture, together
with minor amounts of the fully aromatic phenols 2 and 3
(Scheme 1 and Table 1, entries 1 and 2). The structure of 1 was
confirmed by single crystal X-ray diffraction data. The reaction
is slow and continues after the total consumption of carvone,

Org. Biomol. Chem., 2025, 23, 2153-2161 | 2153


http://rsc.li/obc
http://orcid.org/0000-0003-1463-1068
http://orcid.org/0000-0001-5841-3519
http://orcid.org/0000-0001-5599-8355
http://orcid.org/0000-0003-4828-4738
http://orcid.org/0000-0003-1827-7369
https://doi.org/10.1039/d4ob01942c
https://doi.org/10.1039/d4ob01942c
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ob01942c&domain=pdf&date_stamp=2025-02-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob01942c
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB023009

Open Access Article. Published on 17 January 2025. Downloaded on 2/14/2026 12:53:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Organic & Biomolecular Chemistry

o o OH OH
SeBr, + +
—_—
X CH,CI, ~ “Se Se __pe
) Br
1 2 3
Scheme 1

Table 1 Optimization of the reaction of (-)-carvone with Se and Br,

Entry Solvent Equivalents Se Equivalents Br, Time (days) 1° 24 3¢
1 CH,Cl, 1.0 1.0 2 32% 9% 4%
2 CH,Cl, 1.0 1.0 3 40% 14% 8%
3 CH,Cl, 2.0 1.0 2 44% 8% —
4 CH,Cl, 2.0 1.0 3 49% 9% 1%
5 CH,Cl, 2.0 1.0 4 43% 12% 4%
6 CH,Cl, 3.0 1.0 3 23% 10% —
7 CHCl, 2.0 1.0 1 41% 10% 1%
8 CHClI; 2.0 1.0 2 50% 10% 4%
9 CHCl, 2.0 1.0 3 40% 13% 6%
10 CHCl; 2.0 2.0 3 16% 38% 1%
11 CeHe 2.0 1.0 2 35% 27% 3%
12 CeHg 2.0 2.0 3 — 56% 5%

“Yields reflect the amount of isolated product, but the yields of 2 and 3 were computed from the isolated mass of the phenol mixture and the

ratio of 2/3 determined by '"H NMR analysis.

as shown by the constant release of gaseous HBr. By stopping
the reaction after a few hours, an inseparable complex mixture
is obtained. Carvone isomerizes into carvacrol in the presence
of strong acids like HBr,'” and since two equivalents of HBr
are produced in the reaction, the absence of carvacrol among
the products suggests that the slow step is not the initial reac-
tion of carvone with SeBr,.

By adding equimolar amounts of molecular bromine and
elemental selenium, the dark red-brown color of selenium
dibromide appears immediately (eqn (1)). However, it has
been shown both spectrophotometrically and by ’Se NMR
that, in solution, selenium dibromide disproportionates into
Se,Br, and bromine (eqn (2)), with K, = 0.0252 in CCl, and K,
= 0.14 in acetonitrile."®'* The latter value might explain why
the reaction does not proceed in acetonitrile and other polar
solvents. Se,Br, is also involved in further disproportionation
equilibria, as shown in eqn (3) (K3 = 2.2 x 10™* in CH,Cl,).

K;
Se -+ Br, = SeBr, (1)
K,
2SeBr, = Se,Br, + Br, (2)
K
2Se,Br, = SeBr, + Se;Br, (3)

This shows that free bromine is always present in the reac-
tion mixture, which accounts for the presence of 2 and 3.
Phenol 2 is produced by the a-bromination of ketone 1, fol-
lowed by HBr elimination (see below). Aromatic bromination

2154 | Org. Biomol. Chem., 2025, 23, 2153-2161

of 2 in the activated selenophene ring produces 3.
Consistently, using two equivalents of selenium improves the
yield of 1 (entries 3-5) by reducing the concentration of free
Br, (eqn (1)), but above this ratio, the yield decreases (entry 6).
In this case, the main species in solution should be Se,Br,,
but the reactive (electrophilic) selenium compound is probably
still SeBr,. The reaction is somewhat faster in chloroform, with
similar yields (entries 7-9). It is also faster in benzene (entry
11), but with a lower yield of 1 and a higher yield of phenol 2.

