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ABSTRACT: The synthesis and characterization of 12 ferro-
electric nematogens based on the RM734 structural template are
reported in the form of two series named nECMe and nECMeF.
Within both series, the position of the methyl groups present was
varied and all 12 of these compounds exhibited the ferroelectric
nematic phase. In general, when modifications were made that
decreased the shape anisotropy of the molecule, the value of TNI
decreased in line with the literature. The behavior of TNdFN/I was,
however, much more complex, appearing to be directed by the
substituents present, and the transition temperatures did not follow a distinct trend as modifications were made. This is particularly
apparent when comparing 2ECMe and 3ECMe which both have a terminal methyl group and a lateral methoxy group: the TNdFN of
3ECMe is 25 °C higher than that of 2ECMe, while their equivalent methoxy-substituted materials have transition temperatures
essentially identical to one another. The properties of these materials can be justified, in general, by the model of Madhusudana and
are sensitive to the electronic distribution within the compounds.

■ INTRODUCTION
The ferroelectric nematic phase, NF, has become one of the
key research topics in the field of liquid crystals since its
experimental discovery in 20171,2 and assignment in 2020,3

with an ever growing library of compounds and a wide range of
potential applications being identified.4−6 The NF phase is a
variant of the conventional nematic phase, N, which is the least
ordered liquid crystalline phase. In the N phase, the molecules
align, in general, in the same direction known as the director,
represented by n, and the nonpolar nature of the phase means
that it possesses inversion symmetry so that n = −n, Figure 1.
On becoming the polar NF phase, this inversion symmetry is
broken such that n ≠ −n and the dipoles therefore align, Figure
1. The ferroelectric nematic phase has attracted significant
attention thanks to its properties, which give these materials
the possibility of having consequential real-world applications.
These properties include ease of alignment,7,8 high nonlinear
optical activity,9−11 and high polarization values;2,3,12 however,
recent studies have also shown that the NF phase can exhibit
other fascinating properties outside of these.2,3,13−27

To date, there have been around 150 low molar mass
compounds which exhibit the phase,11,24,25,28−42 and the vast
majority of these can be described using the three following
structures, namely, RM734,1,39 DIO,2 and UUQU-4N, Figure
2.43 These templates, although having differences in their
structures, have similar features: namely, a large longitudinal
dipole and some degree of lateral substitution, whether it be
fluorination or alkyloxy chains. While there are some

exceptions to these templates such as rigid fluorinated
molecules,44−46 polymers,36,47,48 and a hydrogen-bonded
ferroelectric nematogen which has a surprisingly small
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Figure 1. Schematic illustration of (left) the conventional nematic
phase and (right) the ferroelectric nematic phase.
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molecular dipole,49 these examples are much less common.
Indeed, there has been the discovery of a range of other
fascinating phases along with the NF phase, such as the
antiferroelectric NX phase also called SmZA,

31,38,50,51 several
polar smectic phases,23,44,52−54 and even heliconical ferro-
electric nematic phases.55,56 Clearly, it is therefore critical that
the library of compounds be expanded into either new
structure spaces or with new molecular functionality to better
understand the driving forces behind the stability of the NF and
these other new polar phases.
This work will focus on materials based on the molecule

RM734 which, of the three archetypal molecules, has seen the
most extensive examination of its structure. Structural
modifications which have been shown to maintain the NF
phase have included changing the terminal alkyloxy chain

length,31,39 the lateral alkyloxy chain length,11,28,42 the position
of the lateral alkyloxy chain,25 the degree of fluorination,39,41,57

the nature of the terminal group at either end of the
molecule,29,37,58,59 the nature of the lateral groups,32,37 the
inclusion of a biphenyl moiety,28 the inclusion of a pyridine
moiety,40 the number of lateral methoxy groups,30 and a
combination of such functionalities on the molecule.37 Here,
we replace the methoxy groups in the terminal ring of RM734
with methyl groups to reduce the electron density within that
aromatic ring and therefore hope to stabilize the NF phase in
accordance with the model proposed by Madhusudana.60 The
model describes these molecules using regions of alternating
positive and negative charges, with these regions being
separated by the ester groups. The electron density present
is dictated by the electron-withdrawing or electron-donating

Figure 2. Molecular structure of (left) RM734, (middle) DIO, and (right) UUQU-4N.

Table 1. Compound Names and Structures for the Members of the nECMe and nECMeF Series
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Scheme 1. Synthesis of 1ECMe, 2ECMe, 1ECMeF, and 2ECMeF

Scheme 2. Synthesis of 3ECMe-6ECMe and 3ECMeF-6ECMeF
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nature of the functional groups attached to the aromatic rings.
The terminus of the rod with the methoxy group is positively
charged, and the nitro terminus is negative, which gives the
large longitudinal dipole moment. When the rod-like
molecules can exist in close proximity, then the strong dipolar
interactions can inhibit the formation of antiparallel structures
which are unfavorable for the formation of the NF phase.
Specifically, this suggests that by minimizing the amplitude of
the charge density wave at either end of the molecule, parallel
structures can be favored and the NF phase stabilized, and this
in principle can be achieved by using a weaker electron donor
such as a methyl group.
We therefore report the phase behavior of 12 ferroelectric

nematogens based on RM734 which contain a methyl group or
groups in the terminal aromatic ring. Of these compounds, 6
are terminated with a nitrophenol moiety and are known as the
nECMe series, while 6 are terminated with a 3-fluoronitro-
phenol moiety and are known as the nECMeF series, both are
summarized in Table 1.

■ EXPERIMENTAL SECTION
The synthetic route used to prepare 1ECMe, 2ECMe,
1ECMeF, and 2ECMEF is shown in Scheme 1, while
3ECMe-6ECMe and 3ECMeF-6ECMeF are shown in Scheme
2. A detailed description of the preparation of all the
intermediates and final products, including full structural
characterization, is provided in the Supporting Information.

Optical Studies. Phase characterization was performed by
polarized optical microscopy using a Zeiss AxioImager A2m
equipped with a Linkam THMS600 hot stage. Slides treated
for homotropic alignment were purchased from AWAT with a
thickness of 1.7 μm.
Differential Scanning Calorimetry. The phase behavior

of the materials was studied by differential scanning
calorimetry performed using a Mettler Toledo DSC1 or a
DSC3 differential scanning calorimeter equipped with TSO
801RO sample robots and calibrated using indium and zinc
standards. Heating and cooling rates were 10 K min−1, with a 3
min isotherm between either heating or cooling, and all
samples were measured under a nitrogen atmosphere.
Transition temperatures and associated enthalpy changes
were extracted from the heating traces, unless otherwise
noted. For each sample, two aliquots were measured, and the
data listed are the average of the two sets.
Molecular Modeling. The geometric parameters of the

compounds of interest were obtained using quantum
mechanical DFT calculations with Gaussian09 software.61

Optimization of the molecular structures was carried out at the
B3LYP/6-31G(d) level. Visualizations of electronic surfaces
and ball-and-stick models were generated from the optimized
geometries using the GaussView 5 software. The electronic
surfaces were found with the cubegen utility in GaussView by
generating a total density cube using a SCF density matrix and
course grid, which were overlaid by an ESP surface map.
Visualizations of the space-filling models were produced
postoptimization using the QuteMol package.62

Table 2. Transition Temperatures and Associated Entropy Changes for the nECMe Seriesa

compound TCr−/°C TNdFN/°C *TNdFI/°C TNI/°C ΔSCr−/R *ΔSNdFN/R ΔSNdFI/R ΔSNI/R μ/D
1ECMe 152 c71 218 10.7 0.13 9.91
2ECMe 158 b128 b156 11.6 b0.26 b0.15 10.8
3ECMe 164 b153 171 11.7 b0.22 0.31 10.8
4ECMe 153 b113 b120 11.8 b0.40 b0.20 11.1
5ECMe 147 *b106 13.3 *b1.54 12.3
6ECMe 150 *b117 12.1 *b1.28 10.6

aThe calculated dipole moments, μ, are also listed. bValues extracted from DSC cooling traces. cMeasured using polarized optical microscopy.

Figure 3. Polarized optical microscope textures for the nECMe series: (a) schlieren texture of the nematic phase and (b) banded texture of the
ferroelectric nematic phase for 3ECMe observed between untreated glass slides, (c) banded texture of the ferroelectric nematic phase, and (d)
texture with parabolic domain walls for 5ECMe observed in cells with homeotropic anchoring.
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Table 3. Transition Temperatures and Associated Entropy Changes for the nECMeF Seriesa

compound TCr−/°C TNdFN/°C *TNdFI/°C TNI/°C ΔSCr−/R *ΔSNdFN/R ΔSNdFI/R ΔSNI/R μ/D
1ECMeF 163 b117 184 12.0 b0.089 0.13 10.9
2ECMeF 159 *b136 13.1 *b1.21 11.8
3ECMeF 171 *b154 11.5 *b1.39 11.9
4ECMeF 139 *b109 13.1 *b1.31 12.2
5ECMeF 171 *b106 11.9 *b1.48 13.2
6ECMeF 136 *b116 11.8 *b1.63 11.6

aThe calculated dipole moments, μ, are also listed. bValues extracted from DSC cooling traces.

Figure 4. Polarized optical microscope textures for the nECMeF series observed between untreated glass slides: (a) schlieren texture of the nematic
phase for 1ECMeF and (b) banded texture of the ferroelectric nematic phase for 2ECMeF.

Figure 5. Real (left) and imaginary (right) parts of the complex dielectric permittivity measured as a function of temperature and frequency for (a)
5ECMe and (b) 4ECMeF in a 9.7 μm-thick cell with ITO electrodes and no alignment layer.
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Dielectric Spectroscopy. The complex dielectric permit-
tivity, ε*, was studied using a Solartron 1260 impedance
analyzer. Measurements were conducted in the 1 Hz to 1 MHz
frequency ( f) range, with a probe voltage of 20 mV, and it was
checked by optical observations that such a voltage is below
the Fredericks transition threshold. The material was placed in
9.7 μm-thick glass cells with ITO electrodes and no polymer
aligning layers. Lack of a surfactant layer resulted in the
random configuration of the director in the LC phases;
microscopic observations of optical textures suggested a
dominant planar orientation without preferable direction of
the long molecular axis. The relaxation frequency, f r, and
dielectric strength of the mode, Δε, were evaluated by fitting
the complex dielectric permittivity to the Cole−Cole formula:
where ε∞ is the high-frequency dielectric constant, α is the
distribution parameter of the mode, and δ is the low-frequency
conductivity, respectively.

