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Several phosphonium derivatives have been synthesized from Baylis-Hillman (BH) reaction derived allyl bro-
mides and aryl phosphines as mitochondria targeting anticancer agents. In vitro cell proliferation inhibition
studies on various solid tumor cell lines indicate that most of the compounds exhibit ICs, values in pM con-
centrations. Further studies reveal that p-substituted BH bromide derived phosphonium derivatives enhance the
biological activity to low uM ICsg values. In vitro metabolic studies show that the lead candidate compound 16

inhibits the production of mitochondrial ATP, increases the proton leak within the mitochondrial membrane and
abolishes the spare respiratory capacity in a concentration dependent manner.

Cancer cells alter several energetic and biosynthetic pathways to
meet the demands of uncontrolled and rapid cell proliferation. In fact,
reprogrammed metabolism has been recognized as one of the critical
hallmarks of many cancers'. Glycolysis and mitochondrial oxidative
phosphorylation (OxPhos) are processes that produce the majority of
cellular energy. Tumors characteristically exhibit elevated glycolysis
even in the presence of sufficient amounts of oxygen’°. Numerous
recent studies have revealed the critical role of mitochondrial OxPhos in
generating a large portion of ATP in cancer cell’ '°. The glycolytic end
product pyruvate is shuttled into the mitochondria and is converted to
acetyl CoA to initiate the citric acid cycle. Additionally, glutamine and
fatty acids are oxidized in the mitochondria as fuel substrates, and many
of the OxPhos intermediates are utilized in the Kreb’s cycle for the
synthesis of fatty acids, amino acids, and nucleotides; highlighting a
crucial role of the mitochondria in proliferation. Recent studies indi-
cated that inhibition of mitochondrial function would lead to severe ATP
depletion and dysfunction of the TCA cycle, starving cancer cells of
critical components for cell survival and proliferation’ '°. Apart from

energy generation, mitochondria are also involved in the generation of
reactive oxygen species, metabolite production, maintenance of intra-
cellular Ca®* homeostasis, modulation of cell death pathways, and
regulation of signaling pathways linked to cell proliferation and differ-
entiation. The multiple functions of mitochondria play a critical role in
cancer cell survival, drug resistance, relapse, and metastasis 14-18 Hence
selective targeting of the mitochondria is an important therapeutic
target for cancer treatment.

The mitochondrial membrane potential is established on the outer
and inner membranes that shuttle several small molecules through these
membranes. In highly oxidative cancer cells, the mitochondrial TCA
cycle and electron transport chain operate at elevated levels resulting in
proton gradients that offer a biophysical means of drug delivery to the
mitochondrial matrix'®?. Due to this, the possibility of cations with
large surface area to cross mitochondrial membranes and accumulate in
the matrix is increased. Triphenylphosphonium (TPP™) based cations
have hydrophobic surfaces and can diffuse readily through the inner
membrane. Lipophilic TPP™ based small molecules sufficiently
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delocalize their positive charge across a large surface area and thus do
not require any specific transporters for mitochondrial trans-
location'®?, In addition, TPP* cations have been shown to localize
inside the mitochondria matrix compared to the cytoplasm, in some
cases there is 1,000-fold concentration differences. These TPP™" cations
have also been extensively studied as mitochondrial targeting anticancer
and other agents'? %%,

The Baylis-Hillman (BH) reaction is a well-established C—C bond
forming reaction in organic chemistry to synthesize functionalized allyl
alcohols and amines under simple reaction conditions>>2°. The allyl
alcohols can be readily converted into corresponding allyl bromides
under standard bromination conditions. These bromides are known to
undergo reactions with a wide variety of nucleophiles in SN2 or Sy2’
fashion to provide further functionalized synthetic intermediates®>2°,
We recently reported a protocol by converting BH bromides to their
corresponding aryl acetates by reacting them with arylcarboxylic acids.
Several of these aryl acetates showed significant in vitro cell proliferation
inhibition properties against various cancer cells. We envisioned that the
aryl acetates acted as a leaving group for cellular nucleophiles to provide
the cytotoxicity”’. Our long-standing interest in the development of
novel small molecule anticancer agents?’>? has prompted us to syn-
thesize and evaluate novel functionalized phosphonium salts derived
from BH bromides and aryl phosphines. We hypothesized that these
novel phosphonium salts could be targeted to mitochondria to develop
them as anticancer agents. Based on the reactivity of the alkox-
ycarbonylallyl ester group to cellular nucleophiles, we also envisioned
that these agents would interact with mitochondrial nucleophiles to
potentially disrupt mitochondrial integrity and energetics leading to
inhibition of cancer cell proliferation.