The reaction of (—)-carvone with SeBr, occurs through the
addition of the exocyclic double bond and the ketone enol to
the selenium electrophile, but the unusual migration of the
endocyclic double bond to the selenophene moiety made us
study the mechanism by DFT calculations" (see the ESI{ for
computational details). A simplified version of the mechanism
is presented in Scheme 2, while the complete free energy
profile can be found in the ESI (Fig. S1-S47).

The reaction starts with the addition of selenium dibromide
to the isopropenyl group double bond, forming the usual sele-
niranium ion B,'® with a negligible barrier of only 1 kcal
mol ™. The alternative would be the addition to the enol
double bond, but this would have a barrier of 14 kcal mol™?,
primarily due to the costly energy conversion from the keto to
the enol form of carvone (Fig. S5T). In fact, the enol intermedi-
ate (I in Fig. S51) is 13 kcal mol™" less stable than the
corresponding keto form, present in A. The seleniranium ion
B eliminates HBr to yield the exocyclic double bond in C, in a
simple process with a barrier of 5 kcal mol™. The next two

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Simplified mechanism for the formation of 1 calculated using DFT. Free energy values of the intermediates (italics) and barriers (AG*) are

given in kcal mol™.

steps are the enolization of the ketone and the attack of the
enol on the selenium atom to yield the cyclic selenide F. The
enolization of C has a barrier of 13 kcal mol™" and yields inter-
mediate D, followed by the attack of the C=C double bond of
the enol to the Se atom and the consequent formation of the
5-member ring in intermediate E, which is subsequently
deprotonated to give F. The formation of the Se-C bond is the
rate determining step of the mechanism. The overall barrier of
the reaction is 18 kcal mol™', measured from C", the proto-
nated ketone with the exocyclic double bond (Fig. S17), to the
transition state for the formation of the Se-C bond, D"*
(Fig. S27). The migration of the C5-C6 double bond to the sele-
nophene ring is achieved by protonation of the enol F at C5,
followed by deprotonation at the C-atom adjacent to Se in the
cycle, resulting in the enol intermediate H. The series of steps,
from E to H, present low free energy barriers, with the highest
one (13 kecal mol™") corresponding to C-H deprotonation, from
G to H. The reaction is completed through tautomerization
from the enol in intermediate H to the keto form in the final
product, 1. This is, again, an easy step with a barrier of 10 kcal
mol ™. Importantly, all proton transfer steps, namely the enoli-
zation processes, are facilitated by the high concentration of
HBr released in the previous steps. The overall reaction from A
to 1 is highly exergonic with AGg = —26 kcal mol™".

Synthesis of mentoselenophenone derivatives

As stated before, the presence of free bromine in the reaction
mixture produces phenol 2 by a-bromination of ketone 1 and
elimination of HBr (Scheme 1). Further aromatic bromination

This journal is © The Royal Society of Chemistry 2025

of 2 on the activated selenophene ring yields phenol 3. With
two equivalents of bromine, the yield of the two aromatic
phenols increases, as expected (Table 1, entries 10 and 12).
This allows the isolation of phenol 2 as the main product in
benzene (entry 12).

Improved yields of 2 and 3 were obtained upon preparation
of their a-bromo ketone precursors by acid-catalysed bromina-
tion of mentoselenophenone 1 at 0 °C (Scheme 3). Both pro-
ducts 4 and 5 are stable enough for characterization, including
crystal structure determination from single crystal X-ray diffrac-
tion data, in the case of 4. Nevertheless, some decomposition
was noticed for long storage times, even under cold conditions
and a nitrogen atmosphere, as both compounds develop a
darker yellow hue. Refluxing the product mixture in toluene/
pyridine yields 2 and 3 quantitatively.