■ RESULTS AND DISCUSSION
The transitional properties of the nECMe series are reported in
Table 2. 2ECMe has been previously reported in the literature,
and the transition temperatures here are in good agreement.32

1ECMe, 2ECMe, 3ECMe, and 4ECMe all have the phase
sequence of N−NF on cooling from the isotropic phase, with
the conventional nematic phase being assigned by the
observation of a characteristic schlieren texture with two-
and four-brush point defects, Figure 3a. On further cooling
into the ferroelectric nematic phase, the defect pattern is
replaced by a characteristic banded texture where there are
birefringent domains separated by distinct domain walls,
Figure 3b. For 5ECMe and 6ECMe, the conventional nematic
phase is extinguished, and instead, there is a direct transition
between the isotropic and ferroelectric nematic phases, and
when a homeotropically aligned cell was used, we again
observed a banded texture, Figure 3c. In these cells, we also
observed regions with parabolic domain walls as shown in
Figure 3d, which are similar to those reported by Kumari et
al.63 The values of the scaled entropy change associated with
the NF−I transition, ΔSNdFI/R, listed in Table 2 are similar to
those previously reported25,30,42 and are much larger than
those observed for a transition to the conventional nematic
phase. This additional entropic contribution is thought to be
associated with ordering of the dipoles in the NF phase.
The transitional properties of the nECMeF series are

reported in Table 3, with the data for 3ECMeF being

extracted from our previous work.31 Only 1ECMeF exhibited
the conventional nematic phase preceding the ferroelectric
nematic phase, while the other compounds exhibited
exclusively direct transitions between the isotropic and
ferroelectric nematic phase. The N phase was again assigned
by the observation of a characteristic schlieren texture with
two- and four-brush point defects, Figure 4a, while the NF
phase was assigned on the basis of banded textures, a
representative example of which is shown in Figure 4b.
In order to confirm the NF phase assignment, dielectric

studies were carried out on a member of each series, 5ECMe
and 4ECMeF specifically, to measure the temperature and
frequency dependence of the real and imaginary components
of the dielectric permittivity, as shown in Figure 5a,b. The
direct transition between the isotropic liquid and ferroelectric
nematic phase is marked in both samples by a sharp increase in
the dielectric permittivity, ε, showing the emergence of a
strong relaxation mode indicative of the polar nature of the
phase. Specifically, the strong dielectric mode might be
attributed to the collective movement of the polarization
direction, phason mode.64 The measured values, as well as the
abrupt emergence of the strong relaxation mode, are in
excellent agreement with those reported for other ferroelectric
nematogens.24,25,30,36,37,41,43,48,64−66 While there has been
debate over the absolute value of the measured dielectric
permittivity recently, the topic is complex and so beyond the
scope of this present work.17,64,67−72 We can therefore by this
analysis conclude with confidence that indeed our compound
shows the NF phase, while the absolute values of ε obtained
should still be treated with some uncertainty, and the accuracy
of the methodology continues to be investigated.
We now turn our attention to the effect of replacing the

methoxy groups in the terminal ring of RM734 on the stability
of both the conventional nematic phase and the ferroelectric
nematic phase. The NX phase recently reported in RM734

73,74

has an extremely narrow temperature range, and is not the
focus of this work, so is omitted in the discussions related to
this material. The transition temperatures of the nECMe series
are compared to the literature compounds RM73439 and
NT3.125 in Figure 6a,b. The structure of NT3.1 is shown in
Figure 7. Compound 1ECMe contains a methyl lateral group
and has a value of TNI of 218 °C and TNdFN of 71 °C�
compared to RM734, there is stabilization of the N phase by
30 °C. The lateral methyl group of 1ECMe decreases the shape
anisotropy less when compared to the methoxy lateral group of

Figure 6. Transition temperatures of the (a) nECMe series compared to RM734 and NT3.130,39 and (b) nECMeF series. The dashed areas show
the stability range of crystal phases.
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RM734, Figure 3, and this drives the increase in TNI. This
effect is not replicated for TNdFN which falls by around 60 °C
compared to RM734, presumably it is the lesser lateral bulk of
the methyl group allowing antiparallel correlations to be
favored to a greater extent which destabilizes the NF phase.
This decrease in the NF phase could be considered surprising
considering the predictions of a molecular model developed by
Madhusudana to describe the ferroelectric nematic phase.60 A
methoxy group is a better electron donor than a methyl group,
and so it might be expected that RM734 would less favorably
form the NF phase; however, this is not the case. Modification
of the molecular structure also sees a considerable change in
the overall dipole of these compounds with RM734 having a
longitudinal dipole moment of 11.4 D compared to a value of
9.91 D for 1ECMe. In addition, it is not only important to
consider the electron-donating and electron-withdrawing
effects of methoxy and methyl groups on the ring as a whole
but also specifically on the position of the groups. This is
highlighted when comparing 1ECMe to 2ECMe where the
methoxy and methyl groups swap positions such that the
methyl group is now para to the ester group of the terminal
ring. This change sees the shape anisotropy decrease, by
simultaneously increasing the molecular width while reducting
the molecular length, and so TNI is destabilized by 60 °C for
2ECMe. The TNdFN on the other hand is increased compared to
1ECMe by 50 °C, which suggests that the NF phase is
destabilized if the lateral bulk does not exceed a certain degree
of biaxiality. It is clear that there is a fine balance between
electronic and shape effects in driving the formation of the NF
phase, and these results suggest that for a more anisometric
molecular shape, it is the electronic effects which have the
greater influence. In this case when there is a methoxy
terminus on the aromatic ring, there is a larger positive charge
than when this is a methyl group, and this is unfavorable when
considering the model described by Madhusudana.60 Fur-
thermore, it has been shown in the literature that reducing the
length of terminal alkyl/alkyloxy chains is considered favorable
for the formation of the NF phase.

39,44,75 Despite stabilization
compared to 1ECMe, the value of TNdFN for 2ECMe is still 5 °C
lower than that of RM734. This observation suggests that the
position of the two groups on the terminal ring of 2ECMe
gives an overall less favorable electronic profile compared to
RM734, hence the decrease in TNdFN. The final modification in
this set of materials is moving the methoxy lateral group from
the terminal ring to the central aromatic ring while maintaining
the methyl terminus, to give 3ECMe. This shift results in an
increase of both TNI and TNdFN compared to 2ECMe. The
increase in TNI of 15 °C suggests that the shape anisotropy of
the molecule is enhanced despite having the same lateral group
but in a different position. This is somewhat surprising
considering our previous comparison of NT3.1 with RM734:
the structural difference between the two is again a shift of the

lateral methoxy group from the left-hand to the central
aromatic ring, but now, almost identical values of TNI are
observed. This presumably reflects the effect that a terminal
methyl group has on the ability of these compounds to pack
efficiently. The stability of the NF phase is enhanced in 3ECMe
compared to 2ECMe, and this is in complete agreement with
Madhusudana’s proposed model.60 Moving the lateral methoxy
group reduces the electron donation effect into the terminal
aromatic ring and, instead, increases this effect into the central
aromatic ring. This effect combinatorially reduces the
amplitude of the charge density wave at the terminal of the
molecule while increasing that of the interior wave, and this
stabilizes the NF phase by promoting the parallel correlation of
the calamitic molecules. This observation is in good agreement
with our report on moving an alkyloxy chain from the terminal
ring to the middle ring.25 The clearing temperature of 3ECMe
is 171 °C, which is lower than that of NT3.1,25 at 189 °C, and
this can be attributed to the decrease in shape anisotropy due
to the smaller size of the terminal methyl group compared to a
methoxy. Interestingly, for 3ECMe, there is now an increase in
TNdFN of 27 °C compared to that of NT3.1. This was not the
case when comparing 2ECMe and RM734, despite the
alteration to their respective termini being the same.
Presumably having the methoxy in the middle ring when the
terminal ring solely contains a methyl group strongly drives
favorable interactions between the molecules such that they
align in a parallel manner or destabilizes the interactions
driving antiparallel packing. Thus, the favorable shape and
electronic profile in this case lead to a stabilization of the NF
phase, unlike the case of 2ECMe vs RM734. Evidentially, these
materials can be very sensitive to the position of the lateral and
terminal substituents in terms of their packing arrangement,
such that even a small structural change can have a large effect
on the transition temperatures.
4ECMe and 5ECMe can be directly compared to 1ECMe

and 2ECMe, respectively, to assess the effect of an additional
methoxy group in the central aromatic ring. This addition sees
TNI greatly reduced such that 4ECMe exhibits a conventional
nematic phase, albeit around 100 °C lower than 1ECMe, but
5ECMe shows a direct NF−I transition, with the N phase being
extinguished due to the decrease in shape anisotropy. The
additional methoxy group has a weaker effect on the
ferroelectric nematic phase in terms of decreasing the
transition temperatures, and in the case of 4ECMe, the
stability of the NF phase actually increases with the additional
lateral bulk. This suggests that the ability of these materials to
pack in a parallel fashion is related to both electronic effects
and these changes in shape. The TNdFN of 4ECMe is 113 °C,
which is around 40 °C higher than that of 1ECMe, whereas
5ECMe shows a 30 °C decrease compared to 2ECMe. The
addition of a methoxy group to the central ring increases the
charge density of this fragment which according to
Madhusudana’s model sees an increase in the stability of the
NF phase.

