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hydrogenation of a-substituted tetralones
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A catalytic protocol for the iridium-catalyzed dynamic kinetic resolution asymmetric hydrogenation (DKR-
AH) of a-substituted tetralones to rapidly assemble various enantioenriched tetrahydronaphthols is
disclosed. A wide range of enantioenriched tetrahydronaphthols were obtained in high yields and

. excellent stereoselectivities (up to 99% yield, up to >99.5: 0.5 er and >20 : 1 dr). And this unique platform
iizzgﬁ% 2121?1 Jszgtezgiir 2025 exhibited high efficiency for the enantioselective synthesis of (+)-elacestrant, which was approved by the
FDA in 2023 for the treatment of metastatic breast cancer. Additionally, palladium-catalyzed amination

DOI: 10.1039/d55c05497d of aryl chloride assisted in furnishing the gram-scale synthesis of this oral anti-tumor drug within 7 steps
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Introduction

Breast cancer has overtaken lung cancer as the most frequently
diagnosed cancer worldwide, representing the leading health
threat to women." Elacestrant (Orserdu, 1), as the first non-
steroidal orally bioavailable selective estrogen receptor
degrader (SERD) for the treatment of metastatic breast cancer,
was approved by the FDA in 2023 (Fig. 1).> The first-year sales of
elacestrant have reached 175 million dollars, demonstrating
a huge market demand of 1. Hence, exploration of an efficient
route to access elacestrant (1) is of great significance.
Elacestrant (1) has drawn considerable attention from
pharmaceutical companies as well as chemists due to its

Orserdu®

oo

Elacestrant (1)
@ Approved by FDA in 2023 @ For patients with metastatic breast cancer

@ First-year sales: $175 million @ First non-steroidal orally bioavailable SERD

Fig. 1 General information of elacestrant.
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excellent therapeutic effects and huge market demand. The
general strategies to access elacestrant (1) are depicted in
Fig. 2A.* The vinyl bromide was accessed from 1-tetralone after
a three-step manipulation, which was then coupled with N-
containing aryl bromide via a Miyaura borylation/Suzuki
coupling sequence. The chirality of this molecule was further
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Fig. 2 (A) General strategies to access elacestrant (1); (B) enantio-
selective synthesis of 1 by DKR-AH of a-substituted tetralones (this
work).
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introduced via chiral resolution of the hydrogenated racemic
product or potentially utilizing the asymmetric hydrogenation
(AH) of the unfunctionalized alkene.* And the final elacestrant
(1) could be obtained after N-alkylation or reductive amination.
Nevertheless, the traditional synthetic methods do not meet the
requirements of step economy and atom economy since
a lengthy step was required to access the Suzuki coupling
product, and the chiral resolution gives 50% yield at most. In
contrast, dynamic kinetic resolution (DKR) represents a more
economical and practical method.”> We envisioned that the
desired chiral center of 1 could be established via a-arylation of
1-tetralone followed by a DKR-AH process to give 3ad, which was
further coupled with the amine part to furnish 1 (Fig. 2B).
Although great efforts have been made for transition metal-
catalyzed AH® or ATH’ (asymmetric transfer hydrogenation) to
achieve this goal, the high catalyst loading (S/C = 1,000 at most)
of these methods limited the utilization for the scalable
synthesis of elacestrant (1). Herein, we report a highly efficient
protocol for the DKR-AH of a-substituted tetralones, and
a gram-scale enantioselective synthesis of elacestrant (1) could
thus be realized based on this protocol.

Results and discussion

Initially, we examined the DKR-AH with 2a as the model
substrate in {PrOH, and the results are depicted in Table 1. The
ferrocene-based multidentate ligands L1® and L2,” which have
been demonstrated to show excellent performance for AH of
various ketones, were first evaluated, and the desired product 3a
was not detected (Table 1, entries 1 and 2). Delightedly, the
reaction proceeded smoothly with the anionic Ir-catalyst with
L3 to give the desired product 3a with 58% yield, 95.5:4.5 er
and >20:1 dr (Table 1, entry 3)." Meanwhile, the frequently
used catalysts for the AH of ketones, such as Cat1'* and Cat2,
were also tested and found to be ineffective with 2a (Table 1,
entries 4 and 5). Then we took our efforts to improve both
reactivity and enantioselectivity based on the Ir/L3 catalytic
system. The effect of solvents was examined, and the yield could
be dramatically improved to 92% combining with an incon-
spicuous increase of er with toluene (Table 1, entry 6, 96:4 er
and >20: 1 dr). In contrast, other aprotic solvents such as DCM
gave inferior results (Table 1, entry 7, 45% yield, 91:9 er and
>20:1 dr). Fortunately, when the reaction was carried out with
tert-amyl alcohol (tAmOH) as solvent, 3a was obtained with 99%
yield, 99:1 er and >20:1 dr (Table 1, entry 8). And an incon-
spicuous erosion in reactivity (96% yield, 99: 1 er and >20: 1 dr)
was obtained with tert-butyl alcohol ((BuOH) as solvent (Table 1,
entry 9). However, diminished yields were obtained when other
protic solvents such as MeOH or HFIP were used (Table 1,
entries 10 and 11) (for the detailed screening of solvents, see
Table S1 in the SI). Based on our previous research experience,
the protic solvents generally give better results compared with
aprotic solvents, especially at low catalyst loading. The protic
solvents such as MeOH and EtOH might undergo dehydroge-
nation and decarbonylation processes to release CO, which can
possibly poison the catalyst.*** In this case, the protic solvents
tBuOH and tAmOH could give similarly better results.
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Table 1 Reaction condition optimization for DKR-AH of 2a“