The same mixture of 4 and 5 was also obtained in similar
yields by bromination of 1 under base catalysis with LDA in
THF, but when the same reaction was carried out with potass-
ium ¢-butoxide, the products contained a significant portion of
dimer 6 (Scheme 4). Dimer 6 could be isolated in 78% yield by
using one-half equivalents of Br,. X-ray crystallography shows
6 to be a racemic mixture. There is no evidence for the for-
mation of the meso stereoisomer. The potassium enolate of 1
probably reacts with the tertiary a-bromo ketone, which might
be one of the few examples of an Sy2-type reaction on a tertiary
carbon atom.'”'® Having the structure of the dimer, the reac-
tion path for an Sy2-type reaction was studied by DFT calcu-
lations (Fig. S6 in the ESIf). Surprisingly, the transition state
was found to be only 5.6 kcal mol™" above the energy of the

Org. Biomol. Chem., 2025, 23, 2153-2161 | 2155
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separated reactants, an activation barrier that is compatible
with the reaction conditions. However, a radical Sygrl-type
mechanism cannot be excluded, and further studies would be
needed to unequivocally determine the mechanism of this
reaction.

To maximize the number of available selenium derivatives
with potential biological effects, the oxime derivative of 1 was
prepared in 76% yield. Following treatment of oxime 7 with
thionyl chloride, its Beckmann rearrangement product lactam
8 was obtained in 60% yield. The structure of the lactam
shows that the oxime has a Z configuration, since the group
migrating to the nitrogen atom in the Beckmann rearrange-
ment is the one anti-periplanar to the hydroxyl group.

/N\OH NH o
~ e “ “se
7 8

Crystal structures

Single crystal X-ray diffraction analysis confirmed the structure
of compounds 1, 4 and 6 without ambiguity (Fig. 1). Relevant
details of the X-ray data analysis are displayed in Table S1.}

2156 | Org. Biomol Chem., 2025, 23, 2153-2161

Bond lengths and angles are comparable in the three mole-
cules and are within the expected range, as judged from exten-
sive analysis of the values included in the CSD.?° In compound
1, the selenophene ring can be considered planar, according
to the very small values of deviation from the plane of all the
five atoms. In compounds 4, these values are slightly larger,
but the root-mean-square deviation is still small enough for
the ring to be considered quasi-planar. In 6, one of the rings
has a slightly higher deviation from planarity, but it is still very
close to planar (see Fig. 1 and Table S2t). Furthermore, in
compound 6, the angle between two Se ring planes is 70.76
(6)°.

The bond lengths of all bonds forming the five-membered
rings in the three compounds are in good agreement with the
planar geometry of these rings. The values of Se(1)-C(2) and Se
(1)-C(7a) in the three compounds are similar to the mean
value reported in the literature for Se-Cg,: bonds (1.893 A).
The C-C bonds show values typical of conjugated bonds con-
necting Cgp: atoms (see Table S37).>!

The three compounds crystallize in centrosymmetric space
groups (P2,/n for 1 and 4 and P1 for 6), which means they have
inversion symmetry. This symmetry precludes the crystalliza-
tion of a single enantiomer, as chiral molecules do not have
an inversion centre. Therefore, these compounds are racemic
mixtures, with equal amounts of left- and right-handed enan-
tiomers coexisting in the crystal lattice. These molecules pack
in such a way that each enantiomer is paired with its mirror

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Unit cell of compounds 1 (A), 4 (B) and 6 (C) depicting the presence of both left- and right-handed enantiomers (axis: red — a; green — b;

blue - c).

image, effectively cancelling out chirality at the macroscopic
level.

