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ABSTRACT: trans-Cinnamic acid and derivatives can undergo a [2 + 2] photocycloaddition, resulting in the formation of truxinic
and truxillic acids. These photoproducts are regioisomers, differing only in the relative arrangement of the acid and phenyl groups on
the cyclobutane ring formed. In this contribution, we show that a cocrystal engineering approach can direct the outcome of the
reaction (regioisomer) and control the photoreactivity of the compounds in the solid state. For trans-cinnamic acid, cocrystallization
with 4,6-dichlororesorcinol yields a thermodynamic pathway to f-truxinic acid. The otherwise photostable para-methoxy-trans-
cinnamic acid can be rendered photoactive to also yield S-truxinic acid using 5-hydroxyisophthalic acid. Finally, the photoactive
para-hydroxy-transcinnamic acid can be rendered photostable by cocrystallization. Cocrystal engineering is thus a valuable tool not
only to control photoreactivity but also the obtained outcome of a solid-state photoreaction. We expect to see this approach being
applied as a more general procedure for this type of reaction in the future.

1. INTRODUCTION

A [2 + 2] photocycloaddition leads to the formation of a
cyclobutane derivative, converting two z-bonds into two o-
bonds upon irradiation." Conducting this reaction in the solid
state eliminates the need for solvents, aligning with one of the
12 principles of green chemistry aimed at promoting more
sustainable chemical practices to address contemporary
environmental challenges.”

From 1964 onward, Cohen and Schmidt extensively
investigated these reactions and observed that the resulting
products correlate with the initial crystal lattice structure. This
topochemical relationship is based on different observations:

1. Differences in behavior upon irradiation of different
polymorphs.

2. Fundamental differences in photoproducts between two
derivatives of a given compound.

3. Differences in solid-state reactivity compared to
reactivity in solution.

These observations led to the postulation that “reaction in
the solid state occurs with a minimum amount of atomic or
molecular movement”.>* This further underscores the
advantage of solid-state reactions, allowing for the attainment
of regioselective and stereospecific products, which are often
challenging to achieve in solution-phase reactions.” Later,
Schmidt established two fundamental conditions necessary for
cycloadditions to occur in the solid state: the double bonds
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must be parallel, and the distance between them should be
shorter than 4.2 A.°

trans-Cinnamic acid (TCA) and its derivatives nicely
illustrate these principles. Within this chemical family, solid
forms can be categorized into three types:

e The a-type, photoreactive and characterized by a “head-
to-tail” (HTT) packing arrangement.

e The fS-type, photoreactive and characterized by a “head-
to-head” (HTH) packing arrangement.

e The y-type being photostable.””

One should note that not all derivatives exhibit all three
types. For example, TCA lacks a y-type form, having only one
a- and one f-type form.” The a-type (also called a-
polymorph) is the stable form, whereas the pS-type (-
polymorph) is metastable, transforming into the a-polymorph
over time. Furthermore, both forms lead to a different product
upon irradiation: a-truxillic acid is obtained by irradiating the
a-form, whereas the f-form leads to B-truxinic acid, although
experimentally a mixture of a-truxillic acid and f-truxinic acids
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Figure 1. (a) a-Type (HTT orientation). Scheme representing the photoreactivity of TCA in the a-type, the crystal structure of the a-polymorph
of TCA"? (top, d = 3.7 A), and this of p-OH-TCA"® (bottom, d = 3.8 A); (b) e-type (HTT orientation). Scheme representing the photoreactivity
of TCA in the theoretical e-type; (c) f-type (HTH orientation). Scheme representing the photoreactivity of TCA in the f-type and the crystal
structure of the f-polymorph of TCA' (d = 4.0 A); (d) S-type (HTH orientation). Scheme representing the photoreactivity of TCA in the
theoretical 5-type; () y-type (no reaction). Crystal structure of p-OMe-TCA'? (d = 4.8 A). The dotted lines represent the bonds formed after

irradiation.

is observed due to the metastable character of the f-polymorph
(Figure la,c).” In solution, TCA remains photostable.” The
behavior of other derivatives can vary significantly; for
instance, para-hydroxy-TCA (p-OH-TCA), ortho-chloro-
TCA, and para-methoxy-TCA (p-OMe-TCA) have only one
known polymorph, respectively, of the a-, f-, and y-type
(Figure lae), explaining the different outcome for these
compounds upon irradiation.’

