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Abstract Herein, we present a new one-pot procedure for the 3,6'-
dithionation of pomalidomide derivatives in which the key 3-position
sulfur atom is preferentially installed at the desired (but sterically con-
gested) carbonyl of the aminophthalimide system and with regiochem-
istry distinct from Lawesson’s Reagent thionation methods. When heat-
ed in 1,4-dioxane with P,S;o—pyridine complex, pomalidomides are
smoothly and reproducibly converted into their 3,6'-dithionated ana-
logues in roughly 30% isolated yield and at various scales. While detri-
mental to the desired 3,6'-type outcome when employing Lawesson’s
Reagent, we hypothesize that the pomalidomide aniline group instead
facilitates P,S,o-type thionation at the otherwise hindered 3-position
carbonyl, contributing to the selectivity observed. When paired with
classical methods of thionation, this approach offers an interesting and
appealing addition to the synthetic toolbox, permitting facile late-stage
access to complementary thionated pomalidomides in direct single-
flask procedures.

Key words thionation, pomalidomides, dithionation, aminophthalim-
ides, regioselectivity

Pomalidomide (1) is a well-known derivative of thalido-
mide, possessing a variety of immunoregulatory and tu-
moricidal properties. In this regard, it is currently being
marketed for the treatment of multiple myeloma.! Research
in our laboratory has demonstrated advantageous conse-
quences of thionation on the efficacy and toxicity profiles
of various thalidomide analogues in the treatment of mild
traumatic brain injuries and other proinflammatory pro-
cesses.? We recently identified 3,6'-dithiopomalidomide (3;
3,6'-DT-pom) (Figure 1) as showing particular promise in
lowering classical proinflammatory markers in response to
applied stress.? In these studies, 3,6'-DT-pom (3) demon-
strated a similar anti-TNF-a activity to that of pomalido-
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Figure 1 Structures of pomalidomide, thalidomide, and dithionated
pomalidomides. The numbering pattern illustrates the locations of in-
terest, including the 3-, 1- and 6'-position carbonyls of pomalidomide
and related aminophthalimides.

mide in both RAW 264.7 cellular studies and in rodents
challenged with lipopolysaccharide, but additionally low-
ered inflammation-induced COX-2 and iNOS.

Despite these advantages, our laboratory had yet to de-
velop even a modestly scalable method yielding 3,6'-DT-
pom and similar desirable materials. Our initial syntheses
(which combined pomalidomide with Lawesson’s Reagent
(LR) in refluxing toluene) were impeded by solubility lim-
itations and also generated multiple thionated isomers and
byproducts which were difficult to separate using standard
purification methods.* The major dithionated product in
these cases proved to be the isomeric 1,6’-dithiopomalido-
mide (4; 1,6'-DT-pom). Further compounding the issue,
only minor amounts of the desired 3,6'-DT-pom were effi-
ciently isolable from these complex reaction mixtures. Even
in the best circumstances, the reactions were erratic and
not reliably repeatable owing to the aforementioned limita-
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Figure 2 Thionated cyclicimides generated using Lawesson’s Reagent
and showing thionation at the less-hindered carbonyl

tions. Needless to say, quantities of the valuable 3,6'-DT-
pom sufficient for advanced biological studies were not fea-
sible using the Lawesson’s-based method. These shortcom-
ings, combined with our desire to investigate complemen-
tary 3,6'-type materials, led us to explore new reagents and
conditions for the scalable production of 3,6’-DT-pom (3)
and similarly thionated aminophthalimides.

Our experience with thalidomide reactivity patterns’
led us to reason that the pomalidomide glutarimide 6’-posi-
tion would be easily thionated with almost any of the re-
agents we would consider for our new method. Therefore,
the difficult transformation (and the main hurdle needed to
be cleared) would be preferential thionation at the sterically
encumbered 3-position carbonyl concurrent with abated
reactivity at the readily available 1-position. Previous stud-
ies on Lawesson’s-type thionations of cyclic imides demon-
strated that the reactions occur preferentially at the less
crowded carbonyl, and are largely independent of simple
electronic effects (Figure 2). In these regards, -NH,, -CH;,
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Figure 3 Hypothetical reaction pathways for thionation of the poma-
lidomide aminophthalimide moiety with a focus on the desired 3-po-
sition carbonyl. (a) Interaction of the 4-position amino group with a
sterically accessible phosphorus-based thionating agent. The thionat-
ing center locates in proximity to the desired 3-position carbonyl. (b)
Distorted six-membered hydrogen bonding. (c) Increasing local car-
bonyl electron density via resonance/inductive effects. LG = leaving
group.
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-Br, -OMe, and -NO, substitution proximal to a carbonyl can
direct thionation to the opposing side of the imide, suggest-
ing that a new paradigm could be required to achieve pref-
erential reactivity at our desired positions in pomalido-
mide.