Compounds 1 and 4 crystallize in the P2,/n space group,
indicating that the molecules are organized with a glide plane
and a two-fold screw axis along with an inversion centre. The
molecules are arranged such that each chiral molecule has a
corresponding molecule of the opposite chirality, leading to a
centrosymmetric arrangement in the unit cell, in which each
enantiomer occupies specific sites related by symmetry oper-
ations (Fig. 2). In 6, which crystallizes in the P1 space group,
molecules are organized in pairs of opposite enantiomers
related by the inversion centre within the crystal, which also
leads to a centrosymmetric arrangement (Fig. 2).

GPx-like activity

Selenocompounds can act as antioxidants by reacting with per-
oxides and be regenerated by glutathione, thus mimicking the
catalytic activity of the selenoenzyme GPx. The GPx-like activity
of selenocompounds 1-3 and 6 was assessed using the
method of Iwaoka et al.,”* where dithiothreitol (DTT"?) is used
as a reducing cofactor instead of glutathione. The rate of the
reaction was monitored by measuring the increase of the di-
sulfide form (DTT®) using "H NMR spectroscopy in CD;0D.
Compounds 4 and 5 are too labile in solution and were not
considered in this study. The results are shown in Fig. 3.

To compare the catalytic activity of the different com-
pounds, we calculated the time necessary to oxidize 50% of
DTT™, ¢,,,. Both phenol 2 (t1/2 = 42 min) and oxime 7 (¢, =
52 min) exhibit higher catalytic activity than mentoselenophe-
none 1 (t;, = 71 min). The presence of extra OH redox units in

This journal is © The Royal Society of Chemistry 2025

fraction of DTTrecl

0 ||||||||||||||||||||||||||[|

0 20 40 60 80 100 120 140

t (min.)

Fig. 3 Percentage of DTT™ as a function of time in the oxidation of
DTT™ (0.1 M) with H,O, (0.1 M) in the absence (blank) or in the pres-
ence of several selenophene catalysts (0.01 M).

both 2 and 7 probably facilitates the catalytic cycle of the sel-
enium atom. In the case of 7, the H atom of the oxime OH
group is directly accessible by the selenium atom due to
spatial proximity. Phenol 3 has a lower activity (¢;, = 110 min)
due to the electron withdrawing effect of the bromo atom,
making the oxidation of the molecule more difficult. The most
active selenocompound is dimer 6, with ¢, = 20 min. The
presence of two Se atoms and, possibly, the interaction
between the two selenophenone moieties, where the two car-
bonyls are closely positioned in the crystal structure, might
explain this result. Surprisingly, lactam 8, although structurally
similar to the other selenocompounds, had no catalytic effect

Org. Biomol. Chem., 2025, 23, 2153-2161 | 2157
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on the oxidation of DTT™?. Although the experiments have
been repeated twice, we think that the fluctuation of the curve
for 8 compared to the blank results from experimental error.

Conclusions

Mentoselenophenone 1 is the main product of the one-pot
reaction of (—)-carvone with SeBr,, yielding phenols 2 and 3 as
minor products. The synthesis of 1 proceeds through the reac-
tion of the exocyclic carbon-carbon double bond and the
endocyclic enol of (—)carvone with selenium bromide.
Although in selenoxide elimination, the p-ketoselenide precur-
sor is usually prepared by the reaction of an enol or enolate
with selenium bromide, the reactivity of enols towards sel-
enium electrophiles has not been much used in the synthesis
of selenophenes or other selenium compounds, and we think
this might be an area worth exploring.

Several derivatives of compound 1 have also been prepared,
and their GPx-like catalytic activity is measured. All but lactam
8 have GPx-like activity, with dimer 6 being the most active.