Besides a-truxillic and f-truxinic acids, two other products
are theoretically accessible by photodimerization of TCA: 6-
truxinic' and e-truxillic acids."" These products are accessible
through structural types other than those described above. In
this work, these packages are, respectively, named the - and
the e-type (Figure 1b,d).

In 2010, Desiraju defined crystal engineering as “the
understanding of intermolecular interactions in the context
of crystal packing and in the utilization of such understanding
in the design of new solids with desired physical and chemical
properties”.15 We here apply this concept to control the [2 +
2] photocycloaddition by forming cocrystals, which in the
context of this work are considered as a multicomponent solid

2118

form consisting of neutral molecules that are not a solvent
known as coformers.'® Some examples are already shown in
the literature where cocrystallization has been used to render
photostable compounds photoactive. Resorcinol and its
derivatives are a common family used to orient the target
molecules to meet Schmidt’s criteria.'” MacGillivray et al.
successfully dimerized trans-1,2-bis(4-pyridyl)ethylene by
cocrystallization with resorcinol.'® FrisGi¢ et al. constructed
exo,exo[2,2]orthocyclophane and exo,exo[2,2]metacyclophane
using 4-chloro-resorcinol while endo,exo[2,2]metacyclophane
is obtained using 4-cyclohexyl-resorcinol." [n]Ladderanes (n
=3, 5, 7) are also synthesized in the solid state from all-trans-
poly m-enes (m = 2, 3, 4) through cocrystallization with
resorcinol.”’ ™

For dimerizing molecules containing carboxylic acids,*
pyridyl can replace resorcinol to orient the compounds
through the formation of H-bonds.>*** In their review,
Akhtaruzzaman et al.'” explained that other molecules, such
as carboxylic acids, boronic acid,*® and thiourea, can serve as
templates for solid-state dimerization.

https://doi.org/10.1021/acs.cgd.3c01449
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Scheme 1. Approach Used: The Stable Form of TCA Is of the a-Type”
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“By cocrystallization, a stable form of the f-type can be achieved, offering a thermodynamically stable pathway to f-truxinic acid.

In addition to these hydrogen-bonded systems, alternative
interactions have been used to align olefins for dimerization,
such as, halogen bonding systems,”” ' boron compounds
used as Lewis acid,*>** host—guest system with cucurbit[8]uril
used as host,>* and anion stacking.}5

As mentioned above, the f-polymorph of TCA (crystallizing
in the f-type) is metastable, with its irradiation leading to a
mixture of f-truxinic and a-truxillic acids. Several strategies
have been put forward to come to a stable f-type structure of
TCA. Ito et al. controlled the dimerization by forming diamine
salt forms to obtain f-truxinic or e-truxillic acids after
irradiation.®® In a different approach, a covalent bond can be
created between the acid and various templates, such as 1,8-
dihydroxynaphthalene or diamino[2.2]paracyclophane, leading
to f-truxinic acid after irradiation either in solution or in the
solid state.””~** However, this method requires an additional
hydrolysis step to remove the template. In most of the above
examples, molecules undergoing solid-state dimerization via
cocrystallization are highly symmetric, with the alkene
compound containing two carboxylic acid groups or two
heteroaromatic cycles.

In this paper, we set out to complement these studies,
aiming for cocrystals with TCA and some of its derivatives (p-
OH-TCA and p-OMe-TCA) with the goal of synthesizing
photoproducts different from those obtained using the stable
form of the parent compound. All three compounds are highly
asymmetric with different functional groups substituting the
double bond (e.g, —COOH and —Ph groups for the TCA
molecule), showing the viability of this approach even for
those compounds which are not highly symmetrical (Scheme

1).
2. EXPERIMENTAL SECTION

2.1. Materials. All solvents used are commercially available from
VWR. Solvents were used as received without any additional
purification. trans-Cinnamic acid (TCA) (97%), urea (99%), 3,4-
dihydroxybenzoic acid (97%), and 3-nitrobenzoic acid (99%) were
obtained from Sigma-Aldrich. The two derivatives, p-OMe-TCA
(98%) and p-OH-TCA (98%), as well as 4,6-dichlororesorcinol
(96%) were purchased from TCL 4,4'-Bipyridine (98%), 4-amino-
benzoic acid (99%), and S-hydroxyisophthalic acid (98%) were
furnished by Alfa Aesar, and 4-nitrobenzoic acid (>99%) was
purchased from Acros. All these products were used as received.

