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ABSTRACT
An oxetane-substituted sulfoxide has demonstrated potential as a di-

methylsulfoxide substitute for enhancing the dissolution of organic

compounds with poor aqueous solubilities. This sulfoxide may find utility

in applications of library storage and biological assays. For the model

compounds studied, significant solubility enhancements were observed

using the sulfoxide as a cosolvent in aqueous media. Brine shrimp,

breast cancer (MDA-MB-231), and liver cell line (HepG2) toxicity data

for the new additive are also presented, in addition to comparative IC50

values for a series of PKD1 inhibitors.

INTRODUCTION

M
odern drug development relies on high-throughput

screening assays. Often, these trials use compound

libraries stored in solution for periods of several months

to as long as 3 years.1 Dimethylsulfoxide (DMSO) 1 has

been used as the storage solvent of choice, but problems, including

compound degradation and precipitation, are frequently encountered.

In one case study, qualitative compound precipitation was observed in

26% of test plates.2 Systematic studies of compound degradation in

DMSO have indicated that*50% of samples degraded over 12 months

when stored in anhydrous DMSO at ambient temperature.3,4 Com-

pound storage problems are augmented by low hydrophilicity, since a

large portion of screening libraries is composed of compounds de-

signed for enhanced membrane permeability. The trend toward lipo-

philic, higher-molecular-weight compounds results in libraries of

materials with lower intrinsic aqueous solubilities.5 Current estimates

state that 30%–50% of compounds in screening libraries have aqueous

solubilities of < 10mM.6 These lipophilic molecules are more likely to

precipitate from DMSO stock solutions, leading to erroneously low

assay concentrations when using the DMSO stock for sample prepa-

ration. Additionally, poor aqueous solubility causes precipitation

from aqueous media after dilution of DMSO stock solutions.6 When

compound concentrations in assay media fall below calculated

concentrations, flawed conclusions regarding toxicity, efficacy, or

structure–activity relationships are drawn.5,6

Aqueous dissolution of problematic compounds can be enhanced

by pH adjustment,7 salt formation,8 or chemical modification of the

substrate (formation of pro-drugs).8 If these methods are not appli-

cable, complexing agents or cosolvents can be added to aid in

dissolution. Some examples include cyclodextrins,9 dendrimers,10

low-molecular-weight polyethylene glycols (PEGs, e.g., PEG 400),5

and solvents such as glycerin2 and N-methyl pyrrolidone (NMP).11

Other solubilizing agents have designs based on DMSO; one example

is a polymeric sulfoxide derived from poly-L-methionine 2 (Fig. 1).12

In this study, we examined the use of sulfoxide 3 (Fig. 1) as a

solubilizer and general compound storage additive. We found that

addition of sulfoxide 3 increased the aqueous solubility of several

model problem compounds, including naproxen, quinine, curcumin,

carbendazim, and griseofulvin. The solubility enhancement sur-

passed that of DMSO at mass fractions > 10%. Herein, we describe our

findings and hypothesis of the mode of the cosolvent effect. A

comparative study of the toxicity and applicability of sulfoxide 3 to

cellular and in vivo bioassays is also discussed.

MATERIALS AND METHODS
General

Moisture-sensitive reactions were performed under an atmosphere

of nitrogen. 3-Tosyloxymethyl-3-methyl-oxetane was prepared ac-

cording to a literature protocol.13 Curcumin (Acros, 95%), naproxen

(Acros, 99%), quinine (Acros, 99%), DMSO (Aldrich, 99.9 + %), and

high-performance liquid chromatography (HPLC)-grade water

(Aldrich, Chromasolv�) were purchased from commercial suppliers

and used as received. Carbendazim (Aldrich, 97%) was recrystallized

from absolute ethanol (EtOH), and griseofulvin (Acros, 97%) was

recrystallized from toluene. N-Methyl-2-pyrrolidone (Acros, 99%)

was distilled from CaH2 under vacuum and stored over 4 Å MS. All

other reagents were used as received unless otherwise stated. Ana-

lytical thin-layer chromatography was performed on precoated silica
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gel 60 F-254 plates (particle size 0.040–0.050mm, 230–400 mesh) and

visualized by staining with KMnO4 or p-anisaldehyde solutions. 1H

nuclear magnetic resonance (NMR) spectra (CDCl3) and 13C NMR

spectra (CDCl3) were referenced to residual chloroform (7.27 ppm, 1H,

77.00ppm, 13C). Chemical shifts (d) are reported in ppm using the

following convention: chemical shift, multiplicity (s = singlet,

d = doublet, t = triplet, q = quartet, m = multiplet, b = broad), coupling

constants, and integration. Infrared (IR) spectra were collected as

attenuated-total-reflection infrared (ATR-IR) spectra. Mass spectra

were obtained on a Micromass Autospec double focusing instrument.

ultraviolet/visible (UV/VIS) spectra were recorded on a Perkin Elmer

Lambda EZ210 spectrophotometer. pH Determinations were made

using a 3-mm RossTM glass combination micro-pH electrode (model

8220BNWP) after calibration in standard buffer solutions (pH 4.0, 7.0,

and 10.0) at room temperature (rt).