To synthesize the aryl phosphonium salts, initially, we utilized BH
reaction derived methyl 2-(bromomethyl)acrylate as a model substrate.
The BH product was synthesized in two steps by the reaction of para-
formaldehyde with methyl acrylate in the presence of DABCO followed
by the bromination of resulting alcohol. The bromide was reacted with
various mono-substituted triaryl phosphines including triphenyl, 4-
methyl, 4-methoxy and 4-fluoro triaryl, tris(2-furyl) and cyclohexyl
diphenyl phosphines. In all the cases, 2-(alkoxycarbonyl)-allyl-TPP de-
rivatives 1-5 were obtained in good yields after purification by recrys-
tallization (Scheme 1).

The synthesized phosphonium derivatives 1-5 were evaluated for
their in vitro cell proliferation inhibition properties against several solid
tumor cell lines by utilizing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) cell viability assay. Human breast cancer
MCF7, human triple-negative breast cancer MDA-MB-231, human
pancreatic cancer MiaPaCa-2, human colorectal adenocarcinoma WiDr,
murine metastatic breast cancer 4T1, and murine breast cancer 67NR
cell lines were utilized in this study. From these studies, we found that
the tris(4-methylphenyl) phosphonium 2 and tris(4-methoxyphenyl)
phosphonium 4 were more biologically potent on all the tested cells
lines with ICs values ranging from 1 to 10 pM (Table 1). The electron
donating character of the tolyl and methoxy groups may stabilize the
cation and enhance the ability of compounds 2 and 4 to diffuse down
into the mitochondrial matrix, leading to higher mitochondrial accu-
mulation and potency. A cyclohexyldiphenyl phosphonium synthesized
from the corresponding phosphine and BH bromide showed relatively
lower activity (9-67 uM) compared its triaryl derivatives. A tris(2-furyl)
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R=H, R'=OMe, 1 (76%), R=Me, R'=OMe, 2 (79%), R=F, R'=OMe, 3 (84%)
R=OMe, R'=OMe, 4 (77%), R=OMe, R'=0tBu, 5 (82%), R=H, R'=0tBu, 6 (79%)
R=H, R'=N(CH5),, 7 (71%)

Scheme 1. Synthesis of 2-carbonyl-allyl phosphonium bromides.
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Table 1

Cell proliferation inhibition (ICsq) values of Baylis-Hillman aryl phosphonium
bromide salts (MTT assay). ICso values reported as average values + SEM from
three separate experiments.

Substituents Cellline IC 54 values (uM)

No. R R' MCF-7 |MDA-MB-231| MiaPaCa-2 WiDr 4Tl 67NR
1 H OMe 19.9+3.3 28.9+12.7 27.4+5.0 7.74+2.1 | 14.844.8 | 58.4+11.6
2 Me OMe | 243104 3.79+0.2 2.66+0.2 1.48+0.3 | 1.78+0.4 | 5.34+12
3 F OMe | 47.0+5.6 91.1+2.8 >100 19.0+3.3 | 61.946.5 | 73.9+13.0
4 OMe OMe | 2.78+0.6 4.87+0.8 3.60+0.5 1.6240.2 | 1.8540.2 | 10.6+1.5
5 H O7Bu | 1.99+0.2 2.88+0.3 2.87+0.4 2.08+0.3 | 2.76+0.3 | 7.57+1.1
6 OMe OfBu | 0.98+0.4 2.69+0.3 1.39+0.6 0.81+0.1 [ 1.08+0.2 | 2.17+0.8
7 H [NCH;),| >100 >100 >100 812470 | >100 >100

phosphonium derivative synthesized from tris(2-furyl) phosphine and
BH bromide didn’t show any significant activity even at 100 uM con-
centration indicating that this compound is not sufficiently lipophilic to
diffuse into mitochondrial matrix.