60 This will, of course, be true for both pairs of
molecules, but 1ECMe has the most anisometric structure, and
the overall biaxiality is less, to the extent that the NF phase is
destabilized. This combination of the electronic and shape
considerations gives rise to the overall increase in the stability
of the NF phase for 4ECMe. 2ECMe, however, is more biaxial,
and so the addition of more lateral bulk in 5ECMe sees shape
effects dominate and so the NF phase is destabilized. The final
compound in this series, 6ECMe, has two methyl groups in the

Figure 7. Molecular structure of compound NT3.1.25
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terminal aromatic ring, and TNdFN is stabilized in this material
compared to both 4ECMe and 5ECMe which have a
combination of one methoxy group and one methyl group.
This is in agreement with Madhusudana’s model with the
magnitude of the charge density wave being reduced due to the
less electron-donating nature of the methyl group compared to
the methoxy group.60 The comparable compound to 6ECMe
without the middle methoxy group, named 432 and shown in
Figure 8, was reported not to exhibit the ferroelectric nematic

phase. This presumably is due to the methyl lateral group not
providing sufficient lateral bulk to allow for favorable parallel
packing of the molecules. However, compound 4 did exhibit a
conventional nematic phase at 182 °C, which is a stabilization
of at least 65 °C compared to 6ECMe and is in excellent
agreement with the observations for 1ECMe-4ECMe and
2ECMe-5ECMe comparisons.
In Figure 6, the transition temperatures of the nECMe and

nECMeF series are also compared to show the effect of adding
a fluorine atom ortho to the terminal nitro group. Of the
nECMeF series, only 1ECMeF exhibited the conventional
nematic phase, and this had a value of TNI of 184 °C, 34 °C
less than 1ECMe. This decrease is in excellent agreement with
a number of other RM734-type compounds that we have
reported on previously.25,35,41,42 The effect of the fluorination
is two-fold: the larger steric bulk associated with the fluorine
causes a decrease in the shape anisotropy of these compounds,
and in addition, there is a change in the electronic distribution
with the negative charge at the terminal of the molecule more
widely spread. The ferroelectric nematic phase on the other
hand is significantly stabilized in the case of 1ECMeF, with
TNdFN increasing by almost 50 °C. This supports our earlier
observation that with regard to NF phase stabilization,
electronic effects tend to dominate over shape contributions
when the material is more anisometric. 2ECMeF and 3ECMeF
both also saw a stabilization of the NF phase with the addition
of the fluorine ortho to the NO2 group compared to the
corresponding nECMe compounds, albeit these increases were
much more modest: 8 and 1 °C, respectively, and both of these
compounds exhibited direct NF−I transitions. The increase in
TNdFN/I on addition of a fluorine atom ortho to the NO2 group
in this type of molecule has been interpreted previously within
the framework of the model proposed by Madhusudana.60 The
addition of the lateral fluorine substituent spreads electron
density more evenly around the terminal, and this reduces the
amplitude of the charge density wave which accounts for the
observed stabilization of the NF phase. The other three
members of the nECMeF series (n = 4, 5, and 6) possess a
methoxy group in the central aromatic ring as well as a lateral
substituent in the left-hand terminus. For these compounds,
the addition of a fluorine atom no longer causes a stabilization
of the NF phase when compared to the corresponding
members of the nECMe series; instead, there tends to be a

destabilization. The largest decrease is between 4ECMeF and
4ECMe, for which TNdFI is 109 and 113 °C, respectively, while
5ECMeF and 6ECMeF showed values of TNdFI essentially equal
to those of the corresponding members of the nECMe series. It
is therefore apparent that there is no longer a consistent effect
on the stability of the NF phase upon the addition of this F
atom. This is in agreement with our previous observations on
materials with multiple lateral groups30,35 and must be related
to a detrimental decrease in shape anisotropy offsetting the
positive electronic effects endowed by the F, namely, an
increase in longitudinal dipole and the aforementioned
spreading of electronic charge across the ring lowering the
amplitude of the charge density wave. It seems that having
multiple lateral groups causes these molecules to no longer
have optimal biaxiality for packing into parallel structures. This
also highlights the importance of intermolecular interactions
between mesogens in the formation of the NF phase as in this
case they are disrupted by additional lateral groups. These data
suggest that when there is only a single lateral group, then
adding a fluorine tends to have a stabilizing effect on the NF
phase, whereas when there are multiple lateral groups, then
there is a much more variable effect on the NF phase, and this
depends on both the electronic distribution across the
molecules as well as the shape. Gibb et al.57 through systematic
fluorination along the molecular backbone also found that the
lateral intermolecular interactions between the mesogens, such
as offset π−π stacking of the biphenyl units, were critical to the
observation of the NF phase. They also highlighted that while
the simple models for the NF phase give insights as to the
rationale behind the observed phase transitions, there are some
limitations which need further investigation. This further
highlights the need for more research into this class of
compounds in order to better understand, at a fundamental
level, what is driving this variety in phase stability.

■ CONCLUSIONS
Both newly synthesized series, nECMe and nECMeF, exhibited
monotropic transitions to the ferroelectric nematic phase
regardless of the position of the methyl group. The effect of
exchanging the methoxy groups in the conventional RM734
structure for methyl groups varies depending on the position of
this change and the other structural features of the molecule.
Broadly, when the methyl group is in a lateral position, TNI
increases compared to the methoxy equivalent due to a
reduction in the molecular breadth, whereas when the methyl
group is in a terminal position, TNI decreases since the
molecular length is instead reduced. The effect on TNdFN/I,
however, had a less distinct trend with the values being very
sensitive to the overall molecular structure. This is particularly
apparent when comparing 2ECMe and 3ECMe which both
have a terminal methyl group and a lateral methoxy group; the
TNdFN of 3ECMe is 25 °C higher than that of 2ECMe. Now
considering the addition of fluorine ortho to the terminal nitro
group, there is a consistent decrease in TNI due to the increase
in steric lateral bulk, which reduces the shape anisotropy of the
molecules. In terms of TNdFN/I, when there is only a single lateral
substituent, the value of TNdFN/I increases with the addition of
fluorine, but when there are multiple lateral substituents, the
NF transition temperatures instead stay the same or decrease.
This suggests that the discussion that larger dipole moments
will drive an increase in the stability of the NF phase is rather

Figure 8. Molecular structure of compound 4.32
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simplistic in nature. Indeed, the properties of these materials
can be justified, in general, by the model of Madhusudana60

and are sensitive to the electronic distribution within the
compounds.
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(6) Sebastián, N.; Čopic,̌ M.; Mertelj, A. Ferroelectric nematic
liquid-crystalline phases. Phys. Rev. E 2022, 106, 021001.
(7) Caimi, F.; Nava, G.; Barboza, R.; Clark, N. A.; Korblova, E.;
Walba, D. M.; Bellini, T.; Lucchetti, L. Surface alignment of
ferroelectric nematic liquid crystals. Soft Matter 2021, 17, 8130−8139.
(8) Rudquist, P. Revealing the polar nature of a ferroelectric nematic
by means of circular alignment. Sci. Rep. 2021, 11, 24411.
(9) Folcia, C. L.; Ortega, J.; Vidal, R.; Sierra, T.; Etxebarria, J. The
ferroelectric nematic phase: an optimum liquid crystal candidate for
nonlinear optics. Liq. Cryst. 2022, 49, 899−906.
(10) Ortega, J.; Folcia, C. L.; Etxebarria, J.; Sierra, T. Ferroelectric
chiral nematic liquid crystals: new photonic materials with multiple
bandgaps controllable by low electric fields. Liq. Cryst. 2022, 49,
2128−2136.
(11) Pociecha, D.; Walker, R.; Cruickshank, E.; Szydlowska, J.;
Rybak, P.; Makal, A.; Matraszek, J.; Wolska, J. M.; Storey, J. M. D.;
Imrie, C. T.; Gorecka, E. Intrinsically chiral ferronematic liquid
crystals: an inversion of the helical twist sense at the chiral nematic −
chiral ferronematic phase transition. J. Mol. Liq. 2022, 361, 119532.
(12) Nishikawa, H.; Sano, K.; Kurihara, S.; Watanabe, G.;
Nihonyanagi, A.; Dhara, B.; Araoka, F. Nano-clustering mediates
phase transitions in a diastereomerically-stabilized ferroelectric
nematic system. Commun. Mater. 2022, 3, 89.
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Novotná, V. Giant permittivity in dimethylamino-terminated ferro-
electric nematogens. J. Mol. Liq. 2023, 385, 122360.
(30) Cruickshank, E.; Tufaha, N.; Walker, R.; Brown, S.; Gorecka,
E.; Pociecha, D.; Storey, J. M. D.; Imrie, C. T. The influence of
molecular shape and electronic properties on the formation of the
ferroelectric nematic phase. Liq. Cryst. 2024, 51, 401−415.
(31) Cruickshank, E.; Rybak, P.; Majewska, M. M.; Ramsay, S.;
Wang, C.; Zhu, C.; Walker, R.; Storey, J. M. D.; Imrie, C. T.; Gorecka,
E.; Pociecha, D. To Be or Not To Be Polar: The Ferroelectric and
Antiferroelectric Nematic Phases. ACS Omega 2023, 8, 36562−36568.
(32) Gibb, C. J.; Mandle, R. J. New RM734-like fluid ferroelectrics
enabled through a simplified protecting group free synthesis. J. Mater.
Chem. C 2023, 11, 16982−16991.
(33) Cruickshank, E.; Strachan, G. J.; Majewska, M. M.; Pociecha,
D.; Górecka, E.; Storey, J. M. D.; Imrie, C. T. The effects of alkylthio
chains on the properties of symmetric liquid crystal dimers. New J.
Chem. 2023, 47, 7356−7368.
(34) Karcz, J.; Rychłowicz, N.; Czarnecka, M.; Kocot, A.; Herman,
J.; Kula, P. Enantiotropic ferroelectric nematic phase in a single
compound. Chem. Commun. 2023, 59, 14807−14810.
(35) Cruickshank, E.; Walker, R.; Strachan, G. J.; Górecka, E.;
Pociecha, D.; Storey, J. M. D.; Imrie, C. T. The role of fluorine
substituents in the formation of the ferroelectric nematic phase. J.
Mater. Chem. C 2025, 13, 3902−3916.
(36) Li, J.; Nishikawa, H.; Kougo, J.; Zhou, J.; Dai, S.; Tang, W.;
Zhao, X.; Hisai, Y.; Huang, M.; Aya, S. Development of ferroelectric
nematic fluids with giant-dielectricity and nonlinear optical properties.
Sci. Adv. 2021, 7, No. eabf5047.
(37) Li, J.; Wang, Z.; Deng, M.; Zhu, Y.; Zhang, X.; Xia, R.; Song, Y.;
Hisai, Y.; Aya, S.; Huang, M. General phase-structure relationship in
polar rod-shaped liquid crystals: Importance of shape anisotropy and
dipolar strength. Giant 2022, 11, 100109.
(38) Nacke, P.; Manabe, A.; Klasen-Memmer, M.; Chen, X.;
Martinez, V.; Freychet, G.; Zhernenkov, M.; Maclennan, J. E.; Clark,
N. A.; Bremer, M.; Giesselmann, F. New examples of ferroelectric
nematic materials showing evidence for the antiferroelectric smectic-Z
phase. Sci. Rep. 2024, 14, 4473.
(39) Mandle, R. J.; Cowling, S. J.; Goodby, J. W. Rational Design of
Rod-Like Liquid Crystals Exhibiting Two Nematic Phases. Chem.�
Eur. J. 2017, 23, 14554−14562.
(40) Mandle, R. J. Automated flow synthesis of algorithmically
designed ferroelectric nematogens. Liq. Cryst. 2023, 50, 534−542.
(41) Brown, S.; Cruickshank, E.; Storey, J. M. D.; Imrie, C. T.;
Pociecha, D.; Majewska, M.; Makal, A.; Gorecka, E. Multiple Polar

