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ABSTRACT: A chiral rhodium(I)—diene catalyst enabled
the one-step synthesis of f-aryl f-imido sulfones under mild
reaction conditions. By selection of the chiral diene ligand L1a
or L2, each enantiomer of the chiral f-aryl f-imido sulfone
target can be accessed with high stereoselectivity. Demon-
stration of the scope of the reaction, which includes the
synthesis of an N-protected chiral f-amino f-phenyl sulfone,
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culminated with the efficient synthesis of the heteroatom-rich active pharmaceutical ingredient apremilast.

Enantioenriched f-amino sulfone derivatives are versatile
synthons in synthetic chemistry”” and display a wide
range of biological activities as compounds of medicinal
importance.” For example, the oral drug apremilast (Otezla)
(Figure 1), which is an inhibitor of phosphodiesterase 4
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Figure 1. Drug molecules containing f-amino sulfone moieties.

(PDE4), is currently being used to treat active psoriatic
arthritis and plaque psoriasis.”” ABT-518, a selective and
potent matrix metalloproteinase inhibitor, has shown inhib-
ition of cancer cell grow’th,*}’c while canfosfamide is a nitrogen
mustard prodrug with potential antineoplastic activity that has
been explored in phase 2 clinical trials for the treatment of
several cancer indications.*

Chiral f-amino sulfones and thelr derivatives are generally
prepared from amino acids,”” by the diastereoselective
addition of lithiated sulfone carbanions to chiral N-
sulfinylimines,”** or through enantioselective aza-Michael
additions to vinyl sulfones.” However, these methods require
multistep manipulations and/or relatively expensive chiral
auxiliaries. Transition-metal-catalyzed syntheses of f-amino
sulfones are limited to Rh-catalyzed homogeneous enantiose-
lective hydrogenations of S-sulfonyl enamines® and f-
acetylamino vinyl sulfones.”

With a need to identify an efficient and enantioselective
synthetic method for producing the active pharmaceutical
ingredient apremilast, we set out to assess whether the Rh-
catalyzed addition reaction could be applied to B-phthalimido

-4 ACS Publications  © xxxx American Chemical Society

vinyl sulfone Michael acceptor substrates. The Rh(I)-catalyzed
asymmetric addition of organoboron reagents to electron-
deficient conjugated alkenes, known as the Hayashi—Miyaura
reaction, has emerged as the method of choice for the
preparation of homochiral p-alkenyl- or p-aryl-substituted
carbonyl compounds and electronic equivalents such as nitro-
and phosphonyl alkenes, among others.” The first reported
asymmetric addition of arylboronic acids to a,f-unsaturated
sulfones was catalyzed by Rh(I)—diphosphine catalysts and
relied, crucially, on the chelating effect of a strategically
positioned S-(2-pyridyl) group directly adjacent to the sulfur
atom.® Without the 2-pyridyl group, or a less effective 2,6-
pyrimidyl or imidazoyl group, the vinyl sulfones were inert
toward 1,4-addition® or underwent nucleophilic cine-sub-
stitution when aryltitanium triisopropoxide reagents were
used.” The recent development of chiral Rh(I)—diene
catalysis,”*~" however, has paved the way for the arylation of
unsaturated cyclic and acyclic sulfonates and sulfones without
the necessity for a 2-pyridyl group.'’

Despite these advances, to the best of our knowledge, no
examples of 1,4-additions of arylboronic acids to f-imido vinyl
sulfones catalyzed by Rh(I) salts have been reported. By
analogy to the corresponding carbonyl compounds,'’ we
envisioned that chiral $-aryl f-amino sulfone derivatives, such
as apremilast, could be accessed by the Rh(I)-catalyzed
arylation of a,B-unsaturated S-imido sulfones.'” Here we
describe a general approach that provides access to
enantioenriched f-aryl pB-phthalimido and -succinimido
sulfones, which can be readily converted to f-amino sulfone
derivatives, via a Rh(I)-catalyzed asymmetric addition reaction
of arylboronic acids to S-imido vinyl sulfones.
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Investigations commenced with a model addition reaction of
phenylboronic acid (2a) to S-phthalimido (E)-vinyl sulfone 1a
catalyzed by complexes formed from [RhCI(C,H,),],
(precatalyst) and chiral 2,5-diaryl-substituted bicyclo[2.2.1]-
heptadlene ligands Lla—e previously developed in our
laboratory'® (Table 1). Ligands L2, L3, and L4 have been