Bis((3-methyloxetan-3-yl)methyl)sulfane (6)
A three-necked 3-L round-bottom flask equipped with an over-

head stirrer, internal thermometer, and a third arm bearing an argon

balloon was charged with 3-tosyloxymethyl-3-methyl-oxetane 4

(45.4 g, 177 mmol) and backfilled with N2 (3 · ). To the flask was

added acetonitrile (900 mL) via cannula. The reaction apparatus was

placed in a large heating mantle. The argon balloon was replaced

with a 250-mL addition funnel containing a solution of Na2S$9H2O

(94.5 g 386 mmol) in degassed H2O (100 mL). The solution was added

drop-wise over 25 min. Once the addition was complete, the reaction

mixture was heated to 70�C over 45 min and maintained at 70�C for

1 h. The mixture was cooled to 20�C (internal temp), the resulting

white precipitate was filtered by gravity, and to the filtrate was added

EtOAc (1 L). The resulting precipitate was removed by aspirator fil-

tration, and the filtrate was divided into two 1-L batches. To each

batch was added water (500 mL), the layers were separated, and the

aqueous portion was extracted with EtOAc (2 · 200 mL). The com-

bined organic layers were washed with brine (100 mL), and the EtOAc

layers from the batches were combined and dried (Na2SO4) overnight,

filtered, and concentrated. Kugelrohr distillation was performed on

the concentrate. One fraction (T <100�C, 15 Torr) was discarded, and

subsequent product collection (140�C < T <160�C) yielded a yellow

distillate. The distillate was taken up in EtOAc (200 mL), washed with

water (100 mL) and brine (100 mL), dried (Na2SO4), and concentrated.

Kugelrohr distillation (140�C, 15 Torr) afforded 6 (14.2 g, 79%) as a

yellow-green oil: IR (ATR) 2956, 2924, 2861, 1450, 1236, 973,

829 cm - 1; 1H NMR (300 MHz, CDCl3) d 4.47 (d, J = 5.7 Hz, 4 H), 4.38

(d, J = 6.0 Hz, 4 H), 2.93 (s, 4 H), 1.38 (s, 4 H); 13C NMR (75 MHz, CDCl3)

d 81.9, 43.7, 40.3, 23.0; HRMS electrospray ionization (ES) m/z calc

for C10H18O2NaS (M + Na) 225.0925, found 225.0908.

3,30-Sulfinylbis(methylene)bis(3-methyloxetane) (3)
A 1-L round-bottom flask was charged with a solution of 6 (14.9 g,

73.6 mmol) in methanol (MeOH; 240 mL) and cooled to 0�C. A so-

lution of NaIO4 (16.5 g, 77.3 mmol) in water (180 mL) was added via

addition funnel for *15 min. The ice bath was removed and the

slurry was warmed to rt. MeOH (2 · 50 mL, added 20 min apart) was

added, and the mixture was stirred for 12 h at rt. The mixture was

filtered through a fritted funnel, and the white precipitate was

washed with MeOH. The combined filtrate and washings were

concentrated in vacuo, and the concentrate was coevaporated with

toluene (200 mL). CH2Cl2 (400 mL) was added to the residue, followed

by MgSO4. The mixture was filtered, and the filtrate was concentrated

in vacuo to afford crude 3 (15.82 g) as a yellow solid. To the flask

containing the crude solid was added toluene (200 mL), and the slurry

was heated to 60�C to affect complete dissolution. Decolorizing

carbon was added, and the mixture was filtered by gravity into a 1-L

Erlenmeyer flask. To the colorless solution was slowly added distilled

hexanes (*100 mL total) until cloudiness/precipitation occurred. The

mixture was allowed to stand at rt overnight. Upon filtration and

drying under high vacuum, 3 (10.49 g) was collected as a white solid.

Material recovered from the mother liquor was recrystallized to af-

ford an additional 2.68 g of 3 as white solid for a total yield of 82%.

