
RSC Advances

PAPER
Breaking the bot
aSchool of Polymer Science and Polymer Eng

OH, 44325, USA. E-mail: rmckenzie@uakro
bDepartment of Chemistry, The University o
cMaterials and Manufacturing Directorate,

OH, 45433, USA
dARCTOS Technology Solutions, Dayton, OH

† Electronic supplementary information (
NMR spectra for all compounds. See DOI

Cite this: RSC Adv., 2021, 11, 6504

Received 17th December 2020
Accepted 25th January 2021

DOI: 10.1039/d0ra10619d

rsc.li/rsc-advances

6504 | RSC Adv., 2021, 11, 6504–650
tleneck: stilbene as a model
compound for optimizing 6p e� photocyclization
efficiency†

Joshua Seylar, a Dmytro Stasiouk,b Davide L. Simone,c Vikas Varshney, c

James E. Heckler cd and Ruel McKenzie *a

TEMPO was more suitable at photocyclizing stilbene than iodine. As stilbene concentration increased,

TEMPO produced a higher yield of phenanthrene at shorter times and significantly reduced the potential

for undesired [2+2] cycloadditions. Iodine retarded phenanthrene formation because it promoted

isomerization to (E)-stilbene which encouraged [2+2] cycloaddition.
Phenanthrenes are primarily synthesized via a photo-
cyclodehydrogenation reaction1,2 where stilbenes or other di-
aryl alkenes undergo a photochemically driven, conrotatory
electrocyclic3–5 reaction to form dihydrophenanthrenes (DHPs)6

which are generally unstable and have a short lifetime. DHPs
are conventionally oxidized by an oxygen7,8 or iodine9,10 radical
to form phenanthrene.

The photooxidative cyclization of stilbenes to form phenan-
threnes is oen referred to as the Mallory reaction.11 Mallory
signicantly advanced photochemical synthesis of phenan-
threne and other polycyclic aromatic compounds (PACs) by
suggesting the use of a catalytic amount of iodine in conjunc-
tion with environmental oxygen as an oxidizing agent.7 This
reaction was originally performed by irradiation with unltered,
high-pressure mercury vapor lamps under ambient conditions
with 3–5 mol% iodine.12 These reaction conditions were widely
adopted and went unmodied until Liu et al.10 suggested the
use of a stoichiometric amount of iodine under an inert atmo-
sphere in conjunction with a scavenger to remove the resulting
hydrogen iodide that forms. This approach enhanced the yield
of the desired product but was limited to low concentrations for
efficient conversion. Increasing the reactant concentration
results in the formation of undesired cycloalkanes via [2+2]
photocycloaddition.13–17 Scale-up using this approach is largely
inefficient and may inadvertently discourage industrial
production and applications of PACs for emerging technolo-
gies. Alternative approaches must be considered to overcome
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this production bottleneck. One approach utilizes ow reac-
tors18,19 but these systems also operate at relatively dilute
conditions.

The photochemical reaction pathway of stilbene is illus-
trated in Fig. 1. It has been proposed that phenanthrenes are
formed through the excited state of (Z)-stilbene which makes
DHP that can be subsequently oxidized.20–22However, there have
been limited empirical studies conrming the proposed
pathway of phenanthrene formation.23–29 This is partially due to
the difficulty in isolating DHP as a stable product, and also due
to the predictive limitations of modelling techniques for
formation of DHP via centroid carbon interactions in excited-
state (Z)-stilbene.25

UV light excites (Z)-stilbene to the singlet (S1) state which has
a lifetime of 0.7–1.4 ps.5 S1 (Z)-stilbene then proceeds through
two possible pathways: roughly 70% becomes a twisted pyra-
midal state known as the phantom state; and the remaining
30% becomes planar S1 DHP via centroid carbon interac-
tions.5,27,30 The phantom state will then form ground state (S0)
(Z)- and (E)-stilbene in roughly equal amounts, depending on
Fig. 1 Simplified stilbene photochemical reaction pathway. Red
outlines indicate excited states.
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the reaction conditions. Excited state DHP will form roughly
66% S0 (Z)-stilbene and 33% S0 DHP which can form phenan-
threne in the presence of an oxidizing agent.4,23,26,29 When (E)-
stilbene is photochemically excited to the S1 state, it has a life-
time of 80–140 ps5 and follows three possible pathways. It can
directly reform S0 (E)-stilbene (�6%),26 interact with an S0 (E)-
stilbene to form cyclobutane through a [2+2] photo-
cycloaddition, or form the same twisted phantom state as (Z)-
stilbene which then reforms S0 (Z)- or (E)-stilbene.