and Non-polar Nematic Phases. ChemPhysChem 2021, 22, 2506−
2510.
(42) Cruickshank, E.; Walker, R.; Storey, J. M. D.; Imrie, C. T. The
effect of a lateral alkyloxy chain on the ferroelectric nematic phase.
RSC Adv. 2022, 12, 29482−29490.
(43) Manabe, A.; Bremer, M.; Kraska, M. Ferroelectric nematic
phase at and below room temperature. Liq. Cryst. 2021, 48, 1079−
1086.
(44) Nishikawa, H.; Kuwayama, M.; Nihonyanagi, A.; Dhara, B.;
Araoka, F. Rapid, solvent-minimized and sustainable access to various
types of ferroelectric-fluid molecules by harnessing mechano-chemical
technology. J. Mater. Chem. C 2023, 11, 12525−12542.
(45) Song, Y.; Li, J.; Xia, R.; Xu, H.; Zhang, X.; Lei, H.; Peng, W.;
Dai, S.; Aya, S.; Huang, M. Development of emergent ferroelectric
nematic liquid crystals with highly fluorinated and rigid mesogens.
Phys. Chem. Chem. Phys. 2022, 24, 11536−11543.
(46) Song, Y.; Huang, X.; Zhang, X.; Deng, M.; Aya, S.; Huang, M.
Ferroelectric Nematic Liquid Crystals Showing High Birefringence.
Adv. Sci. 2025, 12, 2414317.
(47) Dai, S.; Li, J.; Kougo, J.; Lei, H.; Aya, S.; Huang, M. Polar
Liquid Crystalline Polymers Bearing Mesogenic Side Chains with
Large Dipole Moment. Macromolecules 2021, 54, 6045−6051.
(48) Li, J.; Xia, R.; Xu, H.; Yang, J.; Zhang, X.; Kougo, J.; Lei, H.;
Dai, S.; Huang, H.; Zhang, G.; Cen, F.; Jiang, Y.; Aya, S.; Huang, M.
How Far Can We Push the Rigid Oligomers/Polymers toward
Ferroelectric Nematic Liquid Crystals? J. Am. Chem. Soc. 2021, 143,
17857−17861.
(49) Mandle, R. J. Supramolecular ferroelectric nematic materials.
Liq. Cryst. 2022, 49, 2019−2026.
(50) Chen, X.; Martinez, V.; Korblova, E.; Freychet, G.; Zhernenkov,
M.; Glaser, M. A.; Wang, C.; Zhu, C.; Radzihovsky, L.; Maclennan, J.
E.; Walba, D. M.; Clark, N. A. The smectic ZA phase: Antiferro-
electric smectic order as a prelude to the ferroelectric nematic. Proc.
Natl. Acad. Sci. U.S.A. 2023, 120, No. e2217150120.
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Experimental Procedures

Synthesis 

Reagents 

All reagents and solvents that were available commercially were purchased from Sigma 
Aldrich, Fisher Scientific or Fluorochem and were used without further purification unless 
otherwise stated. 

Thin Layer Chromatography 

Reactions were monitored using thin layer chromatography, and the appropriate solvent 
system, using aluminium-backed plates with a coating of Merck Kieselgel 60 F254 silica which 
were purchased from Merck KGaA. The spots on the plate were visualised by UV light (254 
nm) or by oxidation using either a potassium permanganate stain or iodine dip. 

Column Chromatography 

For normal phase column chromatography, the separations were carried out using silica gel 
grade 60 Å, 40-63 µm particle size, purchased from Fluorochem and using an appropriate 
solvent system. 

Structure Characterisation 

All final products and intermediates that were synthesised were characterised using 1H NMR, 
13C NMR, infrared spectroscopies and mass spectrometry. The NMR spectra were recorded 
on a 400 MHz Bruker Avance III HD NMR spectrometer. The infrared spectra were recorded 
on a Perkin Elmer Spectrum Two FTIR spectrometer with an ATR diamond cell. High-resolution 
mass spectrometry was carried out using a Waters XEVO G2 QTof mass spectrometer by Dr. 
Jayne McCaskill at the University of Aberdeen.
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Scheme 1. Synthesis of 1ECMe, 2ECMe, 1ECMeF and 2ECMeF.

Compound 1

To a pre-dried flask flushed with argon, 4-methoxy-2-methylbenzoic acid (1 eq) or 2-methoxy-4-
methylbenzoic acid (1 eq), benzyl 4-hydroxybenzoate (1.1 eq) and 4-dimethylaminopyridine (0.13 eq) 
were added. The solids were solubilised with dichloromethane (80 mL) and stirred for 10 min before 
N,N’-dicyclohexylcarbodiimide (1.3 eq) was added to the flask and the reaction was allowed to 
proceed overnight. The quantities of the reagents used in each reaction are listed in Table S1.  The 
extent of the reaction was monitored by TLC using an appropriate solvent system (RF values quoted 
in the product data). The precipitate which formed was removed by vacuum filtration and the filtrate 
collected. The collected solvent was evaporated under vacuum to leave a white solid which was 
recrystallised from hot ethanol (100 mL).

Table S1. Quantities of reagents used in the syntheses of Compound 1

Product 4-Methoxy-2-
methylbenzoic acid 
/*2-Methoxy-4-
methylbenzoic acid

Benzyl 4-
hydroxybenzoate

4-
Dimethylaminopyri
dine

N,N’-
Dicyclohexylcarbodi
imide

1.1 3.00 g, 0.0181 mol 4.54 g, 0.0199 mol 0.332 g, 2.35×10-3 
mol

5.61 g, 0.0235 mol



1.2 *3.00 g, 0.0181 mol 4.54 g, 0.0199 mol 0.332 g, 2.35×10-3 
mol

5.61 g, 0.0235 mol

1.1 4-[(Benzyloxy)carbonyl]phenyl 4-methoxy-2-methylbenzoate

Yield: 5.82 g, 85.4 %. RF: 0.56 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 109 °C  

vmax/cm-1: 2927, 1735, 1705, 1613, 1568, 1498, 1454, 1412, 1377, 1313, 1300, 1281, 1252, 1210, 1165, 
1137, 1123, 1098, 1056, 1027, 1015, 1002, 982, 926, 874, 834, 819, 764, 732, 689, 656, 634, 623, 582, 
561, 521, 507, 461, 451

δH/ppm (400 MHz, DMSO-d6): 8.10 (3 H, m, Ar-H), 7.49 (2 H, d, J 7.0 Hz, Ar-H), 7.41 (5 H, m, Ar-H), 6.96 
(2 H, m, Ar-H), 5.37 (2 H, s, O-CH2-Ar), 3.85 (3 H, s, O-CH3), 2.58 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 165.41, 164.53, 163.34, 155.10, 144.10, 136.55, 133.99, 131.32, 129.00, 
128.60, 128.44, 127.46, 123.09, 120.01, 117.61, 112.18, 66.75, 55.98, 22.31

1.2 4-[(Benzyloxy)carbonyl]phenyl 2-methoxy-4-methylbenzoate

Yield: 4.94 g, 72.4 %. RF: 0.580 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 59 °C  

vmax/cm-1: 2951, 1740, 1711, 1604, 1586, 1573, 1497, 1466, 1455, 1446, 1418, 1370, 1281, 1266, 1231, 
1194, 1166, 1108, 1096, 1081, 1023, 1007, 938, 918, 870, 859, 834, 824, 792, 771, 764, 750, 722, 701, 
692, 632, 606, 560, 518, 507, 453  

δH/ppm (400 MHz, DMSO-d6): 8.08 (2 H, d, 8.7 Hz, Ar-H), 7.85 (1 H, d, J 8.0 Hz, Ar-H), 7.49 (2 H, d, J 7.2 
Hz, Ar-H), 7.40 (5 H, m, Ar-H), 7.07 (1 H, d, Ar-H), 6.96 (1 H, dd, J 7.0 Hz, Ar-H), 5.37 (2 H, s, O-CH2-Ar), 
3.86 (3 H, s, O-CH3), 2.40 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 165.40, 163.54, 159.93, 155.05, 146.35, 136.54, 132.29, 131.36, 129.01, 
128.61, 128.46, 127.49, 123.00, 121.43, 115.41, 113.85, 66.76, 56.34, 22.02

Compound 2

To a pre-dried flask flushed with argon, Compound 1 (1 eq) was dissolved in a mixture of 
dichloromethane and ethanol and stirred. The mixture was sparged with argon and 5 % Pd/C catalyst 
was added. The argon atmosphere was evacuated under vacuum and replaced by hydrogen gas. The 
quantities of the reagents used in each reaction are listed in Table S2. The reaction was allowed to 
proceed for 4 h at room temperature, with the extent of the reaction monitored by TLC using an 
appropriate solvent system (RF values quoted in the product data). After the reaction was completed, 
the hydrogen gas was evacuated under vacuum and the flask purged using argon. The mixture was 
filtered through Celite using copious amounts of dichloromethane, and the collected solvent was 
evaporated under vacuum to leave a white solid which was carried forwards without any further 
purification.

Table S2. Quantities of reagents used in the syntheses of Compound 2

Product Compound 1.1/1.2* 5 % Palladium on Carbon Dichloromethane Ethanol

2.1 5.50 g, 0.0146 mol 0.311 g, 2.92×10-3 mol 90 mL 90 mL



2.2 *4.70 g, 0.0125 mol 0.266 g, 2.50×10-3 mol 70 mL 70 mL

2.1 4-(4-Methoxy-2-methylbenzoyloxy)benzoic acid 

Yield: 1.12 g, 26.8 %. RF: 0.06 (40 % ethyl acetate: 60 % 40:60 petroleum ether). 