Experimental
Starting materials

(-)-Carvone was prepared from (+)-limonene according to
known procedures.”®> Commercial molecular sieves were dried
at 200 °C under vacuum before use and kept under nitrogen.
Dichloromethane was dried over molecular sieves. Chloroform
was freed from ethanol by shaking with concentrated sulphu-
ric acid, washed with water, dried with anhydrous magnesium
sulphate, distilled, and kept for short periods over molecular
sieves. Benzene was dried by refluxing with sodium wire using
the blue benzophenone radical anion as an indicator, distilled,
and kept under nitrogen. All other reactants were commer-
cially available and used without purification.
Menthoselenophenone 1 (3,6-dimethyl-5,6-dihydrobenzo[b]
selenophen-7(4H)-one). A solution of bromine (0.23 mL,
4.47 mmol) in 10 mL of dry CH,Cl, was added dropwise to a
suspension of black selenium powder (706 mg, 8.95 mmol) in
dry CH,Cl, (10 mL) under a nitrogen atmosphere. The result-
ing mixture was stirred for 1 h at room temperature. After this,
0.7 mL of (—)-carvone (672 mg, 4.47 mmol) was added and the
mixture was stirred for 3 days. The system was purged with
nitrogen a few times to exhaust the excess of gaseous HBr. The
liquid was then decanted and the precipitated selenium was
washed twice with 10 mL of CH,Cl,. A solution of 1.1 g of KOH
in 5 ml of water was added to the combined CH,Cl, extracts
and the mixture was heated under reflux in a water bath with
strong stirring for 15 minutes. This converts the small
amounts of a-bromo ketones still present into phenols 2 and
3. After cooling, the mixture was transferred to a separatory
funnel and extracted first with 20 ml of water, twice with 25 ml
of 1 M KOH and finally with water. The aqueous extracts were
washed with 10 ml of CH,Cl, and set aside for further iso-
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lation of 2 and 3. The combined extracts of CH,Cl, were dried
and evaporated under vacuum to yield an oil that crystallises
on cooling. This was dissolved in a minimum amount of cyclo-
hexane, filtered through a short column of silica gel (8 cm
height, 1.3 cm in diameter) and the column was washed with
300 ml of cyclohexane (n-hexane or light petroleum can also be
used, although the amount of solvent might have to be
adjusted). If more solvent is to be used, purity should be
checked by TLC. Evaporation of the solvent yields 500 mg
(49% yield) of mentoselenophenone 1. Recrystallization from a
minimum amount of n-hexane affords white crystals of analyti-
cal purity with a sweet musky odour. Slow evaporation from
n-octane yielded crystals suitable for X-ray diffraction.

6
5 (0]
4
/Se
32

Mp: 90-91 °C (from n-hexane); TLC: R¢ = 0.22 (toluene); 'H
NMR (400 MHz, CDCls): 6 = 7.88 (s, H; 2-CH), 2.78-2.71 (dt, H,
J=17.2 Hz, ] = 4.7 Hz; 4-CH,), 2.65-2.58 (m, 2H; 4-CH,, 6-CH),
2.28-2.23 (m, H; 5-CH,), 2.14 (s, 3H; 3-CCH3) 1.99-1.89 (m, H;
5-CH,), 1.26 ppm (d, 3H; J = 6.9 Hz; 6-CCHs); "*C NMR
(400 MHz, CDCl): § = 195.9, 154.2, 141.5, 139.9, 134.0, 41.6,
32.2, 25.9, 16.3, 15.4 ppm; HR-EI/MS: m/z (int.) calcd for
C,0H;,0Se [M + H]' 229.0126 (100); found 229.0133 (100).

3,6-Dimethylbenzo[b]selenophen-7-ol (2) and 2-bromo-3,6-
dimethylbenzo[b]selenophen-7-ol (3). A solution of bromine
(0.23 mL, 4.47 mmol) in 10 mL of benzene was added drop-
wise to a suspension of selenium powder (706 mg, 8.95 mmol)
in benzene (10 mL) under nitrogen. The resulting mixture was
stirred for 1 h at room temperature. After this, 0.7 mL of
(=)-carvone (672 mg, 4.47 mmol) was added and the mixture
was stirred under nitrogen. After 48 h, an additional amount
of bromine (0.23 mL, 4.47 mmol) was directly added to the
solution. The system was purged with nitrogen a few times
during the reaction. After another 48 h, the mixture was
refluxed for 15 minutes to exhaust the excess of HBr. After
cooling, the selenium powder was decanted, 1.5 ml of dry pyri-
dine was added to the benzene solution and the mixture was
refluxed for 24 h. The cold solution was washed twice with 1 M
H,S0,, followed by water, and dried over anhydrous MgSO,.
After evaporation of the solvent, the crude oil was purified by
flash column chromatography with dry silica gel (n-hexane).
Phenol 3 was eluted first (80 mg, 6%), followed by phenol 2
(560 mg, 56%).