It is theorized that intermolecular [2+2] cycloaddition of
stilbenes is more likely to occur through the (E)-stilbene excited
state than through (Z)-stilbene.30,31 This is due to the shorter (Z)-
stilbene S1 lifetime, along with themuch faster timescale for (Z)-
(E) isomerization (2 ps) compared to the (E)-(Z) isomerization
(10–200 ps).23 This reduces the probability for intermolecular
dimerization to occur through (Z)-stilbene and indicates
a preference for the (Z) conformation for the increased effec-
tiveness of phenanthrene synthesis.30 A goal of this study is to
assess the impact of stilbene stereoisomers on the synthesis of
the desired phenanthrene and the undesired tetraphenylcyclo-
butane (TPCB).

Iodine is known to catalyse the formation of (E)-stilbene as
well as reduce the absorption of light into the reaction volume.21

These facts, along with the much longer lifetime of the (E)-
stilbene S1 compared to the (Z)-stilbene S1 and the longer time
to convert (E) to (Z) may lead to a signicant decrease in the
efficiency of phenanthrene formation. Iodine has served as the
conventional oxidizing agent in the photochemical synthesis of
PACs, but the propensity to promote (E)-stilbene formation
limits its utility. It is desired to replace iodine with an oxidizing
agent that circumvents this limitation. Ideally, the replacement
for iodine should utilize mild reaction conditions, produce easy
to remove side products, and should not interfere with the
reaction pathway. (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) was recently demonstrated to be a potentially suit-
able alternative from a study that hypothesized that the
photooxidative cyclization of stilbenes is free-radical medi-
ated.32 Even though TEMPO has a lower and pH-dependent
redox potential (+0.25 V at pH 7)33 than iodine (+0.54 V)34 in
aqueous solutions, TEMPOmay be an ideal alternative to iodine
because it is a commercially available free-radical source that
does not require photochemical or thermal activation.

A series of photochemical reactions was performed on
solutions initially containing only (Z)- or (E)-stilbene at
concentrations ranging from 1–100 mM to compare and
contrast the impact of iodine and TEMPO on the formation of
the desired phenanthrene and undesired TPCB. 1 mM to 20mM
reactions were performed in 10 mL of cyclohexane in borosili-
cate glass vials with rubber septa unless otherwise stated.
100 mM concentrations of stilbene were reacted in 5 mL of
cyclohexane. The borosilicate glass vials act as short-wavelength
UV lters below 300 nm. Samples were prepared in a dark room.
All samples were sparged with argon before irradiation with
a 450 W medium pressure mercury vapor lamp equipped with
a quartz water jacket for discrete periods of time. Reactions with
iodine were performed at 1 eq. with 100 eq. propylene oxide
(PPO). Reactions containing TEMPO were performed using 5 eq.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Stoichiometrically, a minimum of 2 eq. of TEMPO is required to
completely oxidize DHP but it was found that using an excess of
TEMPO was more benecial. The dependency of the reaction
dynamics on concentration of oxidizing agent was not assessed
in this study. Excess TEMPO and iodine were removed under
vacuum. Higher (20 mM) concentrations of iodine were
removed by washing with sodium thiosulphate. Samples were
analysed by 1H NMR. Extent of reaction and yields were ana-
lysed by monitoring the 2-proton singlet peaks of (Z)-stilbene
(6.60 ppm), (E)-stilbene (7.11 ppm), phenanthrene (7.73 ppm),
and TPCB (4.47, 3.69 ppm) which were well-separated in 1H
NMR (Fig. S2–S5†).

The equilibrium conformation of stilbene is light sensitive.
The wavelength range and intensity of the light source
remained constant. The impact of concentration and initial
conformation of stilbene was assessed as a function of exposure
time to the light source. Temperature of the system was not
controlled, and any temperature rise in the reaction medium
due to the light source was assumed to be negligible because of
cooling from the water jacket. Fig. 2 shows the ratio of (Z)-stil-
bene to the total amount of stilbene over time in the presence of
no oxidizing agent (Fig. 2A), iodine (Fig. 2B) and TEMPO
(Fig. 2C). These gures represent the relative amount of (Z)-
stilbene available over the course of the reaction. There is
negligible consumption of (Z)-stilbene in the absence of an
oxidizing agent because oxygen was thoroughly removed from
the sample by sparging with argon. Fig. 2A shows that the
reaction approached an equilibrium of approximately 85% (Z)-
stilbene with the light source used irrespective of whether the
system initially started with 100% (Z) or 100% (E) conformation.
Increasing the concentration of (E)-stilbene increased the time
to reach the equilibrium conformation.