OH
O [Ir(COD)Cl]2(0.1 mol%)/L (0.21 mol%) m&‘@
H, (60 atm), base (5 mol%) MeO'

solvent (0.5 M), r.t, 20 h
vent (0.5 M) 3

o

0

2a

MeO

Entry Ligand Solvent Base Yield (%) Er Dr
1 L1 iPrOH tBuONa 3 — —

L2 iPrOH tBuONa 0 — —
3 L3 iPrOH tBuONa 58 95.5:4.5 >20:1
4? — iPrOH  tBuONa 0 — —
5¢ — iPrOH tBuONa 0 — —
6 L3 PhMe tBuONa 92 96:4 >20:1
7 L3 DCM tBuONa 45 91:9 >20:1
8 L3 tAmOH ¢BuONa 99 99:1 >20:1
9 L3 tBuOH tBuONa 96 99:1 >20:1
9 L3 MeOH tBuONa 0 — —
10 L3 HFIP tBuONa 0 — —
11 L3 tAmOH tBuOK 60 95:5 >20:
12 L3 tAmOH  ¢tBuOLi 20 95:5 >20:1
13 L3 tAmOH Na,CO; 0 — —
14 L3 tAmOH NaOH 87 98.5:1.5 >20:1

%% e
ArP O ,ﬂzp B, [NH PP
<
L1 L2 L3
Ar =35 (’Bu)QCGHg Ar = 3,5 ('Bu)zceH3 f-phamidol
f-amphol f- ampha

Xyl H
PZ,Z (|:I \Nz
\,+1Bu OMe
\ + ‘\\\\ / I \
o) N
"y / \ XY|2 Cl H,
a9 Q

[Rh((Sc,Rp)-Duanphos)COD]SbFg (Cat1)

SbFg
OMe

RuCl,[(S)-xylbinap][(S)-daipen] (Cat2)

¢ Reaction conditions: all reactions were performed with 2a (0.2 mmol),
Catl, Cat2 or Ir/L1-L3 (0.2 mol%), and base (5 mol%) in solvent (0.4 mL)
under 60 bar of H,, stirred at room temperature for 20 h. Diastereomeric
ratios (drs) and yields were determined by 'H NMR spectroscopy.
Enantiomeric ratios (ers) were determined by HPLC. ® Cat1 was used
as the catalyst. © Cat2 was used as the catalyst.

Compared with {BuOH, tAmOH has a lower melting point, and
the problem of solidification was avoided.

Bases such as tBuOK, tBuOLi, Na,CO; and NaOH were also
evaluated, and the yields of 3a were significantly decreased with
tBuOK or ¢BuOLi as the base, albeit retaining high stereo-
selectivities (Table 1, entries 12 and 13). Na,CO; was completely
ineffective, probably due to its low basicity (Table 1, entry 14),
whereas 87% yield, 98.5 : 1.5 er and >20: 1 dr were achieved with
NaOH as the base (Table 1, entry 15) (for the detailed screening
of other bases, see Table S2 in the SI).

With the optimized reaction conditions in hand, we then
turned our attention to the investigation of the substrate
generality, and variations on the a-substitution of tetralones
were first evaluated. As was shown in Scheme 1, substrates with
various substituents at the ortho-position of the phenyl group
(2b-2f) gave excellent yields and high stereoselectivities
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Scheme 1 Substrate scope of the DKR-AH of a-substituted tetralones. “Unless otherwise specified, the reactions were performed with L2 (0.2
mmol), Ir/L3 (0.2 mol%), and tBuONa (5 mol%) in tAmOH (0.4 mL) under H, (60 atm) at room temperature for 20 h. Yields and diastereomeric
ratios (drs) were determined by 'H NMR spectroscopy. Enantiomeric ratios (ers) were determined by HPLC analysis using a chiral stationary
phase. 20 mol% tBuONa was used. “Stirred at room temperature for 72 h.

