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Abstract—Piperine dissolves in water to about 40 mg
per litre, and almost every proposal to fix that begins
with the same instinct: make a salt. For this molecule
that instinct is wrong, and the reason is visible in the
structure. The only nitrogen in piperine is an amide
nitrogen, its lone pair delocalised into the carbonyl; the
predicted strongest basic pK. is below zero, the
molecule carries no charge at any physiological pH, and
it has no hydrogen-bond donor at all. There is no salt to
form. This review takes that constraint as its starting
point and asks what remains. The general solubility
equation — log S = 0.5 — 0.01(mp — 25) — log P, which
applies precisely to non-ionisable solutes such as this
one — reproduces piperine's measured solubility to
within a factor of four and turns the project's
structure—solubility question into arithmetic: lowering
log P by one unit is worth ten-fold, lowering the melting
point by 50 °C is worth about three-fold, and doing both
is worth thirty. Three semisynthetic handles are then
assessed against that arithmetic. Alkaline hydrolysis to
piperic acid installs an ionisable group but raises the
melting point by roughly 80 °C; re-amidation with a
basic amine such as N-methylpiperazine restores salt
formation; saturating the diene lowers the lattice energy
but destroys the chromophore used to assay the
compound. The methylenedioxyphenyl ring is the one
region that should not be touched, because it is the
pharmacophore for the cytochrome P450 and P-
glycoprotein inhibition that makes piperine interesting
in the first place.

Index Terms—Piperine; Piper nigrum; aqueous

solubility; general solubility equation; piperic acid;
semisynthesis; methylenedioxyphenyl

[. INTRODUCTION

Piperine is the pungent principle of black pepper,
isolated by @rsted in 1819 and now one of the most
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heavily studied plant amides in pharmacology [1-3].
Its interest is not mainly as a drug in its own right. It
is a bioenhancer: by inhibiting cytochrome P450 3A4
and P-glycoprotein it raises the systemic exposure of
co-administered agents, famously increasing the
bioavailability of curcumin by a factor of twenty in
human volunteers [27-29]. The obstacle to using it,
and to studying it, is that it barely dissolves: roughly
40 mg per litre of water at 18 °C.

A project that proposes to fix this by rational
semisynthesis is well framed, but it inherits one
constraint that has to be stated before any chemistry
is planned. The standard first move in solubility
enhancement is salt formation, which is used for
more than half of all marketed small-molecule drugs
and typically buys one to three orders of magnitude
[13—15]. Piperine cannot be salted, and the reason is
structural rather than practical.

It is worth being precise about why 40 mg L™ is a
problem, because piperine is not a compound that
struggles to cross membranes. With a log P near 3
and a polar surface area under 40 A? it satisfies every
criterion of the rule of five and is highly permeable
[33]. It is a textbook class II compound in the
Biopharmaceutics Classification System: absorption
is limited by how much dissolves, not by how much
crosses [34]. That classification is good news for a
solubility project, because it means the solubility
term is the whole of the problem and improving it
should translate directly into exposure — a claim that
cannot be made for class IV compounds, where both
terms fail [35,36].

This review is organised around that fact. Section 2
establishes the physicochemical profile and the
ionisation argument. Section 3 deals with isolation,
including a stability problem that affects every
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measurement made afterwards. Section 4 introduces
the quantitative tool that converts a structure—
solubility question into arithmetic. Section 5 assesses
the three semisynthetic handles the molecule actually
offers against that arithmetic, and says what each one
costs. Section 6 deals with measuring solubility in a
way that will survive scrutiny.

II. THE MOLECULE, MEASURED

2.1 The numbers

Piperine is (2E,4E)-5-(benzo[d][1,3]dioxo0l-5-y])-1-
(piperidin-1-yl)penta-2,4-dien-1-one, Ci7HisNO:s,
molar mass 285.34. It is a pale yellow crystalline
solid melting at 128—135 °C depending on the source
and purity, with a reported aqueous solubility of 40
mg L' at 18 °C and estimated log P between 2.7 and
3.4 [1]. It dissolves freely in ethanol, chloroform and
dimethyl sulfoxide at around 10 mg mL™', which is
why almost every biological study of piperine is a
study of a DMSO stock solution. Table 1 collects the

Sagaes

(a) piperine — amide N, no ionisable
group, no hydrogen-bond donor

properties that matter for the present purpose and
what each one implies.