Alternatively, both products can be obtained in low yield
from the aqueous extracts obtained in the synthesis of 1.
These were made acidic with concentrated HCI and extracted
three times with 25 ml of CH,Cl,. The combined organic frac-
tion was dried and evaporated, and the mixture was separated
as described above.

This journal is © The Royal Society of Chemistry 2025
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2: mp = 98-99 °C (needles from n-hexane); TLC: Ry = 0.34
(toluene); "H NMR (400 MHz, CDCl;): § = 7.46 (s, H; 2-CH),
7.24 (d, H, J = 7.9 Hz; 4-CH), 7.18 (d, H, J = 8.0 Hz; 5-CH), 4.93
(s, H; OH), 2.37 (s, 3H; 6-CCHs), 2.36 ppm (s, 3H; 3-CCHs); "*C
NMR (400 MHz, CDCL;): 6 = 150.4, 142.8, 135.9, 128.7, 128.3,
122.4, 117.4, 116.4, 16.2, 15.5 ppm; HR-EI/MS: m/z (int.) caled
for C,0H;00Se [M + H]" 226.9970 (100); found 226.9965 (100).

3: mp = 105-106 °C; TLC: R; = 0.45 (toluene); '"H NMR
(400 MHz, CDCl3): 6 = 7.16 (AB q, 2H; 4-CH, 5-CH), 4.94 (s, H;
OH), 2.33 (s, 3H; 6-CCHs), 2.29 ppm (s, 3H; 3-CCH;); ">C NMR
(400 MHz, CDCL,): & = 149.5, 141.6, 135.6, 128.5, 128.3, 117.9,
116.5, 111.2, 15.4, 15.0 ppm; HR-EI/MS: m/z (int.) calcd for
C10HoBrOSe [M + H]" 304.9072 (100); found 304.9069 (100).

6-Bromo-3,6-dimethyl-5,6-dihydrobenzo[b]selenophen-7(4H)-
one (4) and 2,6-dibromo-3,6-dimethyl-5,6-dihydrobenzo[b]sele-
nophen-7(4H)-one (5). A solution of 450 mg of 1 (1.98 mmol)
in 5 ml of CH,Cl, and 5 ml of acetic acid was cooled in an ice
bath. To this cold solution, 0.11 ml of Br, (2.1 mmol) in 5 ml
of CH,Cl, was added dropwise with stirring, and the mixture
was stirred at room temperature for 12 h. After this time, the
strong brown colour faded to light orange, and the release of
HBr mostly ceased. The solution was then diluted with an
additional 10 ml of dichloromethane and washed with ice-cold
water, twice with a cold solution of sodium bicarbonate (2 x
30 ml) and again with cold water. After being dried over anhy-
drous magnesium sulphate, the solution was evaporated
under vacuum at 30 °C. The residue was purified by flash
chromatography with dry silica gel (n-hexane) to yield 130 mg
of 5 (17%), followed by 365 mg of 4 (60%). Alternatively, the
residue can be refluxed in toluene/pyridine as described above
to give phenols 2 and 3 quantitatively.