(91-96% yield, 95:5-98.5:1.5 er and >20:1 dr for all cases).
The reactions with meta- or para-substituted methoxy groups
and 3,5- or 2,4-di-methoxy substituents on the phenyl group
(2g-2j) were also investigated, providing the desired products
with high yields and excellent stereoselectivities (90-96% yield,
93:7->99.5:0.5 er and >20:1 dr for all cases). 2-Naphthyl and
heterocyclic substrates could deliver the desired products 3k-
3m with 88% to 93% yield, 98.5:1.5->99.5: 0.5 er and >20: 1 dr
as well. In addition, a-methyl substituted tetralone (2n) was
surveyed, providing the desired product in 95% yield, 99:1 er
and >20: 1 dr. Identically, a robust reactivity was also found for
substrates with different substituents at the 5-, 6- and 7-posi-
tions of the tetralone rings, leading to the desired products 30-

20378 | Chem. Sci., 2025, 16, 20376-2038I

3v in 90-95% yield, 94.5:5.5->99.5:0.5 er and >20:1 dr.
Subsequently, the polycyclic substrates were investigated to be
compatible with this catalytic system, giving 3w and 3x with
excellent results (87-93% yield, >99.5: 0.5 er and >20:1 dr for
both cases). Finally, the five-membered substrate 2y was also
surveyed, and the desired product 3y was obtained in 95% yield
and >20 : 1 dr, albeit with erosion of enantioselectivity (91 : 9 er).
Additionally, the absolute and relative configuration of this type
of products was unambiguously determined by the X-ray crys-
tallographic analysis of 31 and 3w.

Before commencing the investigation for the synthesis of 1,
we concentrated our efforts on the DKR-AH of elacestrant-based
motifs with substrates bearing various functional groups at the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6-position of the tetralone (bottom in Scheme 1). 6-Chloro
substituted 2z was first surveyed, the product of which could be
potentially transformed to 1 through a C-O coupling to install
the 6-OH," and the desired product 3z was obtained in 95%
yield, 96 : 4 er and >20 : 1 dr. Nevertheless, from the viewpoint of
step-economy, using 6-oxygen-containing substrates seemed
a more straightforward means. This catalytic system exhibited
relatively low reactivity with 2aa bearing a benzyl group, which
was widely used in elacestrant synthesis, providing 3aa in 72%
yield, 95.5:4.5 er and >20: 1 dr. Therefore, we tried to find other
suitable phenol protections. Base-sensitive protective groups
such as silyl or acyl were not suitable, because they were
incompatible with the hot aqueous basic conditions under
which the a-arylation process was conducted. Subsequently, the
THP and MEM protective groups were evaluated, and the cor-
responding products 3ab and 3ac were produced in high yields,
albeit with slight erosion of enantioselectivities (92.5:7.5-93: 7
er and >20: 1 dr for both cases). Much to our delight, when the
reaction was carried out with 2ad bearing a MOM group, the
desired product was delivered in 95% yield, 95:5 er and >20: 1
dr.

With the key intermediate 3ad secured, we then concen-
trated our efforts on the gram-scale enantioselective synthesis
of elacestrant (1). As was outlined in Scheme 2, 2ad was deliv-
ered in 90% yield when the reaction was carried out under the
general palladium-catalyzed o-arylation conditions with 4 and
5. Gratifyingly, the gram-scale DKR-AH of substrate 2ad (2.1 g,
6.1 mmol) proceeded smoothly at 35 °C and in the presence of
20 mol% tBuONa to give the desired product 3ad in 95% yield,

o Cl
Br Pdy(dba)s (1.5 mol%), tBuzPHBF4 (6 mol%)
# NaOH, 1,4-dioxane/H,0 = 4/1, 100 °C, 6 h
MOMO OMe MOMO'
4 5 90%

readily available Pd-catalyzed arylation

1. AcCl, PhMe, 100 °C, 0.5 h

OMe |/ |

elacestrant (1) 75% over 2 steps

Q‘ ~P'Bu f
H I PCy, P'Buy
N Fe Y2 d/OMs |
TTO. S0y &7
o] NH,
7 CyPF-Bu Pd G3 CyPF-Bu

Ref 3g

OMe
Elacestrant (1) -~ /@O..\\Q/
-~
HN
HO’ w
12

2 N HCI/THF = 2/1

40°C,1h
92%

OMe '/
Q NH
2. BHgeDMS, 60 °C, 12 h /@O HNm
then HCI MOMO

AcOH, NaBH(OAc);
10 (1.1 eq.), DCM

OMe
 aeerd
MOMO
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94.5:5.5 er and >20: 1 dr with a substrate-to-catalyst ratio (S/C)
of 10,000 (for the detailed TON exploration, see Table S3 in the
SI). After reductive deoxygenation with triethylsilane at —20 °
C,” compound 6 was obtained in 89% yield. Notably, an
increased amount of the MOM deprotected byproduct was
detected when the conducted at higher
temperatures.