Reported analytical data refer to that of the first crop: Mp 92.8–

94.1�C; IR (ATR) 2,939, 2,863, 1,451, 1,381, 1,227, 1,026, 971 cm - 1;
1H NMR (400 MHz, CDCl3) d 4.80 (d, J = 6.0 Hz, 2 H), 4.61 (d,

J = 5.6 Hz, 2 H), 4.50 (d, J = 5.4 Hz, 2 H), 4.45 (d, J = 6.0 Hz, 2 H), 3.38

(d, J = 12.9 Hz, 2 H), 2.75 (d, J = 12.9 Hz, 2 H), 1.61 (s, 6 H); 13C NMR

(100 MHz, CDCl3) d 82.4, 82.0, 61.9, 38.4, 23.4; HRMS (ES) m/z calc

for C10H18O3NaS (M + Na) 241.0874, found 241.0885.

To unambiguously characterize 3 as the sulfoxide, the corre-

sponding sulfone was synthesized from sulfide 6.

3,30-Sulfonylbis(methylene)bis(3-methyloxetane)
A suspension of oxone (650mg, 1.06 mmol) in water (2.0 mL) was

cooled to 10�C and treated (dropwise) with a solution of 6 (108 mg,

0.533mmol) in MeOH (2.0mL). The solution was warmed to rt and

stirred for 1h. MeOH was removed in vacuo, and the aqueous layer was

diluted with water (5mL) and extracted with CH2Cl2 (4 · 10mL). The

combined organic layers were washed with brine (5mL), dried (MgSO4),

and concentrated in vacuo to afford the sulfone (120mg, 96%) as a

white solid: Mp 93.4–95.1�C; IR (ATR) 2,949, 2,867, 1,456, 1,301, 1,277,

967 cm- 1; 1H NMR (400 MHz, CDCl3) d 4.68 (d, J = 6.4Hz, 4 H), 4.46 (d,

J = 6.4 Hz, 4H), 3.43 (s, 4 H), 1.69 (s, 6H); 13C NMR (100 MHz, CDCl3) d
82.2, 62.6, 37.9, 23.3; HRMS atmospheric pressure chemical ionization

(APCI) m/z calc for C10H19O4S (M + H) 235.1004, found 235.1032.

Determination of LogP Value of 3
The logP (octanol-water partition coefficient) was determined

using the shake-flask method. Three determinations were made. A

Fig. 1. Structures of sulfoxides used for compound storage or
aqueous solubility enhancement.
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representative procedure is as follows: a 250-mL separatory funnel

was charged with a solution of 3 (50.0 mg) in water (50.0 mL) and

n-octanol (50.0 mL). The funnel was capped and inverted 100 times.

The funnel and contents were left to stand at rt (23.5�C) for 40 h.

Aliquots of both phases were analyzed by UV/VIS (214 nm for the

aqueous layer and 218 nm for the octanol layer), and the concen-

tration in each layer was determined using previously generated

calibration curves. In the case of the aqueous layer, a 10-fold dilution

was necessary before measurement. All measurements were made in

triplicate. The logP was determined as log ([3]octanol/[3]aqueous), and

the average logP value from the three trials was - 0.87.

General Procedure for Determination of Solubility
in Solutions of 3 and HPLC-Grade Water
Preparation of sulfoxide/water solutions. Solutions of 3 and HPLC-

grade water were prepared in 1-dram vials by dissolving the appro-

priate amount of sulfoxide 3 in HPLC-grade water (2.00 mL). In the

case of the 25% solution of 3 in H2O (w/w), 3 (500 mg) was dissolved

in water (1.50 mL). Each vial was placed on a platform shaker and

shaken at 200 rpm for 30 min.

Solubility measurements. Eppendorf vials (1.5 mL size) were charged

with model compounds in excess. Vials were charged with HPLC-

grade water (0.500 mL) or the appropriate 3/water solution

(0.500 mL). The vials were briefly vortexed and equilibrated in an

end-over-end rotator at 30.0�C for 20 h. The vials were centrifuged

(4,000 rpm, 1,300 g, 15 min, rt) directly after removal from the rotator,

and aliquots of the supernatant (0.400 mL) were filtered through

0.45-mm syringe filters. The pH of each solution was measured using a

ThermoScientific electrode (3mm tip). Each solution was diluted with

an appropriate volume of either absolute EtOH (quinine, naproxen,

griseofulvin) or MeOH (carbendazim). Concentrations were calculated

by using previously generated calibration curves. Appropriate blanks

were prepared by diluting aliquots (0.400mL) of the 3/water solutions

(or HPLC-grade water in the case of the control) in an analogous

fashion to the sample being measured.

General Procedure for Determination of Solubility
in Solutions of DMSO and HPLC-Grade Water
Preparation of DMSO/water solutions. Solutions of DMSO and

HPLC-grade water were prepared in 1-dram vials by dissolving the

appropriate amount of DMSO in HPLC-grade water (2.00 mL). Each

vial was placed on a platform shaker and shaken at 200 rpm for 30min.