The effect of initial conformer concentration on the time-
scale to attain equilibrium concentrations of (Z)- and (E)-stil-
bene conformers was most apparent with (E)-stilbene, while
there was no noticeable effect with (Z)-stilbene. This implies
that intermolecular interactions may be causing a decrease in
the rate of conversion of (E)-stilbene to (Z)-stilbene. The
oxidizing agents (iodine (Fig. 2B) and TEMPO (Fig. 2C)) had
a distinguishable effect on the amount of (Z)-stilbene available
which was either due to oxidation to form phenanthrene or
isomerization to form (E)-stilbene. As seen in Fig. 2B, the
addition of iodine drastically reduced the amount of (Z)-stil-
bene available for the reaction, particularly as concentration
increased. The presence of TEMPO (Fig. 2C) did not appear to
have a noticeable impact on the (Z) isomer availability because
of the similarity in trajectory to when there was no oxidizing
agent in the system (Fig. 2A).

Starting with higher (Z) content should lead to a greater
probability of phenanthrene formation. The relative impact of
oxidizing agent on the yield of phenanthrene is displayed in
Fig. 3. Iodine (Fig. 3A) and TEMPO (Fig. 3B) are equally effective
in the formation of phenanthrene at low concentrations. The
transient data (Fig. 3A and B) displayed a progressive lag in the
reaction as concentration of the reactant increased. (E)-stilbene
produced phenanthrene at a lower rate than (Z)-stilbene as the
concentration increased. Utilizing TEMPO revealed that the
RSC Adv., 2021, 11, 6504–6508 | 6505



Fig. 2 Relative amount of (Z)-stilbene available for (A) non-oxidizing, (B) iodine- and (C) TEMPO-oxidized reactions.
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reaction became more sensitive to stereoisomers as concentra-
tion increased. The reaction did not display a sensitivity to
stereoisomers in the presence of iodine because iodine
demonstrated a tendency to promote isomerization to the (E)
conformer. The results of Fig. 2B indicate that the effect of
iodine on promoting the formation of the (E) isomer occurred at
early times in the reaction. Therefore, the iodine systems were
primarily reacting through (E)-stilbene as an intermediate. The
low availability of (Z)-stilbene in the presence of iodine limited
the amount of phenanthrene that could be synthesized. This
implies (E)-stilbene needs to convert to (Z)-stilbene for phen-
anthrene formation to occur. This activity in the presence of
iodine effectively suppressed the rate of phenanthrene forma-
tion irrespective of the initial conformer used.

Fig. 3C shows that TEMPO became more effective at
producing phenanthrene than iodine as the concentration of
stilbene increased from as low as 5 mM. TEMPO had a much
higher yield at higher concentrations than that of iodine. When
comparing the impact of concentration at 2 and 16 hours of
reaction time, the concentration of phenanthrene formed
remained approximately constant and was low for iodine while
there was a systematic increase in the case of TEMPO. For
example, at 20 mM, there was 14�more phenanthrene aer 2 h
when TEMPO was used. The reaction sensitivity to stereoiso-
mers in the presence of TEMPO was most apparent at concen-
trations above 20 mM.

From the results thus far, it has been demonstrated that
TEMPO may be a suitable alternative to iodine, particularly at
high reactant concentrations where iodine was shown to be
Fig. 3 NMR yield of phenanthrene evolution for (A) iodine- and (B) TEMP
formation at 2 h (light lines and symbols) and 16 h (dark lines and symbo
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limited. TEMPO also showed particular effectiveness in phen-
anthrene formation when used with (Z)-stilbene, but still out-
performed iodine when (E)-stilbene was used. However, the
formation of the undesired product, TPCB, must be analysed to
effectively conclude on the overall potential of TEMPO in pho-
tocyclization reactions.