TCrN 225 °C TNI (210 °C) 

vmax/cm-1: 2931, 1734, 1679, 1604, 1563, 1507, 1447, 1428, 1377, 1319, 1296, 1246, 1199, 1165, 1124, 
1055, 1024, 925, 879, 819, 763, 727, 689, 650, 634, 617, 547, 523, 507, 454, 407 

δH/ppm (400 MHz, DMSO-d6): 13.04 (1 H, br, (C=O)-OH), 8.11 (2 H, d, J 8.6 Hz, Ar-H), 8.03 (2 H, d, J 8.7 
Hz, Ar-H), 7.38 (2 H, d, J 8.7 Hz, Ar-H), 6.96 (2 H, m, Ar-H), 3.85 (3 H, s, O-CH3), 2.96 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 167.16, 164.63, 163.30, 154.65, 144.03, 133.95, 131.30, 128.78, 122.78, 
120.12, 117.61, 112.18, 55.98, 22.31

2.2 4-(2-Methoxy-4-methylbenzoyloxy)benzoic acid 

Yield: 3.02 g, 84.4 %. RF: 0.05 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 202 °C  

vmax/cm-1: 2850, 1746, 1679, 1601, 1573, 1501, 1470, 1422, 1315, 1289, 1267, 1238, 1192, 1163, 1141, 
1101, 1029, 1006, 955, 942, 883, 847, 826, 812, 779, 762, 721, 692, 656, 605, 548, 529, 504, 450, 414 

δH/ppm (400 MHz, DMSO-d6): 13.04 (1 H, br, (C=O)-OH), 8.03 (2 H, d, J 8.7 Hz, Ar-H), 7.85 (1 H, d, J 7.9 
Hz, Ar-H), 7.36 (2 H, d, J 8.7 Hz, Ar-H), 7.08 (1 H, s, Ar-H), 6.92 (2 H, d, J 7.9 Hz, Ar-H), 3.87 (3 H, s, O-
CH3), 2.40 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 167.12, 163.66, 159.88, 154.62, 146.26, 132.24, 131.35, 128.74, 122.69, 
121.43, 115.54, 113.85, 56.34, 22.02

Compound 3

To a pre-dried flask flushed with argon, Compound 2 (1 eq), 4-nitrophenol (1.2 eq for 3.1 and 1.5 eq 
for 3.3) or 3-fluoro-4-nitrophenol (1.2 eq for 3.2 and 1.5 eq for 3.4), and N-(3-Dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (1.5 eq) were added to the flask. The solids were solubilised with 
dichloromethane (30 mL) and stirred for 30 min before 4-dimethylaminopyridine (0.15 eq) was added. 
The quantities of the reagents used in each reaction are listed in Table S3. The temperature of the 
reaction mixture was increased to room temperature and the reaction was allowed to proceed 
overnight. The white precipitate which formed was removed by vacuum filtration and the filtrate 
collected. The solvent was removed under vacuum and the crude product was purified using a silica 
gel column with an appropriate solvent system (RF values quoted in product data). The eluent 
fractions of interest were evaporated under vacuum to leave a white solid which was recrystallised 
from hot ethanol (100 mL).



Table S3. Quantities of reagents used in the syntheses of Compound 3

Product Compound 2.1/2.2* 4-Nitrophenol/*3-
Fluoro-4-
nitrophenol

N-(3-
Dimethylaminopro
pyl)-N′-
ethylcarbodiimide 
hydrochloride

4-
Dimethylaminopyri
dine

3.1 0.300 g, 1.05×10-3 
mol

0.175 g, 1.26×10-3 
mol

0.303 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

3.2 0.300 g, 1.05×10-3 
mol

*0.198 g, 1.26×10-3 
mol

0.303 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

3.3 *0.300 g, 1.05×10-3 0.220 g, 1.58×10-3 
mol

0.303 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

3.4 *0.300 g, 1.05×10-3 *0.248 g, 1.58×10-3 
mol

0.303 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

3.1 4-[(4-Nitrophenoxy)carbonyl]phenyl 4-methoxy-2-methylbenzoate

Yield: 0.104 g, 24.2 %. RF: 0.32 (100 % dichloromethane).

TCrN 152 °C TNFN (71 °C) TNI 218 °C 

vmax/cm-1: 2977, 1733, 1607, 1573, 1525, 1514, 1470, 1413, 1357, 1332, 1266, 1242, 1203, 1163, 1127, 
1108, 1071, 1058, 1040, 1026, 1008, 939, 864, 853, 814, 765, 752, 743, 719, 682, 671, 630, 599, 568, 
509, 487, 450, 405

δH/ppm (400 MHz, DMSO-d6): 8.37 (2 H, d, 8.9 Hz, Ar-H), 8.25 (2 H, d, 8.7 Hz, Ar-H), 8.15 (1 H, d, J 8.5 
Hz, Ar-H), 7.66 (2 H, d, 8.9 Hz, Ar-H), 7.53 (2 H, d, 8.7 Hz, Ar-H), 6.99 (3 H, m, Ar-H), 3.86 (3 H, s, O-CH3), 
2.60 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 164.47, 163.77, 163.39, 155.96, 155.84, 145.67, 144.18, 134.06, 132.20, 
126.20, 125.79, 123.86, 123.36, 119.95, 117.64, 112.22, 56.01, 22.32

MS = [2M+Na]+: Calculated for C44H34N2O14Na: 837.1908. Found: 837.1877. Difference: 3.7 ppm

3.2 4-[(3-Fluoro-4-nitrophenoxy)carbonyl]phenyl 4-methoxy-2-methylbenzoate

Yield: 0.135 g, 30.2 %. RF: 0.34 (100 % dichloromethane). 

TCrN 163 °C TNFN (117 °C) TNI 184 °C 

vmax/cm-1: 2973, 1732, 1606, 1574,1525, 1512, 1469, 1413, 1357, 1332, 1241, 1202, 1162, 1126, 1109, 
1053, 1024, 1011, 939, 863, 853, 814, 765, 752, 719, 683, 671, 630, 599, 568, 509, 487  

δH/ppm (400 MHz, DMSO-d6): 8.32 (1 H, dd, J 8.8 Hz, 8.7 Hz, Ar-H), 8.24 (2 H, d, J 8.7 Hz, Ar-H), 8.15 (1 
H, d, 8.6 Hz, Ar-H), 7.79 (1 H, dd, 12.0 Hz, 2.4 Hz, Ar-H), 7.54 (2 H, d, 8.7 Hz, Ar-H), 7.50 (1 H, m, Ar-H), 
6.98 (2 H, m, Ar-H), 3.91 (3 H, s, O-CH3), 2.60 (3 H, s, Ar-CH3)

δF/ppm (376 MHz, DMSO-d6): -115.37 (1 F, s, Ar-F)



δC/ppm (100 MHz, DMSO-d6): 164.45, 163.44, 163.40, 156.03 (d, J 11.2 Hz), 155.94, 155.68 (d, J 262.8 
Hz), 144.19, 135.21 (d, J 7.3 Hz), 134.06, 132.26, 128.00 (d, J 2.0 Hz), 125.94, 123.39, 119.93, 119.71 
(d, J 3.8 Hz), 117.64, 113.32 (d, J 23.8 Hz), 112.23, 56.01, 22.32

MS = [2M+Na]+: Calculated for C44H32N2O14F2Na: 873.1719. Found: 873.1683. Difference: 4.1 ppm

3.3 4-[(4-Nitrophenoxy)carbonyl]phenyl 2-methoxy-4-methylbenzoate

Yield: 0.113 g, 26.4 %. RF: 0.15 (100 % dichloromethane). 

TCrI 158 °C TNFN (128 °C) TNI (156 °C) 

vmax/cm-1: 1745, 1613, 1590, 1518, 1496, 1466, 1407, 1340, 1290, 1257, 1237, 1197, 1176, 1156, 1131, 
1111, 1046, 1028, 1008, 963, 886, 862, 855, 822, 768, 754, 743, 721, 689, 666, 639, 626, 589, 544, 
529, 505, 480 451  

δH/ppm (400 MHz, CDCl3): 8.36 (2 H, d, 9.0 Hz, Ar-H), 8.24 (2 H, d, 8.5 Hz, Ar-H), 7.88 (1 H, d, J 7.9 Hz, 
Ar-H), 7.65 (2 H, d, J 9.0 Hz, Ar-H), 7.50 (2 H, d, J 8.5 Hz, Ar-H), 7.09 (1 H, s, Ar-H), 6.94 (1 H, d, J 8.0 Hz, 
Ar-H), 3.89 (3 H, s, O-CH3), 2.41 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 163.75, 163.44, 160.00, 155.96, 155.77, 146.47, 145.67, 132.35, 132.24, 
126.24, 125.78, 123.86, 123.26, 121.45, 115.30, 113.87, 56.37, 22.04

MS = [M+Na]+: Calculated for C22H17NO7Na: 430.0903. Found: 430.0901. Difference: 0.5 ppm

3.4 4-[(3-Fluoro-4-nitrophenoxy)carbonyl]phenyl 2-methoxy-4-methylbenzoate

Yield: 0.138 g, 30.9 %. RF: 0.14 (100 % dichloromethane). 

TCrI 159 °C TNFI (136 °C) 

vmax/cm-1: 1739, 1611, 1602, 1525, 1499, 1413, 1378, 1352, 1290, 1251, 1206, 1156, 1145, 1094, 1057, 
1040, 1022, 965, 935, 882, 847, 815, 762, 749, 722, 690, 669, 628, 595, 534, 501, 455

δH/ppm (400 MHz, CDCl3): 8.26 (2 H, d, 8.8 Hz, Ar-H), 8.20 (1 H, dd, J 8.8 Hz, 8.6 Hz, Ar-H), 7.44 (2 H, d, 
8.8 Hz, Ar-H), 7.30 (1 H, dd, 11.2 Hz, 2.4 Hz, Ar-H), 7.23 (1 H, ddd, J 8.8 Hz, 2.4 Hz, 1.33 Hz, Ar-H), 6.57 
(2 H, d, 10.37 Hz, Ar-H), 3.89 (3 H, s, O-CH3)

δF/ppm (376 MHz, CDCl3): -115.39 (1 F, s, Ar-F)

δC/ppm (100 MHz, CDCl3): 163.42, 160.01, 156.04 (d, J 11.1 Hz), 155.87, 155.68 (d, J 262.7 Hz), 146.48, 
135.21 (d, J 7.2 Hz), 132.35, 132.30, 127.99 (d, J 2.0 Hz), 125.98, 123.29, 121.45, 119.70 (d, J 3.8 Hz), 
115.27, 113.86, 113.31 (d, J 23.8 Hz), 56.49, 56.35, 22.03, 19.01

MS = [M+Na]+: Calculated for C22H16NO7FNa: 448.0808. Found: 448.0801. Difference: 1.6 ppm
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5ECMe => X1 = Me, X2 = MeO, X3 = H
6ECMe => X1 = Me, X2 = Me, X3 = H
3ECMeF => X1 = Me, X2 = H, X3 = F
4ECMeF => X1 = MeO, X2 = Me, X3 = F
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6ECMeF => X1 = Me, X2 = Me, X3 = F

Scheme 2. Synthesis of 3ECMe-6ECMe and 3ECMeF-6ECMeF.