Solubility measurements. Eppendorf vials (1.5 mL size) were charged

with model compounds in excess. Vials were charged with either

HPLC-grade water (1.00 mL) or the appropriate DMSO/water solution

(1.00 mL). The vials were briefly vortexed and equilibrated in an end-

over-end rotator at 30.0�C for 20 h. The vials were centrifuged di-

rectly after removal from the rotator (4,000 rpm, 1,300 g, 15 min, rt),

and aliquots of the supernatant (0.800 mL) were filtered through

0.45-mm syringe filters. The pH of each solution was measured using

a ThermoScientific electrode (3 mm tip). Each solution was diluted

with an appropriate volume of either absolute EtOH (quinine, na-

proxen, griseofulvin) or MeOH (carbendazim). Concentrations were

calculated using previously generated calibration curves. Appro-

priate blanks were prepared by diluting aliquots (0.800 mL) of the

DMSO/water solutions (or HPLC-grade water in the case of the

control) in analogous fashion to the sample being measured.

General Procedure for Solubility Determination
in Mixtures of Sulfoxide 3 in pH 7.0 Buffer
Preparation of sulfoxide/buffer solutions. In the case of a 10% w/w

solution of sulfoxide 3 in 0.01M pH 7.0 phosphate buffer, 3 (700mg)

was dissolved in 0.01M Na2HPO4/NaH2PO4 buffer (6.30mL) and

equilibrated on a platform shaker at 200 rpm for 30min at rt. In the case

of a 25% w/w solution of sulfoxide 3 in 0.01M pH 7.0 phosphate buffer,

3 (1.50 g) was dissolved in 0.01M Na2HPO4/NaH2PO4 buffer (4.50mL)

and equilibrated on a platform shaker at 200 rpm for 30min at rt.

Solubility measurements. Eppendorf vials (1.5 mL size) were charged

with model compounds in excess. Vials were charged with either pH

7.0 phosphate buffer (1.00 mL) or the appropriate 3/buffer solution.

The vials were briefly vortexed and equilibrated in an end-over-end

rotator at 30.0�C for 20 h. The vials were centrifuged directly after

removal from the rotator (4,000 rpm, 1,300 g, 15 min, rt), and aliquots

of the supernatant (0.800 mL) were filtered through 0.45-mm syringe

filters. The pH of each solution was measured using a Thermo-

Scientific electrode (3 mm tip) after calibration. Each solution was

diluted with an appropriate volume of either absolute EtOH (quinine,

naproxen) or MeOH (carbendazim). Concentrations were determined

using standard additions of a stock solution of the compound in

either absolute EtOH (quinine, naproxen) or MeOH (carbendazim) to

aliquots of the diluted filtrates.

General Procedure for Kinetic Solubility Measurements
A polypropylene tube was charged with phosphate-buffered saline

(PBS; 490 mL). To the buffer was added a 10-mM stock solution of

compound (10 mL). The tube was vortexed and equilibrated on an

end-over-end rotator for 15 min at rt. Aliquots (400 mL) were filtered

through 0.45-mm syringe filters and diluted to 5.0 mL with absolute

MeOH. Concentrations were determined by UV/VIS analysis.

General Procedure for Brine Shrimp Toxicity Assays14

Sample preparation. Stock solutions of 3 were prepared by dissol-

ving 3 (50.0 mg) in HPLC-grade water (5.0 mL) (solution A) and 3

(2.50 g) in HPLC-grade water (10.0 mL) (solution B). Stock solutions

of DMSO were prepared by diluting DMSO (45 mL) with HPLC-grade

water (5.0 mL) (solution C) and DMSO (2.27 mL) with HPLC-grade

water (10.0 mL) (solution D).

In each case, five replicates were performed. Each replicate was

performed in a 2-dram vial marked at the 4 and 5 mL volume points.

To each vial was added artificial seawater (3 mL) followed by the

appropriate volume of stock solution. For set 1 (1.0 mg/mL), solution

A (0.500 mL) or solution C (0.500 mL) was added. For set 2 (5.0 mg/

mL), solution B (0.100 mL) or solution D (0.100 mL) was added to each

A BIFUNCTIONAL DMSO SUBSTITUTE
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vial. For set 3 (20.0 mg/mL), solution B (0.400 mL) or solution D

(0.400 mL) was added to each vial. For set 4 (50.0 mg/mL), solution B

(1.00 mL) or solution D (1.00 mL) was added to each vial. Controls

containing HPLC-grade water (0.100 mL, 0.400 mL, and 1.00 mL)

were prepared in the same manner, and five replicates of each control

were prepared.