4: mp = 86-87 °C (from n-hexane); R; = 0.53 (toluene); 'H
NMR (400 MHz, CDCl;): 6 = 7.99 (s, H; 2-CH), 2.88-2.67 (m,
2H; 4-CH,), 2.62-2.55 (m, H; 5-CH,), 2.29-2.19 (m, H; 5-CH,),
2.17 (s, 3H; 6-CCHs), 2.01 ppm (s, 3H; 3-CCH;); "*C NMR
(400 MHz, CDCl;): 6 = 186.8, 153.5, 139.9, 138.4, 136.2, 62.6,
41.0, 27.9, 25.7, 16.6 ppm HR-EI/MS: m/z (int.) calcd for
C10H1;BrOSe [M + H]" 306.9228 (100); found 306.9225 (100).

5: mp = 90-91 °C (from n-hexane); Ry = 0.66 (toluene); 'H
NMR (400 MHz, CDCl;): 2.88-2.67 (m, 2H; 4-CH,), 2.62-2.55
(m, H; 5-CH,), 2.29-2.19 (m, H; 5-CH,), 2.17 (s, 3H; 6-CCHj,),
2.01 ppm (s, 3H; 3-CCH;); "*C NMR (400 MHz, CDCl,): § =
186.8, 153.5, 139.9, 138.4, 136.2, 62.6, 41.0, 27.9, 25.7,
16.6 ppm; HR-EI/MS: m/z (int.) caled for C,oH;,Br,0Se [M +
H]' 386.8316 (100); found 386.8307 (100).

3,3',6,6"-Tetramethyl-5,5',6,6'-tetrahydro[6,6"-bibenzo[b]sele-
nophene]-7,7'(4H,4'H)-dione (6). To a solution of 200 mg of 1
(0.88 mmol) in 10 ml of dry THF cooled to —77 °C was added
0.2 g of potassium tert-butoxide (1.76 mmol) and the solution
was stirred at this temperature for 30 min. After this, 22.7 pL
of Br, was added directly to the solution and the reaction
mixture was allowed to reach room temperature (4 hours). The
mixture was dissolved in 40 ml of ethyl acetate and 40 ml of
water and agitated in a separatory funnel. The organic phase
was dried over anhydrous magnesium sulphate and evaporated
under vacuum. The solid was washed with 5 ml of cold hexane
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to yield 155 mg of dimer 6 (78%). An analytical sample could
be obtained by filtration through a short column of silica gel
(hexane/toluene 1: 10).

Mp = 207-209 °C; R¢ = 0.11 (toluene); "H NMR (400 MHz,
CDCLy): & = 7.59 (s, H; 2-CH), 2.99-3.06 (m, H; 5-CH,),
2.61-2.77 (m, 2H; 4-CH,), 2.13 (s, 3H; 3-CCH3), ~2.12 (m, H;
5-CH,), 1.35 ppm (s, 3H; 6-CCH3); "*C NMR (400 MHz, CDCls):
5 = 198.4, 151.9, 142.3, 139.5, 134.3, 50.2, 32.9, 23.9, 17.7,
16.3 ppm; HR-EI/MS: m/z (int.) caled for C;oH;,0Se [M + H]"
455.00286 (100); found 455.0013 (100).

(2)-3,6-Dimethyl-5,6-dihydrobenzo[b]selenophen-7(4H)-one
oxime (7). A solution of 230 mg of 1 (1 mmol), 120 mg of
NH,OH-HCI (1.7 mmol), and 0.2 ml of dry pyridine in 10 ml of
absolute ethanol was refluxed for 24 h. The mixture was then
evaporated under vacuum, and 25 ml of ethyl acetate was
added. This solution was washed twice with ice-cold 25 ml of
0.5 M H,SO,, followed by water, and dried over anhydrous
MgSO,. The solvent was evaporated under vacuum, and the
resulting solid was washed twice with 5 ml of warm hexane to
yield 184 mg of oxime 7 (76%). Recrystallization from toluene/
hexane afforded an analytical sample.