2.2. Methods. 2.2.1. Cocrystal Screening. Cocrystal screening
was performed by liquid-assisted grinding (LAG), using a Retsch
Mixer Mill MM 400 equipped with two grinding jars each able to
contain five 2 mL Eppendorf tubes. Each tube was filled with
equimolar amounts (0.1 mmol) of a TCA derivative and coformer,
three small stainless-steel beads (3 mm of diameter), and 10 uL of
methanol. Grinding was then performed at 30 Hz for 90 min.

2.2.2. Single-Crystal Growth. Single-crystal growth was achieved
through evaporative crystallization, performed by preparing under-
saturated solutions of equimolar amounts of the 2 molecules forming
the cocrystal in a suitable amount of solvent. The solutions were then
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left to evaporate slowly, either at room temperature or in the fridge (S
°C), and the crystals were retrieved once they appeared.

2.2.3. Powder X-ray Diffraction (XRPD). Powder X-ray diffraction
data were collected on a PANalytical Bragg—Brentano diffractometer,
using Ni-filtered Cu Ka (4 = 1.54179 A) at 45 kV and 30 mA with a
X’Celerator detector. Each sample was analyzed between 5 and 35° in
20 with a step size of ca. 0.02° and a total scan time of 50 min.

2.2.4. Single-Crystal X-ray Diffraction (SCXRD). Single-crystal X-
ray diffraction was performed on a suitable single crystal and analyzed
on a MAR345 image plate using Mo Ka radiation generated by an
Incoatec IS microfocus source (Montel mirrors). Data reduction was
carried out using the CrysAlisPRO software package.*' The resolution
and refinement by full-matrix least-squares were carried out using,
respectively, SHELXT** and SHELX-2018/3.* Non-hydrogen atoms
were refined anisotropically; H atoms were added in calculated
positions and allowed to ride on the parent atoms, with isotropic
displacement factors set to 1.2 equiv of the parent atoms [U,,(H) =
1.5U(C) for methyl en OH hydrogens]. The H atoms of the methyl
groups were allowed to undergo free rotation about the local 3-fold
axis. Symmetry analysis and validation were carried out using
PLATON.*" Figures were drawn using the molecular visualization
software Mercury 2022.3.0."°

2.2.5. Irradiation. The cocrystal powder was placed between two
glass plates, which were then sealed together. The compound was
photoactivated with a UV lamp, specifically the “Oriel Instrument:
Universal Arc Lamp Housing” [model: 66921; source: Hg(Xe)], at
350 W for 48 h. It was turned over every hour to have an equivalent
irradiation time for each side. The irradiation products obtained are
examined through '"H NMR spectroscopy, employing a Bruker-300
spectrometer operating at 300 MHz. The NMR spectra were captured
in DMSO-d,, internally referenced to residual solvent ('H)
resonances, and expressed relative to tetramethylsilane. Chemical
shifts are reported in ppm with tetramethylsilane as the reference.

3. RESULTS AND DISCUSSION

3.1. Cocrystal Discovery. As a first step, we identified
novel cocrystal forms of the three target compounds. This was
done through MeOH-based LAG using common cocrystal
coformers, typically reacting with carboxylic acids. Seven new
crystalline forms were identified for TCA, 6 for p-OMe-TCA,
and 2 for p-OH-TCA. Table 1 provides a summary of the
cocrystals formed through grinding, and Figure 2 shows the
coformers used. The XRPD overlays are given in the
Supporting Information (Figures S1—S15).