Brine shrimp hatching. Brine shrimp eggs (San Francisco Bay Brand)

were hatched in a commercial salt mixture (Instant Ocean). Constant

aeration was provided using a pump and airstone, and illumination

was maintained using a desk lamp. The shrimp were collected in a

separate tank after 48 h and used within 3–4 h of collection.

Assay. Brine shrimp (10) were added to each vial using a plastic

transfer pipet. After the shrimp were transferred, artificial seawater

was added until the volume reached the 5-mL mark. One drop of a

yeast suspension prepared by suspending 11 mg yeast in seawater

(20 mL) was added to each vial. The shrimp were counted at t = 24 h.

Another drop of freshly prepared yeast solution (6 mg in 10 mL

seawater) was added, the vials were maintained under illumination,

and shrimp were counted at t = 48 h.

General Procedure for Calculation of Water Absorption
Oven-dried flasks capped with septa were cooled under an N2 at-

mosphere and charged with a volume of the appropriate solutions

(DMSO, 3.0 mL; NMP, 600 mL; 25% 3/NMP, 600 mL). The water con-

tent was determined by Karl Fischer titration using*100-mL aliquots

(t = 0 measurement). Each septum was pierced with a 1.5-inch 18-

gauge needle and left to stand at rt for 7 days. The water content was

measured at the end of this period (t = 7 days measurement) by Karl

Fischer titration. All measurements were made in duplicate.

RESULTS AND DISCUSSION
Water-soluble sulfoxide 3 was prepared in three steps from alco-

hol 4, which is commercially available or readily prepared from

inexpensive 2-(hydroxymethyl)-2-methylpropane-1,3-diol.15 Briefly,

treatment of 4 with p-toluenesulfonyl chloride in pyridine afforded

tosylate 5.13 Dimeric sulfide formation using Na2S followed by oxi-

dation with NaIO4 provided sulfoxide 3 (Fig. 2). The synthesis is

amenable to large-scale preparation and requires no chromatography.

Initially, we aimed to use sulfoxide 3 as a substitute for DMSO in

chemical transformations such as modified Swern and Kornblum

oxidations. We reasoned the resulting sulfide 6, being less volatile

and odorous than dimethyl sulfide, would be a more tractable by-

product on industrial scale. Additionally, bisoxetanyl sulfoxide 3 is

water soluble, and we found that the sulfide byproduct could be

removed from reaction mixtures by an oxidative work-up and

aqueous washing procedure. Surprisingly, however, sulfoxide 3 was

not a viable oxidizing agent in Kornblum oxidations. For example, a-

bromoacetophenone was stable to an excess of 3 when monitored in

CD3CN over the course of several weeks; under the same conditions,

a-bromoacetophenone was reactive with DMSO within 2 days of

treatment.

We took advantage of the stability and hydrophilicity of 3 by

exploring its use for the solubility enhancement of poorly aqueous-

soluble compounds. Oxetanes are attractive functional groups for

increasing aqueous solubility due to their rigid geometries and ex-

posed polar surface area at the ring ether. Among unsubstituted

cyclic ethers, oxetane has the greatest basicity, which may be at-

tributed to a smaller carbon-to-oxygen ratio and a larger dipole

moment than its larger counterparts (e.g., tetrahydrofuran and

tetrahydropyran).16 Recently, Müller, Carreira, and coworkers dem-

onstrated that replacing a gem-dimethyl group with an oxetane

moiety can increase a scaffold’s aqueous solubility by up to three

orders of magnitude while also enhancing metabolic stability.17 We

reasoned that sulfoxide 3 may have sufficient aqueous solubility to

be completely miscible with water at useful cosolvent concentrations

while also disrupting the hydrogen-bonding network of water, thus

aiding in solubilization of lipophilic drug candidate compounds.

To evaluate the utility of sulfoxide 3 as a solubilizing agent, we

chose a test set of poorly aqueous-soluble compounds, beginning

with curcumin 7 (Fig. 3). Curcumin has shown promise in treating

Fig 2. Synthesis of water-soluble sulfoxide 3.

Fig. 3. Compounds screened in the aqueous solubility study.
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colon cancer and various other disorders, but its use is limited in part

by its low aqueous solubility (0.6 mg/mL at ambient temperature, as

high as 7.4 mg/mL upon heating) and consequently limited bio-

availability.18 We measured the solubility of curcumin by UV/VIS

spectroscopy after equilibration for 20 h at ambient temperature in an

end-over-end rotator. We were pleased to see an increase in aqueous

solubility at ambient temperature to 60 – 20 mg/mL using a 25 wt%

solution of 3 in water. Although the aqueous solubility remained low,

the *100-fold enhancement factor was encouraging.