Compound 4

To a pre-dried flask flushed with argon, the required benzoic acid (1 eq), 4-hydroxy-2-
methoxybenzaldehyde (1.1 eq) and 4-dimethylaminopyridine (0.13 eq or 0.15 eq for Compounds 4.2 
and 4.3) were added. The solids were solubilised with dichloromethane (100 mL) and tetrahydrofuran 
(50 mL) while being stirred for 10 min before N,N’-dicyclohexylcarbodiimide (1.3 eq, 1.4 eq for 
Compound 4.1 or 1.5 eq for Compounds 4.2 or 4.3) was added to the flask and the reaction was 
allowed to proceed overnight. The quantities of the reagents used in each reaction are listed in Table 
S4.  The extent of the reaction was monitored by TLC using an appropriate solvent system (RF values 
quoted in the product data). The precipitate which formed was removed by vacuum filtration and the 
filtrate collected. The collected solvent was evaporated under vacuum to leave a solid which was 
recrystallised from hot ethanol (200 mL).



Table S4. Quantities of reagents used in the syntheses of Compound 4

Product Benzoic acid 
Name

Benzoic Acid 4-Hydroxy-2-
methoxybenzal
dehyde

4-
Dimethylamino
pyridine

N,N’-
Dicyclohexylcar
bodiimide

4.1 4-
Methylbenzoi
c acid

2.50 g, 0.0184 
mol

3.07 g, 0.0202 
mol

0.292 g, 
2.39×10-3 mol

4.93 g, 0.0256 
mol

4.2 4-Methoxy-2-
methylbenzoi
c acid

3.00 g, 0.0181 
mol

3.03 g, 0.0199 
mol

0.332 g, 
2.72×10-3 mol

5.61 g, 0.0272 
mol

4.3 2-Methoxy-4-
methylbenzoi
c acid

3.00 g, 0.0181 
mol

3.03 g, 0.0199 
mol

0.332 g, 
2.72×10-3 mol

5.61 g, 0.0272 
mol

4.4 2,4-
Dimethylbenz
oic acid

3.00 g, 0.0200 
mol

3.35 g, 0.0220 
mol

0.318 g, 
2.60×10-3 mol

5.36 g, 0.0260 
mol

4.1 4-Formyl-3-methoxyphenyl 4-methylbenzoate

White Solid. Yield: 3.35 g, 67.4 %. RF: 0.55 (40 % ethyl acetate:60 % 40:60 petroleum ether). M.P =117 
°C

vmax/cm-1: 2869, 1739, 1679, 1599, 1587, 1493, 1474, 1465, 1417, 1403, 1379, 1262, 1248, 1200, 1182, 
1157, 1120, 1099, 1063, 1027, 1017, 945, 872, 838, 822, 806, 788, 743, 686, 668, 627, 604, 561, 502, 
467, 436, 409  

δH/ppm (400 MHz, CDCl3): 10.42 (1 H, s, (C=O)-H), 8.08 (2 H, d, J 8.3 Hz, Ar-H), 7.91 (1 H, d, J 7.9 Hz, Ar-
H), 7.33 (2 H, d, J 8.3 Hz, Ar-H), 6.90 (2 H, m, Ar-H), 3.94 (3 H, s, O-CH3), 2.46 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 188.80, 164.64, 162.98, 157.27, 145.13, 130.44, 130.06, 129.58, 126.29, 
122.79, 114.47, 105.90, 56.06, 21.95

4.2 4-Formyl-3-methoxyphenyl 4-methoxy-2-methylbenzoate

White Solid. Yield: 4.05 g, 74.5 %. RF: 0.49 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 
120 °C  

vmax/cm-1: 2931, 1731, 1672, 1605, 1563, 1487, 1473, 1454, 1418, 1404, 1310, 1294, 1236, 1205, 1149, 
1122, 1106, 1055, 1022, 947, 882, 821, 795, 761, 734, 691, 661, 640, 611, 580, 556, 517, 480, 468, 
453, 402 

δH/ppm (400 MHz, CDCl3): 10.42 (1 H, s, (C=O)-H), 8.16 (1 H, d, J 9.2 Hz, Ar-H), 7.90 (1 H, d, J 9.0 Hz, Ar-
H), 6.86 (4 H, m, Ar-H), 3.94 (3 H, s, O-CH3), 3.88 (3 H, s, O-CH3), 2.67 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 188.71, 164.36, 163.27, 162.88, 157.29, 144.80, 133.78, 129.88, 122.52, 
119.84, 117.32, 114.57, 111.36, 105.90, 55.92, 55.44, 22.59

4.3 4-Formyl-3-methoxyphenyl 2-methoxy-4-methylbenzoate



White Solid. Yield: 4.22 g, 77.6 %. RF: 0.45 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 
140 °C  

vmax/cm-1: 2864, 1740, 1682, 1608, 1504, 1493, 1458, 1417, 1395, 1292, 1272, 1219, 1187, 1159, 1100, 
1020, 931, 871, 834, 817, 799, 768, 745, 722, 694, 670, 631, 608, 550, 529, 484, 466

δH/ppm (400 MHz, CDCl3): 10.41 (1 H, s, (C=O)-H), 7.94 (1 H, d, J 7.8 Hz, Ar-H), 7.88 (1 H, d, J 8.4 Hz, Ar-
H), 6.88 (4 H, m, Ar-H), 3.93 (3 H, s, O-CH3), 3.92 (3 H, s, O-CH3), 2.43 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 188.75, 163.20, 162.81, 160.45, 157.30, 146.33, 132.52, 129.79, 122.45, 
121.17, 115.11, 114.46, 113.00, 105.91, 56.01, 55.91, 22.14

4.4 4-Formyl-3-methoxyphenyl 2,4-dimethylbenzoate

Peach Solid. Yield: 4.88 g, 85.8 %. RF: 0.64 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 
111 °C  

vmax/cm-1: 1732, 1673, 1604, 1580, 1489, 1454, 1416, 1397, 1308, 1257, 1245, 1226, 1187, 1145, 1106, 
1033, 1019, 948, 925, 876, 850, 812, 795, 766, 734, 691, 661, 635, 600, 577, 543, 498, 466, 442

δH/ppm (400 MHz, CDCl3): 10.42 (1 H, s, (C=O)-H), 8.07 (1 H, d, J 8.4 Hz, Ar-H), 7.91 (1 H, d, J 9.0 Hz, Ar-
H), 7.14 (2 H, m, Ar-H), 6.89 (2 H, m, Ar-H), 3.94 (3 H, s, O-CH3), 2.64 (3 H, s, Ar-CH3), 2.41 (3 H, s, Ar-
CH3)

δC/ppm (100 MHz, CDCl3): 188.68, 164.82, 162.89, 157.21, 144.05, 141.91, 132.95, 131.50, 129.89, 
126.80, 124.83, 122.58, 114.51, 105.86, 55.93, 22.02, 21.55

Compound 5

To a pre-dried flask flushed with argon, Compound 4 (1 eq) and resorcinol (1.5 eq) were solubilised in 
DMSO (100 mL for compound 4.1 or 120 mL for compounds 4.3 and 4.4) or tetrahydrofuran (80 mL) 
and N,N’-dimethylformamide (60 mL) for compound 4.2. Sodium chlorite (4 eq) and sodium hydrogen 
phosphate monohydrate (3.5 eq) were solubilised in water (80 mL) before being slowly added to into 
the reaction flask and the resultant mixture was stirred at room temperature overnight. The quantities 
of the reagents used in each reaction are listed in Table S5. The extent of the reaction was monitored 
by TLC using an appropriate solvent system (RF values quoted in the product data). The reaction 
mixture was diluted with water (300 mL) and the pH of the mixture was adjusted to 1 using 32% 
hydrochloric acid (25 mL). A white solid precipitated after acidification which was collected by vacuum 
filtration and recrystallised from hot ethanol (150 mL).

Table S5. Quantities of reagents used in the syntheses of the Compound 5

Product Compound 4 Sodium 
Chlorite

Sodium 
Hydrogen 
Phosphate 
Monohydrate

Resorcinol

5.1 3.10 g, 0.0115 
mol

4.16 g, 0.0460 
mol

5.56 g, 0.0403 
mol

1.90 g, 0.0173 
mol

5.2 3.70 g, 0.0123 
mol

4.46 g, 0.0493 
mol

5.95 g, 0.0431 
mol

2.04 g, 0.0185 
mol



5.3 4.00 g, 0.0133 
mol

4.82 g, 0.0533 
mol

6.43 g, 0.0466 
mol

2.20 g, 0.0200 
mol

5.4 4.50 g, 0.0158 
mol

5.72 g, 0.0633 
mol

7.63 g, 0.0553 
mol

2.61 g, 0.0237 
mol

5.1 4-((4-Methylbenzoyl)oxy)-2-methoxybenzoic acid

Yield: 2.54 g, 77.2 %. RF: 0.08 (40 % ethyl acetate:60 % 40:60 petroleum ether). M.P = 204 °C  

vmax/cm-1: 2816, 1725, 1685, 1672, 1604, 1583, 1499, 1468, 1408, 1303, 1241, 1194, 1177, 1160, 1140, 
1095, 1060, 1029, 1018, 947, 892, 838, 787, 770, 747, 668, 652, 593, 554, 481, 445

δH/ppm (400 MHz, DMSO-d6): 12.67 (1 H, s, OH), 8.03 (2 H, d, J 8.0 Hz, Ar-H), 7.75 (1 H, d, J 8.4 Hz, Ar-
H), 7.42 (2 H, d, J 8.0 Hz, Ar-H), 7.11 (1 H, d, J 2.0 Hz, Ar-H), 6.92 (1 H, dd, J 8.4 Hz, 2.0 Hz, Ar-H), 3.82 
(3 H, s, O CH3), 2.43 (3 H, s, Ar CH3)