Table 1. Optimization of the Reaction Conditions”

N N [RRCI(CoHa)slz / L o Pn 0.0
NSNS0 L pra(on), _(6mol % of Rh NS,
Et;N, MeOH, 60 °C
0 o
fa 2a 3aa
entry L time yield (%) ee (%)
1 Lla 2 99 99
2 L1b 3 90 97
3 Llc 4.5 83 98
4 Li1d 3 92 97
N Lle S 58 99
6° Lla 3 80° 94
7 L2 3 91 —98
8 L3 24 NR ND.
9 L4 30 N.R. N.D.
10¢ Lla 7 89 98
11° Lla 24 50 9

“Reaction conditions: 1a (0.11 mmol), 2a (0.22 mmol), [RhCI-

(C,H,),], (2.5 mol %), ligand L (6 mol %), and Et;N (0.11 mol).

Isolated yields are reported (N.R. = no reaction). The ee values were

determined by chiral HPLC analysis (N.D. = not determined). The

absolute conﬁguratlon of 3aa was determined as (R) by single-crystal

X—ray crystallography. b(Z)-1a was used. “12% (E)-1a was recovered.
43 mol % catalyst. “1 mol % catalyst.
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L1a: Ar = CgHs }/&:
L1b: Ar = 4-Me-CqH,
L1c: Ar = 4-F-CgH, 3aa

L1d: Ar = 4-Cl-CgH,
L1e: Ar = 4-NO,-CeHy

reported elsewhere as being useful in Hayashi— Mlyaura
reactions and were therefore examined also. Initial screening*

of the reaction conditions involved a large array of inorganic or
organic amine bases in dioxane, MeOH, EtOH, or i-PrOH as
the solvent in the presence of Rh(I)/L1la (5 mol %) at 60 °C.
While it was evident that some conditions provided poor
yields, the combination of Et;N"* and MeOH was found to
furnish both an excellent yield (96%) and enantioselectivity
(99% ee) of sulfone 3aa. Single-crystal X-ray crystallography
unequivocally determined that 3aa was R-configured. Further
screening under these conditions with diene ligands L1b—e
revealed that moderate to good yields and high enantiose-
lectivities of 97—99% ee were attainable (Table 1, entries 2—
5); among the five dienes L1a—e, however, phenyl-substituted
derivative Lla offered the best yield and enantioselectivity
(entry 1). Contrary to our expectation, addition of 2a to the Z
isomer of la gave rise to the same enantiomer of the addition
product, (R)-3aa, albeit with slightly reduced selectivity and
yield (entry 6). In situ isomerization of (Z)-la to the
thermodynamically more stable E isomer accounted for the
production of (R)-3aa rather than the anticipated enantiomer
(S)-3aa; this was supported by the recovery of unreacted (E)-
la from the reaction mixture. While the same reaction failed
when chiral bicyclo[3.3.0]octadiene ligand L3 or the chiral

diphosphine ligand (S)-BINAP (L4) was employed (entries 8
and 9), the use of chiral bicyclo[2.2.2]octadiene ligand L2
provided a 91% yield of 3aa with —98% ee (entry 7), thereby
allowing access to the other enantiomer of the product. While
comparable enantioselectivities were observed when the
reactions were conducted in the presence of 3 and 1 mol %
Rh(I)/L1a, the chemical yield dropped to 89% and 50%,
respectively (entries 10 and 11).