3.2. Solid-State Reactivity of the Novel Cocrystals.
The photobehavior of the newly formed cocrystals was
analyzed experimentally, verifying the product outcome using
'"H NMR spectroscopy. If, following irradiation, only the
starting material is detected, then no reaction occurred.
Conversely, the presence of supplementary peaks around 6 =
4 ppm suggests dimerization. Figure 3 shows an example of the
'"H NMR spectra of a photoactive cocrystal. (As the
photochemical reaction occurs on the surface of the crystals,
only partial transformation occurs so a mixture of starting
materials and reacted material is visible in the 1H NMR. This

https://doi.org/10.1021/acs.cgd.3c01449
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Table 1. New Cocrystal Forms of TCA, p-OMe-TCA, and p-
OH-TCA*

p-OMe-TCA

3,4-dihydroxybenzoic acid

3-nitrobenzoic acid

4,4’ -bipyridine

4,6-dichlororesorcinol

4-aminobenzoic acid

4-nitrobenzoic acid

5-hydroxyisophtalic acid

Urea

“+ = new crystalline form identified during the grinding experiment,
dark gray = no new crystalline form identified.

partial transformation could be avoided by changing the
experimental setup (e.g, irradiation under mixing).) All other
spectra are available in the Supporting Information (Figures
$16—S29). Distinguishing between a-truxillic acid and p-
truxinic acid can be done by looking at the signal’s multiplicity,
as depicted in Figure 4. In parallel, we aimed at obtaining the
crystal structures to see whether they indeed confirm the
observed outcome. Table 2 provides a summary of the various
cocrystals identified, each of which will be further developed in
subsequent sections. From a first look at this table, different
tendencies can be drawn. Ignoring the three cocrystals for
which no structure has yet been obtained, the photoproduct
corresponds perfectly with the outcome expected from the
crystal structure. Table 2 also shows that cocrystallization can
render photostable products photoactive, e.g.,, p-OMe-TCA is
photostable, but its cocrystal with S-hydroxyisophthalic acid
leads to a B-product, or photoactive compounds photostable,
e.g., TCA is photoreactive, but its cocrystal with 3-nitrobenzoic
acid is photostable. Finally and importantly, cocrystallization
can successfully be used to thermodynamically control the
nature of the photoproduct. TCA can be transformed in pure
P-truxinic acid in a controlled manner using 4,6-dichloror-
esorcinol as a coformer, in a-truxillic acid using 3,4-
dihydroxybenzoic acid, and rendered photostable using urea.
Similar observations can be made for p-OMe-TCA or p-OH-
TCA even if for these no coformer leading to, respectively, the
a- and f-products has yet been identified.

3.2.1. trans-Cinnamic Acid. As mentioned, the stable
polymorph of TCA packs into the a-type. Identifying a stable
solid form of the -, §-, or e-type is of interest, as this would
offer a thermodynamic pathway to, respectively, S-truxinic, 6-
truxinic, or e-truxillic acids.

Seven coformers led to cocrystal formation, all of which are
structurally described here. As 2 polymorphs are obtained for
the cocrystal with 4,4'-bipyridine, a total of 8 cocrystal phases
were identified for this compound. Table 2 shows that
cocrystallization in most cases deactivates the photoreactive
behavior of TCA. 6 out of the 8 solid forms are not reactive.
The use of 3,4-dihydroxybenzoic acid as a coformer leads to a-
truxillic acid. Interestingly, the use of 4,6-dichlororesorcinol
leads to p-truxinic acid only. The 4,6-dichlororesorcinol
cocrystal is therefore a thermodynamically stable form, which
can yield access to f-truxinic acid, where the metastable f-
polymorph of TCA results in a mixture of f-truxinic and a-
truxillic acid.

To get a deeper understanding of TCA cocrystal reactivity,
Table 3 summarizes the main structural elements. A selected
number of structures are described below, with all others
shown in the Supporting Information (Figures S30—S43).

Table 3 confirms that the addition of a coformer most often
renders the cocrystal photostable. This can either occur due to
the intercalation of the coformer between TCA molecules, as is
the case for 3-nitrobenzoic (Figure S) and 4-nitrobenzoic acid
cocrystals, or due to the elongated distance between two TCA
molecules, as it is the case for 4,4"-bipyridine (polymorphs I
and II), 4-aminobenzoic acid, and urea.

The cocrystal involving 3,4-dihydroxybenzoic acid (Figure
6) shows structural features (direct contact between two TCA
molecules, parallel C=C bonds separated by 3.8 A), which,
combined with a head-to-tail packing, successfully lead to the
formation of a-truxinic acid.