To further understand the SAR of these compounds, the alkoxy ester
group was modified by replacing the methyl group with metabolically
more stable tBu and N,N-dimethyl groups. The required BH bromides
were synthesized via literature known protocols®®>>*, The reaction of
these bromides with triphenyl phosphine in acetonitrile, followed by
recrystallization in ether gave the corresponding phosphonium bro-
mides 5-7 in good yields (Scheme 1). Cell proliferation inhibition
studies of 5-7 showed an increase in potency with tBu substitution
compared to methyl group. The enhanced carbon content and lipophilic
nature of the tBu group may allow for better tissue diffusion and bio-
logical potency. Moreover, the tBu ester is metabolically more stable to
enzymatic hydrolysis than the methyl ester and is a preferred option
over the methyl ester for in vivo studies. Surprisingly, the metabolically
stable N,N-dimethyl amide derivative 7 did not show any significant
activity even at high concentrations of 100 pM in all the tested cell lines
(Table 1). This could be explained due to the lesser nucleophile
accepting capability of alkyl amides compared to corresponding esters
resulting in the reduced biological potency; further illustrating that the
ester moiety is necessary for reactivity with intracellular nucleophiles
and subsequent biological activity. Encouraged by the higher activity of
the tBu ester in 5, the tBu bromide was reacted with tris(4-
methoxyphenyl)phosphine and recrystallized in ether to obtain the
corresponding phosphonium bromide 6. This compound showed even
further enhancement in cell proliferation inhibition from the combina-
tion of enhanced lipophilicity and better cationic stabilization due to
methoxy groups (Table 1).

We further carried out SAR studies on the p-substitution of BH bro-
mides to explore the effect of p-substitution on biological activity. To
synthesize the required p-substituted BH bromides, a variety of electron
withdrawing and donating aromatic aldehydes were used. These bro-
mides were obtained under standard BH reaction and subsequent
bromination conditions. Since tris(4-methylphenyl) phosphine provided
higher cell proliferation properties, phosphonium derivatives 8-16 were
synthesized using p-substituted BH bromides with this phosphine
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R=H, R'=Me, 8 (86%), R=Me, R'=Me, 9 (75%), R=CN, R'=Me, 10 (86%)

R=NO,, R'=Me, 11 (83%), R=OMe, R'=Me, 12 (83%), R=F, R'=Me, 13 (89%)

R=CI, R'=Me, 14 (89%), R=Br, R'=Me, 15 (87%), R=Br, R'=/Bu, 16 (78%)
Scheme 2. Synthesis of tris(4-methox-
yphenyl)phosphine.
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(Scheme 2). We then carried out MTT based cell proliferation inhibition
studies of the phosphonium derivatives 8-16 on designated cancer cell
lines. These studies indicated that p-aryl substituted phosphonium salts
8-16 exhibited increased potency when compared to the p-unsub-
stituted derivatives 1-7 (Table 2, Table 1). Specifically, the derivative
15 exhibited activity at low uM concentrations against all the cell lines
(Table 2). The increase in activity could be due to additional lip-
ophilicity of B-aryl substituted derivatives and increased shuttling of
these derivatives into mitochondrial matrix. We then carried out further
synthetic modifications by substituting the methyl ester with the tBu
ester as it provided higher activity. Similar to our earlier observed re-
sults with tBu derivatives 5 and 6, it was found that tBu derived tris(4-
methoxyphenyl)phosphine 16, exhibited enhanced biological potency
in low uM ICsq values against all of the cell lines tested (Table 2).

Since compounds 12, 15, and 16 exhibited potent cell proliferation
at low pM and nM concentrations in the MTT assay, these compounds
were also evaluated using another cell proliferation inhibition method
called sulforhodamine-B (SRB) assay. The MTT assay is dependent on
intact mitochondrial function to reduce the MTT to formazan where the
absorbance represents the compound’s cell viability potential. Since the
candidate compounds are targeted to mitochondria, the MTT results
may be a result of a false positive showing mitochondrial function as a
surrogate of cell proliferation. In this regard, the SRB assay was included
to confirm the cell proliferation inhibition properties of these molecules.
The SRB assay allows for the evaluation of cell proliferation based on
cellular protein content which is a more direct measure of protein
content than mitochondrial viability. These results indicated that com-
pounds 12, 15, and 16 had retained comparable cell proliferation in-
hibition properties in low pM to nM potent ICso values (Table 3)
validating the mitochondrial targeting ability of these compounds.

We further carried out metabolic assays with the lead candidate
compound 16 using widely employed Seahorse XFe96® MitoStress test
on highly oxidative, metabolically plastic 4T1 cells and more glycolytic
triple negative breast cancer cells MDA-MB-231 (S1, S2, S3). Here, cells
treated with test compound, followed by the successive addition of
known electron transport chain inhibitors oligomycin, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone +
antimycin A respectively. The changes in oxygen consumption rates
(OCR) were recorded in real time to obtain numerous parameters of
mitochondrial respiratory function including ATP production, proton
leak, maximal respiration, and spare respiratory capacity (Figs. 1 and 2).
In a mitochondrial stress test, successive injections of test compound and
known inhibitors alter different electron transport chain processes
allowing for the evaluation of the acute effects of test compound on
mitochondrial function.