Next, the scope of the addition reaction of f-phthalimido
a,p-unsaturated sulfone la was examined by substituting
variously adorned arylboronic acids for phenylboronic acid
(2a) from the model reaction using diene ligand Lla or L2
(Scheme 1). Electron-rich (2¢ and 2d), electron-neutral (2e—

Scheme 1. Substrate Scope I”
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“Reaction conditions: 1a (0.11 mmol), 2 (0.22 mmol), [RhCI-
(CH,),); (2.5 mol %), ligand L (6 mol %), and Et;N (0.11 mol).
Isolated yields are reported. The ee values were determined by chiral
HPLC analysis.

g), and electron-deficient (2k—o) arylboronic acids all
performed well, offering the corresponding chiral addition
adducts in good yields (up to 99%) with excellent stereo-
selectivities (94—99% ee) of both enantiomers, except for 2-
methoxyphenylboronic acid (2b), which furnished only a
moderate yield of 3ab as a result of the ortho substituent.
Arylboronic acids harboring conjugated or extended #
substituents (2h—j) also underwent efficient additions, giving
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highly enantioenriched products in 70—95% yield with 95—
98% ee.

The scope of the reaction was examined further using several
S-substituted pS-phthalimido vinyl sulfones as substrates
(Scheme 2). As for the S-tolyl substrates described above, S-

Scheme 2. Substrate Scope II
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“Reaction conditions: 1 (0.11 mmol), 2 (0.22 mmol), [RhCI-
(C,H,),], (2.5 mol %), ligand L1a (6 mol %), and Et;N (0.11 mol).
Isolated yields are reported. The ee values were determined by chiral
HPLC analysis.

dodecyl (1b) and S-methyl (1c) derivatives were generally
well-tolerated, supplying the corresponding addition products
in 47-94% yield with 95—98% ee. Conversely, while the
enantioselectivities were moderately high (93—96% ee), the
yields of the f-succinimido-substituted derivatives 3da, 3dd,
and 3dg formed upon addition of boronic acids to 1d were less
pleasing (42—48%)."

With the aim of understanding the basis of the observed
stereoselectivity, DFT calculations were performed with the
putative phenylrhodium(I) comglex using the B3LYP hybrid
functional'®'” in Gaussian 16'° on two putative transition
structures. The basis sets 6-31G (d,p)"’ and LAN2LDZ"® were
employed for the main-group elements and the Rh atom,
respectively. As illustrated in Figure 2, transition structure 4a

N\
4a (0.00 keal mol) 4b (3.37 keal mol-") ¥

Figure 2. Calculated transition structures for the phenylation step
with la. Lla is shown in space-filling mode, and rhodium and
reactants are presented in ball-and-stick mode. Interatomic distances
are shown in A.

wherein the Rh atom of the complex coordinates to the Re face
of substrate 1a is energetically favored, explaining the observed
stereochemistry. The corresponding Si-face-coordinated com-
plex 4b, which would lead to the stereochemistry opposite to
that observed ((S)-3aa), was calculated to be 3.37 kcal-mol™!
higher in energy than 4a.

When the addition of 2a to 1a was conducted in CD;OD at
60 °C, deuterated product 3aa-d was isolated as a single
diastereomer (according to '"H NMR spectroscopy) in 93%
yield with 97% ee; >95% of the deuterium was incorporated at
the a-carbon with a syn relationship to the phenyl group.
These results demonstrate that alkylrhodium intermediate 3aa-
A (Scheme 3), formed by syn-phenylrhodation, underwent
deuteration (protonation) without f-hydrogen elimination’ or
isomerization.