Mp = 160-162 °C; "H NMR (400 MHz, CDCl,): & = 7.85 (s, H;
2-CH), 2.86-2.90 (m, H; 6-CH), 2.62-2.70 (m, 2H; 4-CH,), 2.15
(s, 3H; 3-CCHy), 2.07-2.10 (m, H; 5-CH,), 1.84-1.89 (m, H;
5-CH), 1.30 ppm (d, 3H; J = 6.8 Hz; 6-CCHs); *C NMR
(400 MHz, CDCl,): § = 154.3, 145.4, 137.7, 132.0, 126.0, 34.4,
30.1, 25.0, 18.0, 16.3 ppm; HR-EI/MS: m/z (int.) caled for
C10H3NOSe [M + H]" 244.0235 (100); found 244.0190 (100).

3,6-Dimethyl-4,5,6,7-tetrahydro-8 H-selenopheno[2,3-c]azepin-
8-one (8). A solution of 0.12 ml (0.20 g, 1.65 mmol) of freshly
distilled thionyl chloride in 5 ml of anhydrous THF was added
dropwise with agitation to a solution of 100 mg (0.41 mmol) of
oxime 7 in 5 ml of anhydrous THF cooled in an ice bath. The
mixture was stirred for 30 min at 0 °C. After this, the ice bath
was removed, and the mixture was stirred for an additional
30 min at room temperature. The solvent was then removed by
evaporation under vacuum. The solid was briefly stirred with

Table 2 Crystallographic details for compounds 1, 4 and 6

1 4 6
Crystal system Monoclinic  Monoclinic  Triclinic
Space group P24/n P24/n P1
a(A) 7.300(7) 7.767(3) 10.0831(14)
b (A) 10.3528(9)  10.906(4) 10.4303(15)
¢ (A) 12.964(12)  12.122(4) 10.7237(16)
a(9) 90 90 71.641(6)
B 91.02 90.88(2) 70.303(6)
v (°) 90 90 63.501(6)
V(A% 980.1(15) 1026.7(6) 932.0(2)
VA 4 4 2
GoF 1.019 1.022 1.012
Final R indices™” [I> 26(I)] Ry = 0.0650
WR, =0.1539 R, =0.0376
WR, = 0.0827 R, = 0.0561
WR, = 0.0915

“Ry = Z||Fo| = |Fel/Z|Fol- " wRy = [Z[W(Fs = F&)Y Zw(Fs"Y ]
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ice water, filtered, dried, and washed twice with 10 ml portions
of hexane to yield 60 mg (60%) of lactam 8.

Mp = 144-145 °C; '"H NMR (400 MHz, CDCl,): 6 = 7.73 (s, H;
2-CH), 5.89 (s, H; NH), 3.59-3.60 (m, H; 6-CH), 2.70-2.77 (m,
2H; 4-CH,), 2.08-2.13 (m, H; 5-CH,), 2.11 (s, 3H; 3-CCH,),
1.98-2.02 (m, H; 5-CH,), 1.31 ppm (d, 3H; J = 6.7 Hz; 6-CCHs);
BC NMR (400 MHz, CDCl;): § = 166.0, 144.4, 141.4, 140.5,
131.0, 48.6, 34.5, 30.4, 22.2, 18.0 ppm; HR-EI/MS: m/z (int.)
caled for C;oH;3NOSe [M + H]' 244.0235 (100); found 244.0190
(100).

Single crystal X-ray diffraction

X-ray crystallographic data for compounds 1, 4 and 6 (CCDC
2394794-23947961) were collected from single crystals using
an area detector diffractometer (Bruker AXS-KAPPA APEX II) at
room temperature with graphite-monochromated Mo Ka (1 =
0.71073 A) radiation. Further details on data collection and
structure determination and refinement are available in the
ESI.f Table 2 lists the main crystallographic details, and com-
plete crystallographic details are provided in Table S1 (see the
ESIY).

Data availability

Crystallographic data for compounds 1, 4 and 6 have been de-
posited with the Cambridge Crystallographic Data Centre
(CCDC 2394794-23947967).
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