We further examined the solubility enhancement of 8–12 by

equilibrating the compounds in solutions of increasing amounts of

sulfoxide 3 in water. Gratifyingly, up to 10-fold increases in aqueous

solubility were observed for 8–11, and almost twofold improvements

in aqueous solubility were observed in comparison to equivalent

DMSO/water solutions (Figs. 4–7).

Based on the solubility curves (Figs. 4–7), the sulfoxide 3 and

DMSO function as cosolvents rather than complexing agents. Ac-

cording to the model derived by Yalkowsky,7 an exponential increase

in observed solubilities occurs with increasing the volume fraction

solvent according to equation 1, where Smix and Sw are the solubility

Fig. 4. Solubility of quinine 8 in aqueous solutions with sulfoxide 3
( ) and DMSO ( + ) as cosolvents. Each trial was run in duplicate
and each point represents the average of the duplicate trials. In the
case of sulfoxide 3, the pH ranged from 8.7 (with no additive) to
9.4 (with a 0.25 weight fraction additive). In the case of DMSO, the
pH ranged from 8.9 (with no additive) to 9.5 (with a 0.25 weight
fraction additive). DMSO, dimethylsulfoxide.

Fig. 5. Solubility of naproxen 9 in aqueous solutions with sulfoxide
3 ( ) and DMSO ( + ) as cosolvents. Each trial was run in duplicate
and each point represents the average of the duplicate trials. In the
case of sulfoxide 3, the pH ranged from 4.6 (with no additive) to
4.2 (with a 0.25 weight fraction additive). In the case of DMSO, the
pH ranged from 4.8 to 4.4.

Fig. 6. Solubility of carbendazim 10 in aqueous solutions with
sulfoxide 3 ( ) and DMSO ( + ) as cosolvents. Each trial was run in
duplicate and each point represents the average of the duplicate
trials. In the case of sulfoxide 3, the pH ranged from 6.7 (with no
additive) to 7.0 (with a 0.15 weight fraction additive). In the case of
DMSO, the pH ranged from 6.8 (with no additive) to 7.4 (with a
0.25 weight fraction additive).

Fig. 7. Solubility of griseofulvin 11 in aqueous solutions with sulf-
oxide 3 ( ) and DMSO ( + ) as cosolvents. Each trial was run in
duplicate and each point represents the average of the duplicate
trials. In the case sulfoxide 3, the pH ranged from 6.3 (with no
additive) to 6.8 (with a 0.20 weight fraction additive). In the case of
DMSO, the pH ranged from 6.3 (with no additive) to 6.8 (with a
0.20 weight fraction additive).

A BIFUNCTIONAL DMSO SUBSTITUTE
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of the solute in the cosolvent mixture and water, respectively, r is the

solubilizing power of the cosolvent, and fc is the volume fraction of

the cosolvent. The slope of a semi-log plot (r) is related to the co-

solvent’s ability to disrupt the intermolecular hydrogen bond net-

work of water and form a less polar solvent mixture. Thus, the

solubilizing power of sulfoxide 3 and DMSO can be accounted for

when comparing the difference in the experimental log P of sulfoxide

3 ( - 0.87) and the reported log P of DMSO ( - 1.3).19

Log Smix = log Sw + rfc (1)

We can tentatively rule out complexation as a solubilization

mechanism assuming that additive–solute complexes would form in

a 1:1 ratio. If that were the case, a linear correlation between additive

fraction and solubility would be observed.

The aqueous solubility of estrone 12 is low (0.8 mg/mL),20,21 and

we were unable to quantify the aqueous solubility or observe an

increase in solubility in the case of a 25% (w/w) mixture of 3 and

water; however, increasing the pH of the media using a pH 9.0 buffer

(Borax) as well as addition of NMP to generate a ternary mixture was

useful. In this case, the ternary mixture of 3:1:1 pH 9.0 buff-

er:NMP:DMSO was more effective at solubilization than the 3:1:1 pH

9.0 buffer:NMP:3 mixture (Table 1, entries 3 and 4).

We also explored the solubility of test compounds with ionizable

functionalities in 0.01 M pH 7.0 phosphate buffer (Table 2). In the

case of naproxen, the sulfoxide had little effect on the ionized sub-

strate even at 25% w/w concentrations. The effect on the solubility of

quinine was diminished at 10% w/w, but an advantage in using 3 was

observed in 25% w/w solutions. The solubility of carbendazim in the

buffered medium was the same as in solutions made from unbuffered

HPLC-grade water.