Lead compound 16 was screened at different concentrations to
observe any concentration dependent changes in oxygen consumption
rate (OCR). Compound 16 exhibited a dose-dependent decrease in
maximal respiration (Fig. 1A, S2). This decrease in maximal respiration

Table 2

Cell proliferation inhibition (ICsg) values comparing trimethoxy phenyl phos-
phonium bromide salts (MTT assay). ICsq values reported as average values +
SEM from three separate experiments.

Substituents Cellline IC 5 values (uM)

No. R R' MCF-7 |MDA-MB-231 | MiaPaCa-2 WiDr 4TI 67NR
8 H Me 2.67+0.7 9.27+1.4 4.59+3.1 2.74+4.9 | 7.2044.9 | 4.87+1.8
9 Me Me 7.47+3.3 9.79+2.0 0.34+0.2 2.58+1.2 | 5.2342.5| 2.78+1.1
10 CN Me 4.49+0.4 12.5+1.3 7.86+1.7 4.87+1.3 | 204413 >100
11 NO, Me 8.83+3.0 8.2940.5 5.59+1.3 5.95+1.1 | 4.73+0.5 | 28.7+17.7
12 OMe Me 1.40+0.4 3.70+0.7 1.37+0.3 1.14+0.2 | 3.3612.3 | 4.59+0.2
13 F Me 1.42+0.3 7.41+1.6 1.29+0.1 2.14+04 | 457422 | 5.14%1.1
14 Cl Me 1.374+0.2 3.01+0.5 0.59+0.2 1.3240.4 | 0.98+0.1 ND
15 Br Me 1.24+0.5 1.914+0.4 0.73+0.1 0.90+0.4 | 121402 | 2.9+0.4
16 Br OtButyl | 0.64+0.4 2.1+0.3 0.36+0.1 0.95+0.1 | 0.86+0.2 | 0.62+0.1
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Table 3

Cell proliferation inhibition (ICsg) values of the phosphonium bromide salts
(SRB assay). ICs values reported as average values + SEM from three separate
experiments.

Substituents Cellline IC 59 values (uM)

No. R R' MCF-7 |MDA-MB-231| MiaPaCa-2 WiDr 4T1 67NR
12 OMe Me 0.17+0.1 2.19+0.4 0.31+0.1 0.76+0.2 | 1.83+0.2 | 2.56+0.4
15 Br Me 0.17+0.1 0.94+0.4 0.29+0.1 0.81+0.2 | 1.25+0.2 | 1.78+0.3
16 Br OtButyl | 0.063+0.1 0.58+0.1 0.20+0.1 0.1440.1 0.5+0.1 | 0.47+0.1
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Fig. 1. Seahorse XFe96® mitochondrial stress test parameters of serial diluted
16 on 4T1 cell line. (A) Maximal respiration (B) Proton leak (C) ATP production
(D) Spare respiratory capacity. OCR values of were calculated using wave
software. The average + SEM values of four independent experimental values
were calculated. Repeated measures one-way ANOVA was used to calculate
statistical significance (P < 0.05) between treatment concentrations vs. DMSO
control. * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. Seahorse XFe96® mitochondrial stress test parameters of serial diluted
16 on MDA-MB-231 cell line. (A) Maximal respiration (B) Proton leak (C) ATP
production (D) Spare respiratory capacity. OCR values of were calculated using
wave software. The average + SEM values of three independent experimental
values were calculated. Repeated measures one-way ANOVA was used to
calculate statistical significance (P < 0.05) between treatment concentrations vs
DMSO control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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provides insight that this derivative is indeed targeting the mitochondria
and perturbing function. Due to the reactivity of the allyl carbonyl ester
moiety in 16 to cellular nucleophiles, the decrease in maximal respira-
tion could be related to covalent modification of intramitochondrial
nucleophilic species. Localization of 16 into the mitochondria is further
supported by the significant and dose-dependent proton leak across the
mitochondrial inner membrane (Fig. 1B). The mitochondria require a
proton gradient across the inner membrane for ATP synthase to function
where maintenance of membrane integrity allows for compartmentali-
zation of protons that are ultimately used as the motive for oxidative
phosphorylation of ADP. If this proton gradient is not present within the
cell, the cells undergo a severe energy crisis and redirect metabolites
towards other metabolic pathways. Mitochondrial damage and loss of
membrane integrity can result in leaking of protons across the mito-
chondrial membranes, in line with the hypothesized mechanism of ac-
tion of compound 16. Due to the reliance on the proton gradient to
generate ATP, a significant proton leak and loss of membrane potential
by the addition of 16, not surprisingly, results in the dose dependent
decrease in ATP production (Fig. 1C).