With the key intermediate 6 in hand, we then continued our
exploration of the installation of the N-containing moiety. The
C-N coupling with amine seemed to be challenging with either
palladium- or copper-catalytic systems,'* possibly due to the low
reactivity of aryl chloride as well as the bulkiness of the aryl
chloride partner. After many attempts, the desired product 8
could be produced smoothly with amine 7. Alternatively, the C-
N coupling reaction could also proceed smoothly for ortho-
substituted aryl chloride 6 with inexpensive and easily handled
ammonium sulfate,” leading to primary aryl amine 9 in 91%
yield on a 1.4 g scale with 2 mol% catalyst loading. And the
desired product 8 was delivered in high yield via reductive
amination with a slight excess of 10. Moving forward, we noted
that we were unable to assemble the required acyl group to
access the desired tertiary amide fruitfully through direct acyl-
ation with general protocols (e.g.: AcCl, TEA, DMAP; AcCl, NaH;
Ac,0, pyridine). Fortunately, the desired secondary amine could
be chemoselectively acylated with high efficiency by refluxing 8
with acyl chloride in toluene,' and the final elacestrant (1)
could be obtained in 75% overall yield after global reduction of
amides and deprotection of MOM. Notably, the C-N coupling of
6 with ethyl amine according to Hartwig's protocol was also

reaction was

o OMe oH OMe
O ‘ [I(COD)Cl]5(0.005 mol%)/L3 (0.01 mol%) A
cl H, (60 atm), tBuONa (20 mol%) /(:O cl
{AmOH (0.5 M), 35 °C, 40 h Moo
2ac 3ac
S/C = 10,000
95%, 94.5:5.5 er, >20:1 dr
Ir-catalyzed DKR-AH BF3eE,0 89%
EtsSiH, -20 °C °
OMe

CyPF-Bu Pd G3 (2 mol%), 7 (1.5 eq.)

tBuONa (3.5 eq.), 1,4-dioxane (0.1 M)

9
80°C,8h MOMO “

75% 6

Pd[P(o-tol)s], (2 mol%), CyPF-Bu (2 mol%)
(NH4);S04 (1.5 eq.), tBuONa (4.5eq.) | g1
1,4-dioxane (0.1 M), 100 °C, 18 h
83% Pd-catalyzed C-N coupling

8
N \I(\©\/ . o
o 0
Z /@O NH,
MOMO
10 9

OMe

Pd(OAc); (5 mol%), CyPF-Bu (5 mol%)

HN EtNH,eHCI (3 eq.), 1,4-dioxane (0.1 M), {BuONa (4.5 eq.)
W 80°C, 12h
1" 78%

Scheme 2 Completion of elacestrant (1) via C-N coupling with various amines.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated transition states for the syn- and anti-products.

successful,”® and the reported common intermediate 12 for
elacestrant (1) was obtained after removal of the MOM protec-
tive group.*

The key step of our enantioselective synthesis of elacestrant
relies on the excellent enantio- and diastereo-control of the
DKR-AH of a-substituted tetralones. To give a full insight into
the origin of high diastereoselectivity, we calculated the tran-
sition states leading to the syn- and anti-products with 2a as the
model substrate. As shown in Fig. 3, the transition state leading
to the anti-product is energetically less favored due to the steric
hindrance between the a-phenyl substituent and the catalyst,
resulting in a 3.26 keal mol ™" lower energy of TSy, compared
with TS, which is quantitatively in line with our experimental
results.

Conclusions

In summary, we have successfully developed a highly powerful
protocol for the gram-scale enantioselective synthesis of the
oral anti-breast cancer drug elacestrant (1) within 7 steps in 43%
overall yield, which was facilitated by the efficient iridium-
catalyzed DKR-AH of o-substituted tetralones (up to 99%
yield, >99.5: 0.5 er and >20: 1 dr for all cases) and a late-stage
amination with various types of amines. The significance of
this method was demonstrated by the construction of the target
chirality of 1 with a substrate-to-catalyst (S/C) ratio of 10 000,
showing broad potential and prospects for industrial applica-
tion. The industrial enantioselective synthesis of elacestrant (1)
with this synthetic route is currently underway in our laboratory
and will be reported in due course.
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