We also determined the kinetic solubility of two test compounds,

carbendazim 10 and griseofulvin 11, in PBS solution after adding

stock solutions prepared in three media: DMSO, NMP, and 25% 3/

NMP (Table 3). The test compounds were prepared at concentrations

of 10 mM and added to the buffer at room temperature such that

cosolvent concentration was fixed at 2%. The measured solubility

was consistent for both test compounds across the three stock solu-

tions. While the kinetic solubility of griseofulvin was found to be

higher than reported22 (and nearing the threshold solubility of

200 mM), there was no statistical difference in the kinetic solubilities

of the test compounds among the three different media.

Recently, we disclosed a series of compounds with nanomolar to

micromolar inhibitory activity against the serine/threonine protein

kinase D isoform 1 (PKD1) (Fig. 8).23–25 Several lead structures,

Table 1. Solubility of Estrone 12 in Media Buffered at pH 9.0

Entry Medium Solubility (lg/mL)a

1 3:1 pH 9.0 buffer/3 30 – 10

2 3:1 pH 9.0 buffer/NMP 63 – 5

3 3:1:1 pH 9.0 buffer/NMP/3 160 – 20

4 3:1:1 pH 9.0 buffer/NMP/DMSO 230 – 30

aSolubility was determined after equilibration for 20 h at 30�C. Data were

obtained by UV/VIS analysis of the saturated solutions and were confirmed by

analysis of independently prepared estrone standards. Each entry represents a

mean solubility – standard deviation (n = 3).

DMSO, dimethylsulfoxide; NMP, N-methylpyrrolidinone.

Table 2. Solubility of Selected Model Substrates in Solutions
of Sulfoxide 3 in 0.01 M pH 7.0 Phosphate Buffer

Entry Compound

Weight

percent 3 in

pH 7.0 buffer

Solution

pHa

Measured

solubility

(lg/mL)b

1 8 0 6.0 1,100 (780)c

2 8 10 5.8 1,900 (1,300)c

3 8 25 5.2 6,200 (3,900)c

4 9 0 7.6 950d

5 9 10 8.0 1,100

6 9 25 8.2 1,400

7 10 0 6.8 10

8 10 10 6.9 34

9 10 25 7.1 77

aThe pH was measured electrochemically after excess compound had been

filtered from the solution.
bMeasurements were performed in duplicate unless otherwise noted.
cThe two numbers represent data from separate trials where entries 1–3 were

run in parallel. There was some variability in the results from the two trials.
dAverage of five trials.

Table 3. Kinetic Solubility Measurements
in Phosphate-Buffered Saline

Entry Compound

Medium of

stock solution

Kinetic

solubility (lM)a

1 10 DMSO 140 – 13b

2 10 NMP 160 – 5

3 10 25% 3/NMP 150 – 9

4 11 DMSO 170 – 16

5 11 NMP 180 – 13

6 11 25% 3/NMP 190 – 7

aData are reported as mean – standard deviation (n = 3).
bData are reported as mean – standard deviation (n = 5).
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especially those containing a pyrimidine moiety, suffered from poor

solubility not only in aqueous media but also in DMSO. To test the

feasibility of using sulfoxide 3 as a cosolvent for in vitro assays, we

examined its use in the radiometric PKD1 inhibition23–25 assay.

Inhibitory activity at two concentrations (1 mM and 10 mM) was

measured using compound stock solutions in three formulations:

DMSO, NMP, and 25% 3/NMP (Figs. 9 and 10). Comparable bio-

logical efficacy was observed for stock solutions in 3/NMP versus

DMSO. Most significantly, sulfoxide 3 did not interfere with the

standard PKD1 inhibition assay.

Toxicity
The strain energy of the oxetane ring (25.2 kcal/mol)26 raises

concerns about the electrophilicity and related toxicity and muta-

genicity of molecules containing an oxetane moiety. Computational

models have indicated that despite having comparable

strain energy to oxirane (26.8 kcal/mol),26 oxetane is 106

times less susceptible to nucleophilic addition than ox-

etane.27 Animal studies have implicated the potential

carcinogenicity of oxetane and 3,3-dimethyloxetane; it

was shown that both compounds induce tumor forma-

tion at the site of injection in rats.28,29 However, a recent

report studying the alkylating ability of oxetane, 3,3-

dimethyloxetane, and 3-methyl-3-oxetanemethanol (1)

demonstrated that these oxetanes are neither mutagenic

nor genotoxic.30 Furthermore, alkylation of 4-(p-

nitrobenzyl)pyridine was only observed at acidic pH,

implicating that oxetanes do not act as alkylating agents

at physiological pH.30

To assess the systemic toxicity of oxetane-substituted

sulfoxide 3, we performed a brine shrimp assay (Table

4).14 Brine shrimp floating in water containing con-

centrations of 3 up to 20 mg/mL showed < 10% mortality after 48 h.