While seemingly detrimental to Lawesson’s-type reac-
tivity at the pomalidomide 3-position carbonyl, we hypoth-
esized that the phthalimide 4-amino group might instead
be utilized to our advantage if combined in tandem with
the proper thionation partner. We initially envisioned the
most direct use of this aniline could be as a molecular chap-
erone, guiding an appropriately compact non-Lawesson’s-
type reagent toward the desired 3-position (Figure 3a). Pre-
sumably, a thionation center substituted by an appropriate
leaving group could permit amine attack, thereby localizing
the sulfur-transferring source proximal to the object car-
bonyl. Alternatively, the aniline could facilitate the desired
thionation via hydrogen bonding’ or through inductive/res-
onance electronic effects (Figure 3b,c).8 In this regard, a va-
riety of conceivable pathways unfavored with Lawesson’s
Reagent or simply unavailable to the 1-position carbonyl
could prime the 3-position towards thionation, and espe-
cially when conditions might otherwise and independently
support a more accessible location.

Table 1 Screen of Pomalidomide Thionation Conditions Highlighting
NH: o o

the Multithionated Product Distributions
NH2 o o
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Entry Reagent Solvent Time (h) Ratio 4/3°

1 R toluene 18h 4:1b

2 P.S10-pyr pyridine 2h 1:10°

3 P,S10-pyr MeCN 2h 3 only®

4 P,S10-pyr 1,4-dioxane  2h 3 only©

5 P,S1o 1,4-dioxane  2h 3 detected with indi-
cation of trithionated
materials

6 P,S1o + Py 1,4-dioxane 2h 1:44°

2 Approximated using LC/MS extrapolated peak areas.

b Reaction not fully complete; starting pomalidomide material and/or
monothionated intermediates remain clearly detectable.

¢The desired material 3 is the overwhelmingly major peak by far; starting
or monothionated materials are trace components.
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Figure 4 Structures of relevant thionating reagents

When searching for appropriate reagents, we noticed
the recently investigated P,S;,—pyridine complex 10 (P,S;,-
pyr; Figure 4).° It offered many desirable traits compared
with LR, including ease of preparation, simplified workup,
amenability to a variety of solvents, and, most interestingly,
a potential leaving group in the form of a pyridinium ligand.

Initially, we screened P,S;,—pyr with pomalidomide in
pyridine, acetonitrile, or 1,4-dioxane in a series of LC/MS
experiments and were pleased to discover 3,6'-DT-pom as

the major dithionated isomer, with only trace amounts of
undesired 1,6'-DT-pom detected in certain cases (Table 1).10
The reaction was comparatively sluggish in pyridine, with
significant amounts of pomalidomide starting material and
presumed monothionated intermediates present after two
hours. A very minor amount of the 1,6'-isomer was present
as well. During the same timeframe, the reactions in both
acetonitrile and dioxane were absent of detectable 1,6-DT-
pom, with the MeCN iteration showing minimal remaining
monothionated adducts, while the dioxane attempt was
driven essentially to completion. Given the structural simi-
larities between P,S; (generated during dissociation of 12)
and the P,S;,-pyr complex 10, we wondered if traditional
P,S;o would be a viable thionation reagent in our system.'!
When pomalidomide was screened with P,S,, in 1,4-diox-
ane, we noticed a rapid consumption of the starting materi-
al and significant production of 3,6’-DT-pom. Unfortunate-
ly, the reaction was quite indiscriminate, being complicated
by the production of 1,6’-DT-pom and materials consistent
with higher trithionated masses'? even after 15 minutes; by
two hours of reaction time, it was clear that the reaction
was being driven towards the trithionated congeners.!? In
an attempt to attenuate this harsh reactivity, we performed

Table 2 Regioselective Mono- and Dithionation of Aminophthalimides with Associated Yields?

Entry Substrate Product Scale Yield, Avg.b
1 NH: o o NH g ¢ 25 mg (0.09 mmol) 8.0 mg (29%)
NH NH 100 mg (0.36 mmol) 35mg (31%)
4&): ‘Z\;)‘: 274 mq (1 mmol) 96 mg (31%)
N o N S
o o
1 3
2 N o o NHe s o 25 mg (0.09 mmol) 8.6 mg (29%)
NH NH
N o N S
£ O £ O
13 14
3 )\ )\ 30 mg (0.09 mmol)© 12 mg (36%)
NH o o NH s O
NH NH
N (0] N S
£ O [
15 16
4 89 mg (0.36 mmol)¢ 45 mgq (47%)

NH; o NHz g
O OO
o o

17 18

244 mg (1 mmol) 178 mg (68%)

3 Reaction conditions: pomalidomide (1.0 equiv), P,S;o-pyr (1.5 equiv), 1,4-dioxane, 100 °C, under N,. The reaction was monitored by LC/MS, and the product

was purified by chromatography.
b Average yield of two or three iterations, see Supporting Information.
€P,S10-pyr (2 equiv), 40 h.