Spare respiratory capacity is the ability of the cell to respond to
changes in energy demand. Addition of 16 resulted in a negative spare
respiratory capacity at higher concentrations followed by a return to
normal capacity with lower concentrations (Fig. 1D). The candidate 16
could be damaging mitochondrial membrane to such a large extent that
the basal respiration rate after compound injection is greater than the
obtained maximal respiration after FCCP injection. The increase in spare
respiratory capacity seen at lower concentrations can be attributed to
less membrane damage which is supported by the lack of significant
proton leak at lower concentrations. A similar trend was observed on
MDA-MB-231 where an initial decrease in maximal respiration but rates
quickly return to baseline by the addition of 16 (Fig. 2A). Comparable to
4T1, there was a significant dose-dependent proton leak in MDA-MB-
231 (Fig. 2B). This proton leak subsequently reduced ATP production
(Fig. 1C). This result could be due to the fact that MDA-MB-231 is more
energetically rigid when compared to the energetically plastic 4T1%°.
MDA-MB-231 is highly reliant on glycolysis for ATP production with a
small contribution from OxPhos (S1). Disrupting mitochondrial mem-
brane potential and substantial proton leak would effectively halt all
ATP produced in the mitochondrial derived from glycolytic end prod-
ucts. Interestingly, even at concentrations of 16 where there is a sig-
nificant proton leak, spare respiratory capacity was shown to recover. At
high concentrations of 16 there could be abolishment of mitochondrial
integrity rendering the mitochondria unable to carry out oxidation of
metabolic substrates and therefore consume oxygen to recover energy
needs. At lower concentrations there could be enough impact on mito-
chondrial integrity to cause a proton leak but the mitochondria are still
functioning to try to return the proton gradient to generate energy.
Overall the Seahorse XFe96® MitoStress test indicates that the lead
candidate compound perturbs the mitochondrial membrane potential as
supported by the proton leak and inhibition of ATP production.

The candidate compounds 12 and 16 were screened against normal
human dermal fibroblast cell line (HDFa) to evaluate their effect on
normal cells. Candidate 12 had an ICsy value of 23.9 + 1.6 uM and
candidate 16 had an ICsg of 5.5 &+ 0.5 pM which is 5-20 times and 2-5
times more selective towards cancer cells respectively. Additionally, to
explore the general tolerability and translational potential of these class
of compounds, we have conducted a preliminary systemic toxicity study
of the compound 12. In this regard, CD-1 mice (n = 6) were treated with
12 at 10 mg/kg 6 days a week for 14 days. Based on this study, it was
found that 12 is generally well tolerated as evidenced by normal
grooming pattern, zero mortality, and no significant weight loss of the
treated mice (S4).

In conclusion, several phosphonium salts 1-16 were synthesized
from different BH bromides as mitochondria targeting anticancer
agents. In vitro cell proliferation studies indicated that the tris-(4-
methoxyphenyl)phosphine was the optimal phosphine compared to the

Bioorganic & Medicinal Chemistry Letters 45 (2021) 128136

other aryl phosphines in providing more potent ICsg values in the all
tested cancer cell lines. Further SAR studies indicated that p-substituted
BH bromide derived phosphonium derivatives enhanced the biological
activity to low pM or nM ICs( values. The MTT based cell proliferation
inhibition values were validated by observing similar ICsg values with
an SRB assay. Preliminary in vitro metabolic studies indicated that the
lead candidate compound 16 inhibited the production of ATP, increased
the proton leak within the mitochondrial membrane and abolished the
spare respiratory capacity in a concentration dependent manner. A
limitation of developing mitochondrial directed molecules include
toxicity resulting from the nonselective targeting of both healthy and
diseased tissues by the derivatives. Overall, these compounds have
excellent potential to be developed as potential anticancer agents based
on the ease of preparation and observed low uM to nM ICsg cell prolif-
eration inhibition values.
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