δC/ppm (100 MHz, DMSO-d6): 166.58, 164.16, 159.45, 154.32, 144.72, 131.87, 129.93, 129.56, 125.93, 
118.70, 113.58, 106.82, 56.13, 21.28

5.2 4-((4-Methoxy-2-methylbenzoyl)oxy)-2-methoxybenzoic acid

Yield: 2.51 g, 64.5 %. RF: 0.06 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 183 °C  

vmax/cm-1: 2973, 1722, 1693, 1667, 1606, 1580, 1564, 1503, 1456, 1433, 1401, 1302, 1244, 1189, 1160, 
1130, 1091, 1057, 1025, 951, 884, 865, 827, 812, 791, 768, 739, 639, 657, 632, 606, 558, 512, 446 

δH/ppm (400 MHz, DMSO-d6): 12.62 (1 H, br, (C=O)-H), 8.11 (1 H, d, J 8.5 Hz, Ar-H), 7.74 (1 H, d, 8.4 Hz, 
Ar-H), 7.08 (1 H, d, J 2.0 Hz, Ar-H), 6.93 (3 H, m, Ar-H), 3.85 (3 H, s, O-CH3), 3.82 (3 H, s, O-CH3), 2.59 (3 
H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 167.07, 164.59, 163.26, 159.93, 154.91, 144.02, 133.97, 132.29, 120.18, 
118.89, 117.57, 114.24, 112.14, 107.39, 56.57, 55.97, 22.31

5.3 4-((4-Methoxy-2-methylbenzoyl)oxy)-2-methoxybenzoic acid

Yield: 3.10 g, 73.7 %. RF: 0.03 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 161 °C  

vmax/cm-1: 2953, 1706, 1664, 1605, 1581, 1500, 1466, 1434, 1405, 1294, 1227, 1190, 1175, 1159, 1133, 
1091, 1059, 1028, 954, 902, 829, 781, 769, 720, 694, 660, 608, 547, 516, 445

δH/ppm (400 MHz, DMSO-d6): 12.64 (1 H, br, (C=O)-H), 7.86 (1 H, d, J 7.9 Hz, Ar-H), 7.74 (1 H, d, 8.4 Hz, 
Ar-H), 7.04 (2 H, m, Ar-H), 6.88 (2 H, m, Ar-H), 3.86 (3 H, s, O-CH3), 3.82 (3 H, s, O-CH3), 2.40 (3 H, s, Ar-
CH3)

δC/ppm (100 MHz, DMSO-d6): 167.05, 163.50, 159.92, 154.85, 146.25, 132.32, 121.38, 118.91, 115.52, 
114.14, 113.82, 107.25, 56.57, 56.32, 22.02

5.4 4-((2,4-Dimethylbenzoyl)oxy)-2-methoxybenzoic acid 

Yield: 3.67 g, 77.3 %. RF: 0.05 (40 % ethyl acetate: 60 % 40:60 petroleum ether). M.P = 162 °C  

vmax/cm-1: 2842, 1726, 1692, 1667, 1606, 1585, 1499, 1466, 1436, 1404, 1382, 1303, 1268, 1244, 1230, 
1188, 1158, 1144, 1132, 1102, 1024, 972, 948, 884, 829, 793, 772, 765, 739, 723, 694, 653, 592, 564, 
547, 453, 441  



δH/ppm (400 MHz, DMSO-d6): 12.65 (1 H, br, (C=O)-H), 8.01 (1 H, d, J 7.8 Hz, Ar-H), 7.75 (1 H, d, J 8.4 
Hz, Ar-H), 7.22 (2 H, m, Ar-H), 7.10 (1 H, d, J 2.0 Hz, Ar-H), 6.91 (1 H, dd, J 8.4 Hz, 2.0 Hz, Ar-H), 3.82 (3 
H, s, O-CH3), 2.56 (3 H, s, Ar-CH3), 2.37 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 167.06, 165.09, 159.94, 154.81, 143.98, 141.00, 133.04, 132.32, 131.62, 
127.30, 125.47, 119.01, 114.18, 107.35, 56.59, 21.79, 21.48

Compound 6

To a pre-dried flask flushed with argon, Compound 5 (1 eq), 4-nitrophenol (1.2 eq or 1.5 eq for 
compound 5.2) or 3-fluoro-4-nitrophenol (1.2 eq), and N,N’-dicyclohexylcarbodiimide (1.5 eq) were 
added to the flask. The solids were solubilised with dichloromethane (30 mL) and stirred for 30 min 
before 4-dimethylaminopyridine (0.15 eq) was added. The quantities of the reagents used in each 
reaction are listed in Table S6. The temperature of the reaction mixture was increased to room 
temperature and the reaction was allowed to proceed overnight. The white precipitate which formed 
was removed by vacuum filtration and the filtrate collected. The solvent was removed under vacuum 
and the crude product was purified using a silica gel column with an appropriate solvent system (RF 
values quoted in product data). The eluent fractions of interest were evaporated under vacuum to 
leave a white solid which was recrystallised from hot ethanol (80 mL).

Table S6. Quantities of reagents used in the syntheses of the Compound 6

Product Compound 5 4-Nitrophenol/*3-
Fluoro-4-
nitrophenol

N,N’-
Dicyclohexylcarbodi
imide

4-
Dimethylaminopyri
dine

6.1 0.300 g, 1.06×10-3 
mol

0.175 g, 1.26×10-3 
mol

0.326 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

6.2 0.300 g, 9.48×10-4 0.198 g, 1.42×10-3 
mol

0.292 g, 1.42×10-3 
mol

0.017 g, 1.42×10-4 
mol

6.3 0.300 g, 9.48×10-4 0.159 g, 1.14×10-3 
mol

0.292 g, 1.42×10-3 
mol

0.017 g, 1.42×10-4 
mol

6.4 0.300 g, 9.99×10-4 0.167 g, 1.20×10-3 
mol

0.309 g, 1.50×10-3 
mol

0.018 g, 1.50×10-4 
mol

6.5 0.300 g, 1.06×10-3 
mol

*0.198 g, 1.26×10-3 
mol

0.326 g, 1.58×10-3 
mol

0.019 g, 1.58×10-4 
mol

6.6 0.300 g, 9.48×10-4 *0.179 g, 1.14×10-3 
mol

0.292 g, 1.42×10-3 
mol

0.017 g, 1.42×10-4 
mol

6.7 0.300 g, 9.48×10-4 *0.179 g, 1.14×10-3 
mol

0.292 g, 1.42×10-3 
mol

0.017 g, 1.42×10-4 
mol

6.8 0.300 g, 9.99×10-4 *0.189 g, 1.20×10-3 
mol

0.309 g, 1.50×10-3 
mol

0.018 g, 1.50×10-4 
mol

6.1 3-Methoxy-4-((4-nitrophenoxy)carbonyl)phenyl 4-methylbenzoate 

Yield: 0.077 g, 17.8 %. RF: 0.15 (100 % dichloromethane). 



TCrN 164 °C TNFN (153 °C) TNI 171 °C

vmax/cm-1: 1727, 1708, 1606, 1583, 1518, 1492, 1473, 1411, 1344, 1275, 1252, 1237, 1195, 1176, 1160, 
1112, 1075, 1053, 1019, 950, 890, 864, 835, 790, 762, 745, 692, 668, 630, 595, 570, 531, 501, 474, 415  

δH/ppm (400 MHz, DMSO-d6): 8.32 (2 H, d, J 9.1 Hz, Ar-H), 8.14 (1 H, d, J 9.1 Hz, Ar-H), 8.10 (2 H, d, J 
8.1 Hz, Ar-H), 7.42 (2 H, d, J 9.1 Hz, Ar-H), 7.34 (2 H, d, J 8.1 Hz, Ar-H), 6.96 (2 H, m, Ar-H), 3.97 (3 H, s, 
O-CH3), 2.48 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 164.51, 162.40, 161.69, 156.52, 155.80, 145.29, 145.07, 133.75, 130.34, 
129.48, 126.11, 125.19, 122.75, 115.07, 113.84, 106.43, 56.36, 21.84

MS = [2M+Na]+: Calculated for C44H34N2O14Na: 837.1908. Found: 837.1891. Difference: 2.0 ppm

6.2 3-Methoxy-4-((4-nitrophenoxy)carbonyl)phenyl 4-methoxy-2-methylbenzoate

Yield: 0.065 g, 15.6 %. RF: 0.11 (15 % ethyl acetate: 85 % 40:60 petroleum ether). 

TCrI 153 °C TNFN (113 °C) TNI (120 °C)

vmax/cm-1: 2974, 1744, 1728, 1604, 1575, 1519, 1505, 1492, 1454, 1407, 1350, 1329, 1261, 1234, 1191, 
1177, 1159, 1121, 1035, 1019, 1001, 935, 886, 861, 830, 812, 772, 764, 742, 720, 691, 670, 647, 614, 
592, 543, 496, 455, 415

δH/ppm (400 MHz, DMSO-d6): 8.36 (2 H, d, J 8.7 Hz, Ar-H), 8.15 (1 H, d, J 8.6 Hz, Ar-H), 8.09 (1 H, d, J 
8.5 Hz, Ar-H), 7.50 (2 H, d, J 8.7 Hz, Ar-H), 7.24 (1 H, d, J 2.0 Hz, Ar-H), 7.02 (3 H, m, Ar-H), 3.90 (3 H, s, 
O-CH3), 3.86 (3 H, s, O-CH3), 2.61 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, DMSO-d6): 164.40, 163.36, 162.71, 161.28, 156.58, 156.00, 145.53, 144.17, 134.07, 
133.58, 125.77, 123.87, 120.01, 117.61, 115.32, 114.74, 112.20, 107.86, 56.96, 56.01, 22.33

MS = [M+H]+: Calculated for C23H19NO8Na: 460.1008. Found: 460.1031. Difference: 5.0 ppm

6.3 3-Methoxy-4-((4-nitrophenoxy)carbonyl)phenyl 2-methoxy-4-methylbenzoate

Yield: 0.139 g, 33.5 %. RF: 0.28 (100 % dichloromethane). 