Shrimp incubated in water containing 50 mg/mL of 3 had 85%

mortality after 24 h and 100% mortality within 48 h. These data in-

dicate an LC50 of *32 mg/mL (i.e., at 147 mM). In comparison, brine

shrimp treated with DMSO at the same concentrations showed no

mortality after 24 h and only 15% mortality after 48 h at 50 mg/mL of

DMSO. These results indicate that sulfoxide 3 may be tolerated in

biological assays in concentrations by mass of up to 2%.

The cellular toxicity of sulfoxide 3 was further determined for a

breast cancer cell line (MDA-MB-231) and a liver cell line (HepG2). In

both cases, the 50% growth inhibition (GI50) for 3 was *200 mM,

whereas the GI50 for DMSO was determined as *800 mM. Interest-

ingly, both cell lines exhibited the same threshold effect as observed

in the case of the brine shrimp, showing only very limited toxicity at

concentrations up to *100 mM.

Fig. 10. Plot of PKD1 activity with compound concentrations of
10 mM. Stock solutions were prepared in three different media
[DMSO ( ), NMP (,), and 25% 3/NMP (-)] at concentrations of
10 mM, and dilutions were performed using the same media. The %
PKD1 activity is reported as the mean, and error bars represent
SEM (n = 3). The % PKD1 activity was determined as previously
described.24

Fig. 8. Compounds assayed for PKD1 inhibitory activity. The structures have been
reported previously.23–25 PKD1, protein kinase D isoform 1.

Fig. 9. Plot of PKD1 activity with compound concentrations of 1 mM.
Stock solutions were prepared in three different media [DMSO ( ),
NMP (,), and 25% 3/NMP (-)] at concentrations of 10 mM, and
dilutions were performed using the same media. The % PKD1 ac-
tivity is reported as the mean, and error bars represent SEM (n = 3).
The % PKD1 activity was determined as previously described.24

NMP, N-methylpyrrolidinone; SEM, standard error of the mean.
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Properties of 3/NMP Solutions
Because sulfoxide 3 is a solid, it would have to be mixed with an

appropriate water-soluble cosolvent to act as a compound storage

additive. We chose NMP for exploring this potential application due to

its thermal stability and low toxicity. Furthermore, it had been dem-

onstrated that NMP had a greater solubilizing power than ethanol and

propylene glycol,11 and NMP was previously used for solubility en-

hancements both in bioassays31 and commercial pharmaceutical ap-

plications such as the Eligard� formulation for delivery of leuprolide

to prostate cancer patients. We stored the compound test set (Fig. 2) in

25% w/w solutions of 3 and NMP for 6 weeks at - 20�C. During this

time, we noted that 3 partly precipitated from the solution at this

temperature, but no change in model compound concentration was

observed after thawing of the storage vessels.

A study performed at Abbott indicated that water absorption

might induce more significant compound degradation than oxygen

exposure.32 To ascertain the degree of water absorption, we moni-

tored a 25% w/w 3/NMP solution for 1 week at ambient temperature

(Table 5). Although significant water absorption was observed

(*7,000 ppm over the course of 7 days), the 3/NMP solution ab-

sorbed less water than NMP alone. This result indicates that the hy-

groscopicity of sulfoxide 3 is low relative to NMP.

CONCLUSION
We have demonstrated the utility of oxetane-substituted sulfoxide

3 as a cosolvent for enhancing the aqueous solubility of model drug

compounds. Although the relative acute toxicity of 3 was higher than

that of DMSO in brine shrimp and cell-based assays, it was suffi-

ciently low to permit its use in cellular and in vivo assay development

in up to 2% final concentrations. Furthermore, sulfoxide 3 proved

experimentally to be far less oxidizing than DMSO, and this property

could provide greater stability to long-term compound storage so-

lutions. The amount of water absorption will likely depend on the

choice of cosolvent, but the nature of 3 (being a solid) may allow the

assay developer to choose cosolvents that either do not absorb as

much water as DMSO (or NMP) or do not undergo the dramatic

changes in physical properties observed in the case of wet DMSO

solutions. As shown in our PKD1 assays, 3 does not alter the bio-

chemical readout in standard in vitro assays.

To the best of our knowledge, this is the first report of the incor-

poration of an oxetane moiety into a cosolvent structure for solu-

bility enhancement. The oxetane motif allows for the design of more

lipophilic cosolvents that still maintain good aqueous miscibility due

to the dipole moment at the oxetane oxygen. This study on the utility

of sulfoxide 3 as an aqueous-soluble cosolvent prompts further de-

velopment of additives bearing oxetanes or related heterocycles.
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