Scheme 3. Deuterium Incorporation Experiment in the
Addition of 2a to 1a
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To illustrate the usefulness of the imido sulfone products of
our method, phthalimido derivative 3aa was treated with
hydrazine and then acidified with HCI to liberate ammonium
salt 5 (Scheme 4). This was converted to the corresponding N-

Scheme 4. Synthesis of Boc-Protected f-Amino Sulfone 6

o Phg O

N 1) NHoNH,, EtOH Ph (Boc),0, dioxane / H,0 Phy O
NS so°c.12h £hog 2 1 MNaOH, 30 °C, 12 h )\C}s"
2)1MHCI, THE  |CIH:N" """Tol | " 75% for three steps  BOCHN Tol
o 30°C,6h
3aa 5 6 (97% ee)

Boc-protected chiral f-phenyl B-amino sulfone 6 without
erosion of stereointegrity in 75% overall yield over three steps.
Such compounds may serve as chiral building blocks or amino
acid analogues.

Having demonstrated the scope of the addition reaction, we
returned to the original inspiration for developing the method:
the asymmetric synthesis of apremilast. To date, several
synthetic approaches to apremilast have been published. In
2009, Man et al.> constructed the racemic chiral -amino f-
aryl sulfone backbone required for this molecule and
completed the synthesis by its resolution using N-acetyl-L-
leucine and coupling with 3-N-acetylaminophthalic anhydride.
Man’s method, while able to provide apremilast with high ee,
suffered from a <20% yield for the first two steps combined.
This approach was later improved by Ruchelman and
Connolly,” who implemented the asymmetric hydrogenation
of an enamine derivative of the f-amino f-aryl sulfone moiety
using a Rh(I)—t-Bu-Josiphos complex followed by upgrading
of the ee, again using N-acetyl-L-leucine. Overall, the yield was
almost quadrupled. More recently, it was reported6C that
asymmetric hydrogenation of a f-acetylamino vinyl sulfide
using a Rh(I)—DuanPhos catalyst could be used to generate an
apremilast precursor, thereby representing a formal synthesis of
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apremilast. None of these methods utilized a conjugate
addition as described herein.

To our delight, vinyl methyl sulfone le harboring a free
amino group on the phthalimido group reacted smoothly with
arylboronic acid 20 under the reaction conditions described
above using ligand Lla or L2, affording (R)- or (S)-3eo
(prepared on a gram scale) in 95% or 85% yield, respectively
(Scheme S). Subsequent acetylation of (S)-3eo provided

Scheme S. Synthesis of Apremilast and Its Enantiomer
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o] o 0 B(OH), [RhCI(C;H,)l, / L1a or L2
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+ MeO Et;N, MeOH HN N
0 OEt 60 °C 3 S N7* “Me
o
1e 20

0.1 mmol, L1a: 3 h, 95%, (R)-3eo
OMe 3.8 mmol, L2: 2 h, 85%, (S)-3eo

o 0.0

AcHN L Ac,0, 70 °C
N Me 3h
o

ent-apremilast, 98% yield, 96% ee
apremilast, 94% yield, 97% ee

apremilast in 94% yield with 97% ee. The enantiomer of
apremilast was readily prepared in the same way from (R)-3eo
in 98% yield with 96% ee.

In conclusion, with the original motivation being a need for
an efficient and enantioselective method to access to the
marketed drug apremilast, a general asymmetric Rh(I)-
catalyzed arylation reaction of f-imido vinyl sulfones with
arylboronic acids has been realized.”" The reaction is mild and
affords highly enantioenriched S-phthalimido and p-succini-
mido f-aryl sulfones in high yields. Electron-rich, -neutral, or
-poor boronic acids are tolerated, as are modifications to the
imido moiety and the sulfur substituent of the Michael
acceptor. While a number of diene ligands (Lla—e and L2)
were found to be useful in the transformation when it was
conducted in the presence of S mol % Rh(I) precatalyst, chiral
ligands L1a and L2 permitted access to both enantiomers of
the chiral S-aryl f-imido sulfone products, which themselves
are prevalent motifs in biologically active molecules. Finally,
conversion of 3aa into N-Boc-protected f-aryl f-amino sulfone
6 and the conversion of (S)-3eo or (R)-3eo into apremilast or
its enantiomer, respectively, demonstrate the utility of the
method.
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