4P,S1o-pyr (0.75 equiv) was used (based upon the carbonyl stoichiometry relative to pomalidomide).
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Figure 5 Representative HPLC traces demonstrating amine electronic influence on reactivity patterns of isomeric aminophthalimides with differing
thionation systems at 1 h of reaction time. Materials were thionated with either P,S;,—pyridine complex or Lawesson’s Reagent and using the indicated
solvent (1,4-dioxane or toluene) (see the Supporting Information for complete details). In systems (a) and (b), starting material 19 elutes at 4.5 min,

monothionated adducts appear at 10.9 min and 11.4 min (inferred by mass).

In these instances, the regiochemical differences between thionation

protocols are seemingly negligible. In systems (c) and (d), starting material 17 elutes at 6.5 min, and the regiochemical bias is clear, with the indicated
major monothionated species eluting at 11.8 min (c) and at 12.8 min (d) (toluene or 1,4-dioxane). Spectra were obtained at 280 nm.

a similar reaction but with added pyridine to crudely ap-
proximate the in situ production of the P,S;,~pyr reagent.!#
We were cautiously optimistic to find that this iteration
proceeded in a much more controlled fashion, especially
given the sensitivity of multicomponent P,S;,-derived thi-
onations to reagent quality, reaction conditions, and the
choice of the imide-type substrate.’> Whereas this method
was clearly superior to using P,S,, alone, there was still a
noticeable amount of undesired 1,6'-DT-pom (4) produced
in addition to other thionated isomers. Ultimately, the
P,S;o-pyridine complex 10/1,4-dioxane motif afforded a
much cleaner LC/MS profile in our screen, demonstrated
consistent reproducibility, and was selected as the method
of choice for all further synthetic reactions.

Next, a small family of aminophthalimides reacted
smoothly in one-pot procedures to produce the desired thi-
onated pomalidomide derivatives in moderate but consis-
tent yields (Table 2).1® Most importantly, the relevant 3-po-

sition thionations occurred cleanly and without significant
competition from the 1-position carbonyl. Pomalidomide
(1) afforded the key 3,6'-dithiopomalidomide (3) in 29%
isolated yield; this reaction worked equally well at all scales
examined. Halogen substitution para to the amine ap-
peared to have little effect on the reactivity pattern, as fluo-
rinated analogue 14 was generated in 29% yield. Notably,
the bulky N-isopropyl analogue 15 provided hindered 16 as
the major dithionated product in 36% isolated yield. Finally,
cyclohexyl-substituted analogue 18 was readily obtained,
particularly at the 1 mmaol scale.

To further probe this reactivity and highlight the re-
giochemical preference for the 3-position carbonyl, we sub-
jected isomeric cyclohexyl aminophthalimides 17 and 19 to
a series of thionation conditions (Figure 5). In substituting
the glutarimide ring of the pomalidomide backbone with a
simple cyclohexane, we simplified our subsequent analyses
by eliminating any possible thionation event at the uninter-
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esting 6'-position, while simultaneously relieving some of
the potential electronic influence and steric congestion
neighboring the key imide moiety. With the amine re-
moved from direct proximity to the 3-position carbonyl,
thionations of 5-aminophthalimide 19 using P,S,,-pyridine
or LR (Figure 5a,b) yielded nearly identical HPLC profiles af-
ter a one hour reaction time, with two resulting monothi-
onated products'? generated in practically equal ratios and
largely independent of the thionation reagent or solvent
employed (Figure 5; product peaks 10.9 and 11.4 min).
With the adjacent amine reestablished in 4-aminoph-
thalimide 17, the expected regiochemical preferences re-
surfaced, with LR providing a distinct major 1-thionated
species 20 (12.8 min) versus the 3-thionated product 18
(11.8 min) obtained with the P,S,,—pyr/dioxane system
(Figure 5d,c). It is evident that in this simplified system, any
inherent electronic activation'” afforded by the amine alone
is not the sole driving force behind the observed re-
giochemical bias; if this were the case, one would expect
the product distributions in Figure 5c,d to mirror those in
Figure 5a,b. Although such activation may certainly con-
tribute to 4-aminophthalimide 3-position thionation and
reactivity in general, it is perhaps not significant enough to
overcome the regiochemical implications associated with
LR.

Additionally, a prominent solvent effect disparity be-
tween 1,4-dioxane and toluene influencing 3-thionation is
unlikely, as one would presume a more marked discrepancy
in the corresponding traces shown in Figure 5b,d. However,
the modest selectivity differences seen in pomalidomide
thionation (Table 1) may help to illuminate the importance
of aniline hydrogen bonding on the associated regiochemi-
cal bias, as the notably stronger hydrogen-bond-accepting
pyridine deteriorates the reaction rate and selectivity rela-
tive to weaker acceptors like 1,4-dioxane.!® While a full and
thorough mechanistic investigation is beyond the scope of
this preliminary (and largely empirical) study, the selectivi-
ty afforded here is quite striking and likely due to a complex
amalgamation of steric and electronic properties coupled
with the peculiarities of the specific thionating species in-
volved. Further mechanistic analyses and new thionated
materials are currently being explored.
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