Two of those entries do most of the work. The polar
surface area is only 38.8 A? and the hydrogen-bond
donor count is zero: the amide nitrogen is fully
substituted, the two dioxole oxygens and the carbonyl
are acceptors only. A molecule with no donor cannot
form the hydrogen bonds to water that would offset
the energy needed to break its crystal lattice. The
other entry is the melting point, which at 130 °C is
high for a molecule of this size and reflects efficient
packing of a flat, conjugated, rod-shaped molecule.
The methylenedioxy bridge is worth one note of
origin, since it recurs throughout this review. It is
installed late in the plant by a dedicated cytochrome
P450, CYP719A37, acting on a methoxy-hydroxy
precursor [7]. The same five-membered acetal that
the plant works to build is what makes the compound
flat, lipophilic and, as section 5.4 argues,
pharmacologically interesting.

j‘\/\/\@o>

(b) piperic acid — ionisable, but
melts ~80 °C higher

joannes OYWCP |

(c) 4-methylpiperazine amide — a
genuinely basic nitrogen, salt-forming

(d) tetrahydropiperine — flexible chain,
lower lattice energy, no chromophore

Fig. 1. Piperine and three semisynthetic directions. (a) The parent: the only nitrogen is an amide nitrogen, so the
molecule is neutral at every physiological pH and has no hydrogen-bond donor. (b) Hydrolysis gives an ionisable
acid but a much higher melting point. (c) Re-amidation with a basic amine restores salt formation. (d) Saturating the
diene lowers the lattice energy and removes the chromophore.

Table 1. Physicochemical profile of piperine. The last three rows are the ones that decide the project's strategy [1,9].

What it implies for solubility

Property Value Basis
Molecular formula, C17H1sNOs,
mass 285.34

Structure

Small enough that solubility is not a size
problem
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Property Value Basis What it implies for solubility
Melting point 128-135 °C Measured, several High for the mass; the lattice term costs about
sources 1.05 log units
Aqueous solubility 40mg L (18 Measured log S = —3.85; practically insoluble
°C)
log P 2.66-3.37 Estimated The dominant term in the solubility equation
Hydrogen-bond 0 Structure No donor to hydrate the solute; cannot be
donors improved without adding one
Polar surface area 38.8 A2 Computed Low; consistent with high membrane
permeability and poor solubility
Strongest basic pK. —0.1to —0.7 Amide nitrogen No protonation at usable pH; salt formation
(computed) unavailable
Physiological charge 0 Computed Non-ionisable from pH 2 to 13, so the GSE
applies without correction

2.2 Why there is no salt to form

Piperine looks basic. It contains a piperidine ring, and
piperidine itself is a strong base that is miscible with
water. But in piperine that ring is acylated: the
nitrogen is an amide nitrogen, and its lone pair is
delocalised into the carbonyl m system. Amide
nitrogens are not protonated at accessible pH; the
conjugate acid of a tertiary amide has a pK, around
—0.5, and computed values for piperine fall between
—0.1 and —0.7, with a physiological charge of zero
[1]. Protonation under those conditions would require
concentrated strong acid and would occur at oxygen,
not nitrogen.

This matters because catalogue entries and secondary
sources circulate a pK, of about 12 for piperine, and
some reviews describe it as a weak base forming acid
salts. A value near 12 cannot describe protonation of
an N-acyl piperidine, and a student who plans a
hydrochloride salt on that basis will produce either
unchanged starting material or hydrolysis products.
The chemically defensible statement is the one in Fig.
la: piperine is a neutral, non-ionisable amide across
the whole pharmaceutically relevant pH range, which
is exactly the class of compound to which the general
solubility equation of Section 4 applies [9].