A similar observation can be made for the 4,6-dichloror-
esorcinol-TCA cocrystal (Figure 7) where favorable structural
features (direct contact between TCA molecules, parallel C=
C bonds separated by 3.9 A) combined with a head-to-head
orientation explain the formation of f-truxillic acid upon
irradiation. Interestingly, as stated above, this isomer cannot be
obtained in pure form starting from the metastable J-
polymorph of TCA, as this later readily transforms into the
a-polymorph. We thus present a thermodynamic pathway to -
truxillic acid using a cocrystallization tool. On top of that, after
reactivity, 4,6-dichlororesorcinol could potentially be recovered
from the resulting powder and reused if needed. This can, e.g.,
be done by slurrying the final powder in a solvent, such as

o 0o
HO ,'\5
OH o~

- \d N N
HO N 7 HO

3,4-dihydroxybenzoic acid

o
OH HO
OH < > g )I\
HoN ©

4-nitrobenzoic acid

4-aminobenzoic acid

3-nitrobenzoic acid

4 4-bipyridine 4,6- dlchlororesorcmol

urca

5-hydroxyisophthalic

Figure 2. Representation of the molecules forming cocrystals with TCA, p-OMe-TCA, and p-OH-TCA.
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Figure 3. 'H NMR spectrum of the irradiated cocrystal constituted of TCA and 4,6-dichlororesorcinol (red peaks: 4,6-dichlororesorcinol; blue
peaks: TCA; yellow peaks: a-truxillic acid).
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Figure 4. Characteristic peaks of a-truxillic acid (blue) and f-truxinic acid (red) obtained by the irradiation of a sample of a mixture of TCA f and

a-polymorphs.
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Table 2. Outcome upon Irradiation as Well as Expected
Outcome Based on the Crystal Structure of Various
Cocrystals®

TCA p-OMe-TCA p-OH-TCA
Coformer
Irr. Cryst. Irr. Cryst. Irr. Cryst.
/ a-product | a-type® No y-type® o a-type?
Reaction product

3,4-dihydroxybenzoic

a-product | a-type

acid
. S No No
3-nitrobenzoic acid Reaction | YP¢ | Reaction | YYPe
1:No 1:
o Reaction | y-type No No
44 -bipyridine - Reaction | YP€ | Reaction | VYP®
" i
v-type

4,6-dichlororesorcinol | B-product | B-type

4-aminobenzoic acid No -type No
Reaction | P Reaction
I:No 1:
. o No Reaction | y-type
4-nitrobenzoic acid Reaction y-type =

"

5-hydroxyisophtalic acid
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No

Urea .
Reaction
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“Dark gray box means no cocrystal occurred for this particular
combination. / means single crystal structure could not be
determined. // means no sufficient bulk powder was obtained to
perform reactivity studies. “CCDC code: CINMAC.'” “CCDC code:
MXC£I;IN.12 9CCDC code: COUMACOL." “CCDC code: NUZ-
TOT.

water, where 4,6-dichlororesorcinol is soluble but TCA and its
dimer are not.*>*’

Table 3 also indicates that achieving HTH or HHT
orientations is equally accessible and feasible. However, this
does not suffice to obtain the right product, as for reactivity to
occur structural features (distance and alignment of double
bonds) are key.

3.2.2. para-Methoxy-TCA (p-OMe-TCA) and para-Hy-
droxy-TCA (p-OH-TCA). Contrary to TCA, p-OMe-TCA
packs in the y-type and is hence photoinactive.

Six different cocrystal forms were identified, with 4
structurally described, one of which was already published.
Five of these forms are of the y-type as no reaction occurred.
(For those cases where no single crystals were identified, the y-

Figure S. Example of a cocrystal packed in the y-type. This cocrystal is
constituted of TCA and 3-nitrobenzoic acid (d = 7.5 A).

T a2

Figure 6. Example of a cocrystal packed in the a-type. This cocrystal
is constituted of TCA and 3,4-dihydroxybenzoic acid (d = 3.8 A).

Figure 7. Example of a cocrystal packed in the f-type. This cocrystal
is constituted of TCA and 4,6-dichlororesorcinol (d = 3.9 A).

type was determined based on the nonreactivity observed by
1H NMR.) Table 2 shows that in most cases, cocrystallization
does not impact the reactivity of p-OMe-TCA, as 5 out of the 6
cases remain unreactive. Only the use of 5-hydroxysophtalic
acid as a coformer leads to a photoreactive cocrystal, where the
P-product is obtained after irradiation. Table 4 summarizes the
features, allowing us to understand the reactivity of the
cocrystal.