TCrI 147 °C TNFI (106 °C)

vmax/cm-1: 2920, 1752, 1715, 1611, 1583, 1516, 1489, 1469, 1453, 1410, 1372, 1351, 1285, 1267, 1230, 
1203, 1180, 1163, 1154, 1126, 1113, 1084, 1048, 1021, 1007, 931, 882, 863, 822, 764, 743, 723, 692, 
671, 623, 608, 547, 499, 462, 417

δH/ppm (400 MHz, CDCl3): 8.31 (2 H, d, J 9.2 Hz, Ar-H), 8.12 (1 H, d, J 8.5 Hz, Ar-H), 7.97 (1 H, d, J 7.8 
Hz, Ar-H), 7.42 (2 H, d, J 9.2 Hz, Ar-H), 6.96 (2 H, m, Ar-H), 6.88 (2 H, m, Ar-H), 3.95 (6 H, s, O-CH3, O-
CH3), 2.45 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 163.16, 162.45, 161.67, 160.51, 156.67, 155.84, 146.43, 145.26, 133.64, 
132.55, 125.17, 122.77, 121.19, 115.02, 114.74, 113.97, 113.01, 106.58, 56.34, 56.04, 22.16

MS = [M+H]+: Calculated for C23H19NO8Na: 460.1008. Found: 460.1026. Difference: 1.3 ppm

6.4 3-Methoxy-4-((4-nitrophenoxy)carbonyl)phenyl 2,4-dimethylbenzoate 

Yield: 0.160 g, 38.0 %. RF: 0.21 (100 % dichloromethane). 



TCrI 150 °C TNFI (117 °C)   

vmax/cm-1: 1733, 1706, 1612, 1585, 1520, 1493, 1474, 1412, 1345, 1278, 1263, 1229, 1194, 1160, 1144, 
1112, 1069, 1032, 1022, 965, 929, 897, 884, 863, 826, 758, 746, 725, 694, 687, 667, 632, 596, 541, 
501, 478, 440, 417

δH/ppm (400 MHz, CDCl3): 8.32 (2 H, d, J 8.9 Hz, Ar-H), 8.14 (1 H, d, J 9.1 Hz, Ar-H), 8.09 (1 H, d, J 8.4 
Hz, Ar-H), 7.42 (2 H, d, J 8.9 Hz, Ar-H), 7.15 (2 H, m, Ar-H), 6.95 (2 H, m, Ar-H), 3.97 (3 H, s, O-CH3), 2.66 
(3 H, s, Ar-CH3), 2.45 (3 H, s, Ar-CH3)

δC/ppm (100 MHz, CDCl3): 164.79, 162.42, 161.72, 156.58, 155.81, 145.28, 144.13, 141.97, 133.72, 
132.99, 131.52, 126.82, 125.19, 124.77, 122.76, 114.95, 114.00, 106.53, 56.35, 22.04, 21.56

MS = [2M+Na]+ : Calculated for C46H38N2O14Na: 865.2221. Found: 865.2231. Difference: 1.2 ppm 

6.5 3-Methoxy-4-((3-fluoro-4-nitrophenoxy)carbonyl)phenyl 4-methylbenzoate

Yield: 0.111 g, 24.6 %. RF: 0.22 (100 % dichloromethane). 

TCrI 169 °C TNFI (156 °C)   

vmax/cm-1: 1754, 1738, 1731, 1610, 1581, 1529, 1484, 1457, 1412, 1347, 1316, 1263, 1219, 1194, 1180, 
1168, 1134, 1092, 1069, 1033, 1007, 966, 908, 889, 878, 856, 837, 811, 793, 758, 744, 734, 684, 637, 
614, 556, 529, 476, 455

δH/ppm (400 MHz, CDCl3): 8.14 (4 H, m, Ar-H), 7.34 (2 H, d, J 8.2 Hz, Ar-H), 7.29 (1 H, dd, J 11.4 Hz, 2.4 
Hz, Ar-H), 7.21 (1 H, m, Ar-H), 6.97 (2 H, m, Ar-H), 3.97 (3 H, s, O-CH3), 2.48 (3 H, s, Ar-CH3)

δF/ppm (376 MHz, CDCl3): -113.37 (1 F, s, Ar-F)

δC/ppm (100 MHz, CDCl3): 164.47, 161.86, 161.81, 156.74, 156.22 (d, J =266.5 Hz), 155.92 (d, J 10.6 
Hz), 145.12, 134.67 (d, J 6.9 Hz), 133.80, 130.34, 129.49, 127.12 (d, J 2.0 Hz), 126.06, 118.20 (d, J 4.0 
Hz), 114.57, 113.90, 112.45 (d, J 23.8 Hz), 106.47, 56.37, 21.84.

MS = [M+Na]+ : Calculated for C22H16NO7FNa: 448.0808. Found: 448.0814. Difference: 1.3 ppm 

6.6 3-Methoxy-4-((3-fluoro-4-nitrophenoxy)carbonyl)phenyl 4-methoxy-2-methylbenzoate

Yield: 0.110 g, 25.4 %. RF: 0.23 (100 % dichloromethane). 

TCrI 139 °C TNFI (109 °C)

vmax/cm-1: 1756, 1732, 1717, 1606, 1574, 1521, 1505, 1455, 1409, 1347, 1331, 1282, 1227, 1189, 1165, 
1154, 1122, 1093, 1064, 1029, 1009, 973, 935, 879, 865, 847, 817, 760, 744, 719, 683, 671, 632, 613, 
592, 558, 545, 521, 446, 414 

δH/ppm (400 MHz, CDCl3): 8.18 (2 H, m, Ar-H), 8.11 (1 H, d, J 9.1 Hz, Ar-H), 7.28 (1 H, dd, J 11.4 Hz, 2.4 
Hz, Ar-H), 7.21 (1 H, ddd, J 9.1 Hz, 2.4 Hz, 1.3 Hz, Ar-H), 6.94 (2 H, m, Ar-H), 6.84 (2 H, m, Ar-H), 3.97 (3 
H, s, O-CH3), 3.89 (3 H, s, O-CH3), 2.68 (3 H, s, Ar-CH3)

δF/ppm (376 MHz, CDCl3): -113.39 (1 F, s, Ar-F)

δC/ppm (100 MHz, CDCl3): 164.27, 163.34, 161.89, 161.85, 156.90, 156.22 (d, J 266.5 Hz), 155.96 (d, J 
10.6 Hz), 144.88, 134.64 (d, J 6.9 Hz), 133.80, 133.75, 127.10 (d, J 2.2 Hz), 119.72, 118.21 (d, J 4.0 Hz), 
117.34, 114.34, 114.12, 112.45 (d, J 23.8 Hz), 111.41, 106.61, 56.35, 55.46, 22.61.



MS = [M+Na]+: Calculated for C23H18NO8FNa: 478.0914. Found: 478.0913. Difference: 0.2 ppm

6.7 3-Methoxy-4-((3-fluoro-4-nitrophenoxy)carbonyl)phenyl 2-methoxy-4-methylbenzoate 

Yield: 0.100 g, 23.2 %. RF: 0.30 (100 % dichloromethane). 

TCrI 171 °C TNFI (106 °C)

vmax/cm-1: 2948, 1733, 1605, 1581, 1524, 1487, 1466, 1450, 1409, 1353, 1290, 1266, 1213, 1192, 1156, 
1132, 1093, 1029, 1012, 969, 927, 894, 864, 842, 833, 809, 769, 759, 722, 686, 671, 564, 548, 531, 
518, 459

δH/ppm (400 MHz, CDCl3): 8.17 (1 H, dd, J 8.9 Hz, 8.6 Hz, Ar-H), 8.10 (1 H, d, J 8.6 Hz, Ar-H), 7.97 (1 H, 
d, J 7.9 Hz, Ar-H), 7.21 (1 H, m, Ar-H), 6.96 (2 H, m, Ar-H), 6.88 (2 H, m, Ar-H), 3.96 (3 H, s, O-CH3), 3.95 
(3 H, s, O-CH3), 2.45 (3 H, s, Ar-CH3)

δF/ppm (376 MHz, CDCl3): -113.41 (1 F, s, Ar-F), 

δC/ppm (100 MHz, CDCl3): 163.11, 161.90, 161.80, 160.53, 156.90, 156.22 (d, J 266.5 Hz), 155.97 (d, J 
10.5 Hz), 146.48, 134.63 (d, J 7.5 Hz), 133.69, 132.56, 127.10 (d, J 2.0 Hz), 121.19, 118.22 (d, J 3.9 Hz), 
114.96, 114.24, 114.03, 113.01, 112.46 (d, J 23.7 Hz), 106.61, 56.35, 56.04, 22.17.

MS = [M+H]+: Calculated for C23H18NO8FNa: 478.0914. Found: 478.0893. Difference: 4.4 ppm

6.8 3-Methoxy-4-((3-fluoro-4-nitrophenoxy)carbonyl)phenyl 2,4-dimethylbenzoate 

Yield: 0.147 g, 33.5 %. RF: 0.37 (100 % dichloromethane). 

TCrI 136 °C TNFI (116 °C)

vmax/cm-1: 2924, 1749, 1729, 1717, 1605, 1585, 1526, 1495, 1471, 1454, 1412, 1344, 1281, 1222, 1190, 
1152, 1143, 1115, 1093, 1066, 1022, 970, 930, 888, 873, 844, 760, 746, 724, 685, 670, 632, 609, 547, 
518, 462, 438, 417 

δH/ppm (400 MHz, CDCl3): 8.14 (3 H, m, Ar-H), 7.29 (1 H, dd, J 11.4 Hz, 2.4 Hz, Ar-H), 7.17 (3 H, m, Ar-
H), 6.95 (2 H, m, Ar-H), 3.97 (3 H, s, O-CH3), 2.66 (3 H, s, Ar-CH3), 2.42 (3 H, s, Ar-CH3)

δF/ppm (376 MHz, CDCl3): -113.42 (1 F, s, Ar-F)

δC/ppm (100 MHz, CDCl3): 164.74, 161.88, 161.85, 156.81, 156.22 (d, J 266.6 Hz), 155.94 (d, J 10.6 Hz), 
144.18, 142.00, 134.66 (d, J 7.3 Hz), 133.77, 133.00, 131.52, 127.11 (d, J 2.1 Hz), 126.83, 124.71, 118.20 
(d, J 4.0 Hz), 114.44, 114.06, 112.45 (d, J 23.8 Hz), 106.56, 56.36, 22.04, 21.57

MS = [2M+Na]+: Calculated for C46H36N2O14F2Na: 901.2032. Found: 901.2011. Difference: 2.3 ppm
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