Ruling salt formation out is not a negative result. It
narrows the design space to three honest options —
reduce log P, reduce the melting point, or install an
ionisable group that the parent does not have — and
section 5 shows that the semisynthesis can deliver all
three.
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II1. ISOLATION, AND WHAT IT DOES TO THE
MATERIAL

3.1 Getting the compound
Black pepper contains roughly 2-9% piperine by
weight, and the classical teaching preparation extracts
the ground fruit with ethanol or dichloromethane,
concentrates the oleoresin, triturates it with alcoholic
potassium hydroxide to remove acidic and resinous
material, and allows the piperine to crystallise from
the decanted filtrate as yellow needles [4,5]. The
procedure is reliable and is the right starting point.
Two cautions belong in the experimental section.
First, the alkaline treatment that removes the resin is
the same chemistry that hydrolyses piperine (Scheme
1); it is a matter of concentration and time, so the
potassium hydroxide step should be brief and cold,
and the mother liquor should be checked for piperic
acid rather than discarded. Second, commercial
pepper varies, and a yield expressed as a percentage
of starting material is a statement about the pepper as
much as about the method; purity should be
established by melting point and chromatography
rather than inferred from appearance.

3.2 The isomers that form in daylight

Piperine is photolabile. The 2E,4E dienamide
interconverts with its 2Z4E, 2E4Z and 27,47
geometric isomers — isopiperine, isochavicine and
chavicine — under ordinary laboratory lighting and
much faster under ultraviolet light (Scheme 3). The
kinetics have been measured by HPLC and LC-MS,
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and all four isomers are detectable in ground black
pepper itself [6].

For a solubility project this is not a footnote. A
sample that has stood in a clear flask on a bench is a
mixture, and a mixture of geometric isomers melts
lower and dissolves better than either pure
component — so the apparent solubility
improvement from almost any handling step can be

an isomerisation artefact. The controls are
inexpensive: amber glassware or foil throughout, a
melting range rather than a single figure, and an
HPLC trace of the actual sample used for each
solubility determination, reported alongside the
result. A sharp melting point near 130 °C and a single
chromatographic peak are the evidence that the
number refers to piperine.

g =M

piperine (2E 4E)

chavicine (2Z,47)

daylight and UV interconvert the four geometric isomers; the mixture melts lower and dissolves better,
but it is a mixture

Scheme 3. Photoisomerisation of the dienamide. All four geometric isomers are present in ground pepper and
interconvert in ordinary laboratory light, so a solubility measured on an uncharacterised sample may be the
solubility of a mixture.

IV. SOLUBILITY IS A PROPERTY OF THE
CRYSTAL AS MUCH AS THE MOLECULE

4.1 The general solubility equation

The relationship the project's title calls a structure—
solubility relationship already exists in quantitative
form. Yalkowsky and Valvani showed that the
aqueous solubility of a non-electrolyte is governed by
two terms, one for how hard it is to melt the crystal
and one for how unwilling the resulting liquid is to
mix with water [8]. In the revised form given by Jain
and Yalkowsky,

log S=0.5—-0.01(mp — 25) — log P,

where S is the intrinsic molar solubility, mp is the
Celsius melting point and log P the octanol-water
partition coefficient [9]. The equation has no fitted
parameters, has been validated on more than a
thousand compounds, and carries a root-mean-square
error of roughly 0.7 to 0.8 log units [10,11]. Critically
for this project, it is derived for compounds that are
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non-ionisable between pH 2 and 13 — which is
precisely what Section 2.2 established piperine to be.
Applied to piperine with mp 130 °C and log P 2.66,
the equation gives log S =—3.21, or 176 mg L™'. With
the higher reported log P of 3.37 it gives 34 mg L.
The measured value, 40 mg L™, sits between them
and within the equation's stated error. That agreement
is the licence to use the equation predictively (Fig.
2a).

Two caveats keep the tool honest. The equation
predicts intrinsic solubility of the stable crystalline
form, so it will under-predict for an amorphous or
metastable sample and cannot describe a salt. And its
accuracy depends on the inputs: a calculated log P
introduces its own error, which is why the two
literature ~ values for piperine bracket the
measurement rather than agreeing with it. More
elaborate computational methods exist and perform
somewhat better on diverse sets, but none is as
transparent, and for a design decision transparency is
worth more than a tenth of a log unit [37,41].
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(a) The general solubility equation (b) What each change is worth
— logP=1 0.0 5
== JogP=2
04 —- logP=3 -0.5 1
- -1.0 4
T 5,564
:1 D; -15 - mg/L
o] =] 1,759
E 5 -2.0 4 mg/L \
E % TrTT 556
m = - - L BN BN O ]
- 5 —25 SO0 mg/L
m E 176 L BN BN O ]
o [ -3 (] - mg/L EEE
E e, ..l.t'l.i
............ ..'...... measured
piperine, measured Tt DR R T W
-6 1 LN \
T T T T T T T T T I I
25 50 75 100 125 150 175 200 225 Piperine log P mp both
Melting point (°C) as isolated -1.0 -50°C changes