As shown by Table 4, once more, both HTH and HTT
orientations can be obtained, but in most cases, the double
bonds are not in suflicient proximity to allow photoreactivity.

Interestingly, the cocrystal of p-OMe-TCA with S-hydrox-
yisophthalic acid exhibits photoreactivity, leading to the
formation of di-4-methoxy-f-truxinic acid. This product

Table 3. Characteristics of the 8 Structurally Identified Cocrystal Forms Discovered with TCA [Intercalation of the Coformer
between Two Successive TCA Molecules, Relative Orientation of TCA Molecules in a Head-To-Tail (HTT) or Head-To-Head
(HTH) Fashion, Parallel or Non-parallel Orientation of Two Double Bonds, and Distance between the Center of the Double

Bonds]
coformer intercalation orientation parallel distance [A] photoproduct

3,4-dihydroxybenzoic acid no HTT yes 3.8 a-product
3-nitrobenzoic acid yes HTH no 7.5 no reaction
4,4'-bipyridine polymorph I no HTT yes 5.6 no reaction
polymorph II no HTH no S.1 no reaction

4,6-dichlororesorcinol no HTH yes 3.9 p-product
4-aminobenzoic acid no HTH yes 4.9 no reaction
4-nitrobenzoic acid yes HTH yes 7.4 no reaction
urea no HTT yes 4.6 no reaction
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Table 4. Characteristic of the Structurally Identified Cocrystals for p-OMe-TCA and p-OH-TCA (Intercalation of the
Coformer between Two Successive TCA Molecules, Relative Orientation of TCA Molecules in a Head-To-Tail or Head-To-
Head Fashion, Parallel or Non-parallel Orientation of Two Double Bonds, and Average Distance between the Double Bonds)

coformer intercalation orientation parallel distance [A] photoproduct
p-OMe-TCA
3-nitrobenzoic acid Yes HTH yes 7.3 no reaction
4,4 bipyridine** No HTH yes 6.5 no reaction
4-nitrobenzoic acid polymorph I No HTT yes 5.3 no reaction
polymorph II Yes HTH yes 7.4 no reaction
p-OH-TCA
4,4'-bipyridine No HTH no 7.7 no reaction
urea No HTT yes 3.8 a-product

cannot be obtained from the photostable starting material.
Based on the photoproduct, we suspect that this cocrystal
shows an HTH orientation with parallel aligned double bonds.

As for TCA, p-OH-TCA packs in the a-type. Two cocrystals
were identified for this compound (Table 2). Cocrystallization
with urea leads to a-type packing, whereas cocrystallization
with 4,4'-bipyridine renders the product photostable. Both
results are expected based on the crystal structure (Table 4).
The photostability of the 4,4'-bipyridine cocrystal is due to the
considerable distance between the double bonds. It should be
noted that the molecules have an HTH orientation. The urea
cocrystal, on the other hand, shows an HTT orientation with a
mere 3.8 A between the double bonds (Figure 8).

Figure 8. Structural feature of the cocrystal constituted of p-OH-TCA
and urea (d = 3.8 A).

4. CONCLUSIONS

In this contribution, we extend the solid-state photodimeriza-
tion of TCA and two of its derivatives, showing how
cocrystallization can be used to engineer the solid state in
such a way as to thermodynamically control the regioisomer
obtained. Focusing on TCA, p-OMe-TCA, and p-OH-TCA,
we show that both the head-to-head and head-to-tail
orientations have a similar likelihood of occurring in the
cocrystals but that the alignment of and distance between
double bonds is often the limiting factor for photoreactivity.
Given an appropriate coformer, however, photoreactivity can
be controlled. For TCA, we show that cocrystallization with
4,6-dichlororesorcinol is a thermodynamically stable pathway
to f-truxinic acid, whereas the stable polymorph of the parent
compound yields a-truxillic acid. For p-OH-Me, the use of
4,4'-bipyridine allows rendering the otherwise photoactive
molecule photoinactive. And for p-OMe-TCA, f-truxinic acid
is obtained when orienting the compound with S-hydrox-
yisophthalic acid, whereas the parent compound is photo-
inactive.

This study was performed using a limited series of coformers
but shows how cocrystal engineering can effectively be used
not only to activate (or deactivate) photoreactivity but also as
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a pathway to thermodynamically control the regioisomer of the
photoproduct obtained.
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