It has been suggested that [2+2] photocycloadditions occur
primarily through the (E) isomer of stilbene.13,30,31 The results of
this study suggest the same. There was a steady evolution of
TPCB with increasing concentration of stilbene with and
without oxidizing agent. The formation of TPCB was sensitive to
the conformation of stilbene and primarily formed in the
presence of (E)-stilbene. Samples with higher overall (E)-stil-
bene content yielded a higher quantity of TPCB (Fig. 4A). In the
presence of iodine, concentration was the main factor inu-
encing the formation of TPCB because of the tendency for
iodine to promote formation of the (E) isomer which occurred at
early times in the reaction. Therefore, in the case of iodine, the
yield of TPCB was similar irrespective of the stereoisomer used.
TEMPO-oxidized samples had a lower overall yield of TPCB
when compared to iodine and non-oxidized systems. The
impact of the starting conformer in the presence of TEMPO was
also evident in the formation of TPCB. Reactions that started
with (E)-stilbene evolved TPCB at lower rates than iodine and in
the case where no oxidant was present. Reactions that started
with (Z)-stilbene produced negligible amounts of TPCB.

TPCB was primarily formed when a preponderance of (E)-
stilbene was present. The lower yield of TPCB using TEMPO
compared to having no oxidizing agent present was attributed
O-oxidized systems; (C) concentration dependence of phenanthrene
ls). Dotted line represents complete conversion.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 (A) Concentration dependence of TPCB formation. Dotted line
represents complete conversion. (B) Relative yield of TPCB to phen-
anthrene. Data is at 2 h (light lines and symbols) and 16 h (dark lines and
symbols).

Paper RSC Advances
to the consumption of (Z)-stilbene for the formation of phen-
anthrene. This minimized the probability of (Z)-(E) isomeriza-
tion, thus decreasing the probability for [2+2]
photocycloaddition side products to form. Starting with (E)-
stilbene enhanced the probability for [2+2] photocycloaddition
to occur. Since using TEMPO does not promote (E) isomeriza-
tion, the main competing reaction was consumption of the as-
formed (Z)-stilbene. Iodine-containing samples continued to
produce TPCB throughout the reaction which conrmed that
iodine promoted (E)-isomerization of stilbene. It can be seen in
Fig. 4B that at 20 mM, the ratio of the yield of TPCB to phen-
anthrene was as high as unity in the presence of iodine aer 2 h
and only fell to about 0.4 aer 16 h. Overall, the ratio of TPCB to
phenanthrene formed was much higher with iodine than with
TEMPO. This indicated that TEMPO was better suited for
mitigating the production of TPCB as concentration increased.
The impact of (E)-stilbene on the formation of TPCB along with
the (Z) isomer not forming TPCB demonstrated that [2+2]
photocycloaddition predominantly occurred through the (E)
isomer.

Understanding the photocyclodehydrogenation reaction
pathway is relevant to the synthesis of PACs in large quantities
for cost-effective commercialization of next-generation appli-
cations. Iodine is the conventional oxidizing agent. Although
iodine is a stronger oxidizing agent than TEMPO, the UV
absorptivity of iodine affected the stereo-conformation of stil-
bene, causing transformation of (Z)-stilbene to the less
productive (E)-stilbene. This inadvertently allowed the unde-
sired [2+2] reaction to occur. In addition, the use of iodine
© 2021 The Author(s). Published by the Royal Society of Chemistry
generates a strong acid (HI) that requires neutralization by an
excess amount of weak base. The evolution of the acidic by-
product stimulates the formation of non-aromatic products.10

This study demonstrated the limitations of using iodine at
elevated concentrations. The impact of concentration and stil-
bene conformation on the photochemical reaction pathway in
the presence of select oxidizing agents was studied. Critical
aspects of the reaction pathway that limited the scalability of
this photochemical reaction were revealed. Phenanthrene
formation primarily occurred through (Z)-stilbene and [2+2]
cycloaddition primarily occurred through (E)-stilbene. Iodine
promoted formation of (E)-stilbene which drastically reduced
the phenanthrene formation rate and encouraged the unde-
sired [2+2] cycloaddition reaction. TEMPO did not produce
a strongly acidic by-product nor did it encourage (E)-stilbene
formation. These advantages, aside from TEMPO being the
weaker oxidizing agent, demonstrated that TEMPO was more
suitable than iodine at oxidative photocyclodehydrogenation of
stilbene, particularly at elevated concentrations. TEMPO facili-
tated photocyclodehydrogenation of stilbenes at concentrations
as high as 100 mM without the occurrence of unwanted side
reactions. Using TEMPO revealed that photo-
cyclodehydrogenation reactions were isomer dependent. The
impact of (Z)- or (E)-stilbene conformers became more
pronounced with increasing concentration.
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F. Vögtle and E. Weber, Springer Berlin Heidelberg, Berlin,
Heidelberg, 1984, vol. 125, pp. 63–130.
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