Fig. 2. (a) The general solubility equation plotted for four values of log P, with piperine's predicted and measured
solubility marked; the two differ by less than the equation's stated error. (b) Predicted log S for piperine and for
three hypothetical modifications, computed from the same equation; figures in mg L' above each bar, measured
piperine solubility shown as the dotted line.

4.2 What each change is worth they fall outside a synthetic project: cocrystallisation
Because the two terms are additive and their with a coformer, and preparation of the amorphous
coefficients are fixed, the value of any proposed form, both of which raise apparent solubility by
modification can be read off directly, and Fig. 2b removing or weakening the lattice term [16—18].
does so. Removing one log unit of lipophilicity Cyclodextrin complexation does something different
multiplies solubility by ten. Lowering the melting again, solubilising rather than dissolving, and has
point by 50 °C multiplies it by about three. Doing been applied to piperine with measurable success
both multiplies it by thirty, taking a predicted 176 mg [19,20,38]. Particle-size reduction  to a
L™ to roughly 5.6 g L™'. Table 2 applies this to the nanosuspension raises dissolution rate and apparent
specific modifications available here. solubility without touching the molecule either, and
Two lessons follow that are not obvious from has been shown to increase piperine's oral
inspection of the structure. The first is that polarity is bioavailability [39]. None of these is a competitor to
worth more per unit than crystal disruption, so adding the synthetic work; they are the comparators against
a polar group usually beats branching a chain. The which it should be judged, because a chemist who
second, and the more useful one, is that the two can spends six months making an analogue that performs
oppose each other. Piperic acid is far more polar than no better than milling the parent has learned
piperine, but it melts around 206-217 °C rather than something important and should report it.

130 °C, because the carboxylic acid forms hydrogen- There is also a reason to care about the melting point
bonded dimers in the lattice. Its intrinsic solubility as beyond the solubility equation. Across large data sets,
the neutral acid is predicted at only about 108 mg L™ melting point correlates with oral absorption
— the melting point term has eaten most of the independently of solubility, with high-melting
polarity gain. The acid wins anyway, but it wins by compounds absorbed less well than their calculated
ionising, not by being more polar. solubility would suggest [12]. A modification that
Two further routes change the solid without changing lowers the melting point therefore tends to help
the molecule at all, and should be named even though twice.

IJIRT 211033 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 3315



© November 2026 | IJIRT | Volume 13 Issue 6 | ISSN: 2349-6002

Table 2. Semisynthetic options assessed against the general solubility equation. Changes in log P are estimates from
fragment contributions and should be recalculated for each actual analogue [9-11].

Modification AlogP A mp Predicted effect What it costs
None (piperine) — — log S —3.21 (176 —
mg L)
Hydrolysis to piperic ~—0.6 + 80 °C Neutral form Loses the amide and most of
acid barely improved; the activity
the salt is freely
soluble
Morpholine amide ~-1.0 small About ten-fold on | Minimal; closest analogue of
the neutral form the parent
N-Methylpiperazine ~-1.0 small Ten-fold, plus salt | Adds a basic centre that may
amide formation at the alter distribution
distal nitrogen
Amino-alcohol amide ~-1.5 variable Thirty-fold or Possible loss of planarity-
more; adds a dependent binding
hydrogen-bond
donor
Saturation of the diene ~0 —30to—50°C | Two- to three-fold | Chromophore and part of the
pharmacophore
Opening the ~-0.5 variable Several-fold The CYP3A4 and P-gp
methylenedioxy bridge inhibition; not recommended

V. THE THREE HANDLES THE MOLECULE
OFFERS

5.1 Hydrolysis to piperic acid

Refluxing piperine with 20% ethanolic potassium
hydroxide for 16-22 hours and acidifying to pH
below 1 gives piperic acid and piperidine (Scheme
1); reported yields range from 18% to 72%
depending on conditions [23,24]. Piperic acid is the
key intermediate for everything that follows, and it is
also a modification in its own right. Its carboxylic

20% KOH, EtOH

acid has a pK. near 4.5, so at intestinal pH it is
largely ionised and its sodium or potassium salt is
freely water soluble. This is the salt the project can
legitimately make — just not from the nitrogen.

The cost is the amide. Removing the piperidine ring
removes most of what distinguishes piperine from a
cinnamic acid derivative, and the reported biological
activity of piperic acid is generally much weaker than
that of the parent [23]. Piperic acid is best regarded as
an intermediate and a reference point rather than as a
destination.

piperine
mp 130 °C, log P 2.7, no ionisable group

> o~ 7+
reflux 16-22 h; then HO °

HCltopH < 1

piperic acid
mp 206-217 °C, pK, = 4.5

piperidine

Scheme 1. Alkaline hydrolysis of piperine to piperic acid and piperidine. This is both the route to every analogue in
Scheme 2 and the side reaction that the alkaline wash during isolation can cause.
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5.2 Re-amidation: the handle that restores the salt
Converting piperic acid to its acid chloride with
thionyl or oxalyl chloride, or activating it with a
coupling reagent, and treating it with an amine gives
piperamide analogues in good yield (Scheme 2)
[23,25,26]. This is the most productive handle the
scaffold has, because the amine is a free variable
while the dienamide and the methylenedioxyphenyl
ring are untouched.

For a solubility project the choice of amine is the
whole experiment, and it can be made with the
arithmetic of Section 4 in advance. A morpholine
amide lowers log P by roughly one unit relative to the

piperidine amide through the ring oxygen. An N-
methylpiperazine amide (Fig. 1c) does the same and
adds something the parent does not have: the distal
nitrogen is a genuine amine, not an amide, with a pK,
near 7, so it protonates in the stomach and forms
isolable hydrochloride, citrate and mesylate salts. An
amino acid or aminoethanol amide introduces a
hydrogen-bond donor, which both lowers log P and
tends to disrupt the planar packing. Each of these is a
single-step modification of a common intermediate,
which makes the series an unusually clean structure—
solubility experiment: one variable, several points,
and a predicted value for each before it is measured.

piperic acid

c 0

0 0 SOCI; or (COCI); g 0
/ > > I~ >
HO 0 DCM, 0 °C - rt 0 0

piperoyl chloride

Wﬂ) + HNR

0
Et3;N, DCM
> (\N NS 0
0°C—rt ! \) )
e 0
piperamide analogue — drawn for the

4-methylpiperazine amide, which has a
truly basic nitrogen and forms salts

Scheme 2. Activation of piperic acid and re-amidation. The amine is the only variable, which makes a series

prepared this way a clean structure—solubility experiment.

5.3 Saturating the diene

Hydrogenation of the 2,4-diene gives
tetrahydropiperine (Fig. 1d), a compound already
used commercially as a skin-penetration enhancer.
The conformationally flexible chain packs less
efficiently than the rigid conjugated one, so the
melting point falls and, by the arithmetic above,
solubility rises; log P changes little. Two costs attach.
The conjugated chromophore disappears, so the
ultraviolet method used to assay piperine at around

343 nm no longer applies and the analytical method
must be rebuilt. And the diene is part of the
pharmacophore for several of piperine's reported
activities, so the analogue is a different compound
pharmacologically, not a more soluble piperine [26].

5.4 The region to leave alone

One part of the molecule should be excluded from the
design space on principle. The
methylenedioxyphenyl group is the structural basis of
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piperine's inhibition of cytochrome P450 3A4 and P-
glycoprotein [27,28]. Methylenedioxyphenyl
compounds are oxidised by P450 to a carbene that
coordinates the haem iron, forming a stable metabolic
intermediate complex and inactivating the enzyme;
this mechanism is shared with the insecticide
synergists of the same class and is well characterised
[30-32]. It is the reason piperine raises curcumin
exposure twenty-fold [29].

A series that opens the methylenedioxy bridge to a
catechol or a dimethoxy group will almost certainly
be more soluble, because both modifications add
donors or reduce planarity. It will also almost
certainly have lost the bioenhancer activity, which
was the point. The general principle is worth stating
plainly in the thesis: in a solubility-optimisation
project on a natural product, the pharmacophore has
to be identified first and placed out of bounds, or the
project will succeed on its stated endpoint and fail on
its purpose.

VI. MEASURING THE SOLUBILITY PROPERLY

The number that the whole project turns on is the
easiest thing in it to get wrong, and Table 3 lists the
common failures. Four points are worth making
directly.

Equilibrium solubility is measured by the saturation
shake-flask method: excess solid in buffer, agitated at
controlled temperature for 24 to 72 hours, separated
by filtration or centrifugation, and assayed against a
calibration curve, with the residual solid examined

afterwards to confirm it has not changed form
[21,22]. Apparent solubility obtained by diluting a
DMSO stock is a different quantity, usually higher,
and the two must not be compared.

The medium must be stated. Since piperine is non-
ionisable, its solubility should be the same in pH 1.2
and pH 6.8 buffers; measuring both and finding them
equal is a useful positive control, and finding them
different indicates ionisation, degradation or an
artefact. For the piperamide analogues that are
ionisable, solubility becomes pH-dependent and both
media must be reported.

The assay must be specific. Because piperine
photoisomerises and the isomers absorb at similar
wavelengths, a single-wavelength ultraviolet reading
cannot distinguish them; a validated HPLC method
with a stated retention time and purity check should
be used, following the usual validation parameters
[40].

Finally, the comparison must be like for like. The
useful statement is the fold increase in equilibrium
solubility of a pure, characterised analogue over pure
piperine measured in the same medium on the same
day by the same method, with the melting point and
log P of both reported so that the result can be
checked against the prediction. A table of analogues
with measured melting points, measured or calculated
log P, predicted log S and measured log S is the
deliverable that would make this project genuinely
useful — and it is a table nobody has published for
this scaffold.

Table 3. Common failures in solubility measurement and their remedies [21,22,40].

Practice Why it misleads What to do instead
Diluting a DMSO stock into Measures kinetic, not equilibrium, Saturation shake-flask with excess
buffer and reading absorbance solubility; cosolvent raises the result solid, 24-72 h, controlled temperature

and the value depends on dilution order

Reporting one number with no Solubility in water, saline and buffer State buffer, pH, ionic strength and
medium stated differ, and for ionisable analogues so temperature; for piperine, measure at

does pH pH 1.2 and 6.8 and expect them to

agree
Single-wavelength UV assay Geometric isomers and degradation Validated HPLC with retention time
products absorb in the same region and peak purity reported

No check on the residual solid | The excess solid may have converted to Recover and examine it by melting

a hydrate or an amorphous form during point, infrared or powder diffraction

equilibration
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Practice Why it misleads

What to do instead

Comparing a new analogue Different method, medium, temperature | Measure both compounds side by side,

with a literature value for and purity same day, same method
piperine
No light protection Photoisomerisation lowers the melting | Amber glassware throughout; report the
point and raises apparent solubility chromatogram of the actual sample

VII. CONCLUSION

Piperine is a good molecule for a solubility project
precisely because it is simple. It is neutral across the
whole physiological range, so the general solubility
equation applies to it without correction; its measured
solubility matches the prediction; and the equation
then says, quantitatively and in advance, what any
proposed modification is worth. The instinct to make
a salt has to be abandoned, because the only nitrogen
is an amide — but the semisynthesis supplies a better
route to the same end, since hydrolysis and re-
amidation put a genuinely basic nitrogen in the
molecule for the first time.

What distinguishes a useful dissertation here from a
routine one is discipline about two things. The
isolated material must be shown to be the 2E4E
isomer at the moment the solubility is measured,
because daylight alone will otherwise supply a
spurious improvement. And the
methylenedioxyphenyl ring must be left intact,
because it carries the activity that makes the
solubility worth improving. Within those two
constraints the design space is small, well defined,
and quantitatively predictable — which is an
unusually comfortable position for a synthetic project
to be in.
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