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A new approach to the synthesis of Tekturna, a recently marketed drug for hypertension, takes advantage of a modified protocol of the Stoltz
palladium-catalyzed asymmetric allylation with a -BuPHOX ligand for the synthesis of allylated acyclic alkyl aryl ketones. The method led to an o--
isopropyl a-allyl aryl ketone in 90% yield and 88 to 91% ee, which was used in the synthesis of an advanced intermediate toward Tekturna. A
beneficial effect of protic additives, such as BHT (2,6-di-tert-butyl-p-cresol), on the time and enantioselectivity of the reaction was discovered.

Interest in the inhibition of the enzyme renin over the
past two decades' has culminated with the discovery of the
antihypertensive drug aliskiren, marketed under the trade
name Tekturna.” Extensive studies involving cocrystal
structures of promising inhibitors with renin led to
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refinements that eventually provided the optimized drug
candidate.’ Although a number of synthetic approaches
have been reported,® details of the total synthesis of
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Figure 1. Retrosynthetic analysis toward Tekturna.

Tekturna are more likely to be found in the patent
literature.® In 2010, we disclosed an 11-step total synthesis



of Tekturna, in an overall yield of 7%.,% which to the best of
our knowledge, is the shortest linear sequence to date.

Scheme 1. Palladium-Catalyzed Asymetric a-Allylation of
Acyclic Isopropyl Aryl Allyl Enol Carbonates
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We now report on the efficient synthesis of a key
advanced intermediate to Tekturna, previously prepared
by a multistep procedure.’ Besides its novelty with regard
to published reports,*> our approach features a catalytic
step that provides a key intermediate expeditiously and in
high enantiomeric purity. Disconnection of Tekturna in a
retrosynthetic sense leads to the two olefinic chirons B and
C that can be joined in a cross-metathesis reaction, to give
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the known advanced intermediate A, which has been
previously converted to the intended target compound
(Figure 1).°

The venerable Tsuji palladium-catalyzed a-allylation of
ketones’® has been adapted to an asymmetric variant by
Stoltz™'% and Trost'' independently, using optimized chiral
ligands.'? Although there were only a few examples of the
asymmetric allylation of acyclic aryl ketones at the incep-
tion of our work, we initiated studies to assess the feasi-
bility of such a reaction with an isobutyl phenyl ketone
corresponding to chiron B (Figure 1). Trost and co-
workers'? had reported that while o-allylation of ethyl
phenyl ketone took place with 94% enantiomeric excess,
the selectivity and yield were drastically diminished in the
case of the more sterically demanding isobutyl phenyl
ketone (32% ee, 30% yield) (Scheme 1). We were pleased
to find that under optimized conditions, the Stoltz proto-
col, using the (S)---BuPHOX ligand,” was highly effective
in converting the enol carbonate prepared from isobutyl
phenyl ketone to the corresponding a-allyl ketone in 84%
ee and 95% isolated yield intended for Tekturna (entry 2,
Table 1). We found that addition of 1 equiv of BHT had a
significant effect on the rate of the reaction (3 h to 45 min)
at 0 °C while also improving the degree of enantioselec-
tivity with up to 91% ee (entry 15, Table 1 and Scheme 1).
To the best of our knowledge, the palladium-catalyzed
asymmetric allylation of acyclic enol carbonates with the
PHOX ligand has only been recently reported.'*!®> A
demonstrable 12% improvement in enantiomeric excess
was shown for ethyl phenyl ketone, in the presence of
40 mol % of AgBr (75%, 79% ee).

Studies on the screening of other BuPHOX and related
catalysts were done with regard to reaction time and the
nature of the additive (Table 1). The following observa-
tions are noteworthy: (a) the Pdy(dba)s;/(S)---BuPHOX
catalyst was optimal at a ratio of Pd,(dba); 2.5 mol %/
ligand 6.25 mol %; (b) protic additives including 2-methyl
diethylmalonate'® did not adversely affect the reaction
rate, except for I-naphthol and binol; (c) +-BuOH and
especially BHT decreased the reaction time and increased
the ee in some cases; (d) reactions were more reproducible
with a freshly prepared ligand.

The role of the BHT as an additive is not fully under-
stood at this time. Murakami'® reported that the addition
of phenol or I-naphthol was essential to attain a good yield
and an improved ee in an asymmetric Carroll rearrange-
ment. In contrast, 1-naphthol and related compounds were
detrimental in our case (entries 11 and 16, Table 1).

Trost and co-workers'""!” reported an increase in reac-
tion rate by adding 2-methyl dimethylmalonate when
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Table 1. Screening of Palladium Catalysts and Additives in the
Asymmetric Allylic Reaction

o
oM Pd (2.5 mol %)
e oJ\o’\/ ligand (6.25 mol %) OMe
o] X2 -PT

(o]
additive 0. >
THF (0.01 M)
MeO ice-water bath? MeO

entry Pd/ Iigandb additive time (h) yield (%) % ee®
1 Pdy(dba); / (S)-t-BuPHOX - 19 95 76
2 Pdy(dba);/ (S)-t-BuPHOX - 3 95 84
3 Pdy(dba)s / (S)-PhPHOX® — 24 67 60
4 Pdy(dba); /L1 — 24 <10 81
5  Pdydba); /L2 - 24 0 -
6  Pdydba)y/L3® - 24 0 -
7 Pdy(dba); / (S)-BINAP® — 24 ND -7
8  Pd(PPhg)s/ (S)-+-BuPHOX — 24 ND 43
9 Pd(OAc), / (S)-t-BuPHOX — 24 70 68
10 Pd(dppe), / (S)-t-BuPHOX - 24 0 -
11 Pdy{dba); / (S)--BuPHOX 1-naphthol (1 equiv) 24 0 —
12 Pdy(dba); / (S)-t-BuPHOX Me-EtM (1 equiv} 1 ND 64
13 Pd,(dba); / (S)-t-BuPHOX t-BuCH (5 equiv) 1-3 90 88
14 Pdy(dba); / (S)-t-BuPHOX BHT (1 equiv) 5 mind 68 75
15 Pd,(dba); / (S)-t-BuPHOX BHT (1 equiv) 45 min 90 88to91
16 Pdy(dba); / (S)-t-BuPHOX  (R)- or (S)-binol (1 equiv) 24 0 -

“ After 5 h, reactions were allowed to slowly reach room temperature.
b Freshly prepared ligands. For the synthesis of L1 and L2, see refs 12d,
12e, 12f, and 15. ¢ Enantiomeric excess were determined k:[y chiral HPLC
separations; see Supporting Information for details. “Reaction was
performed at room temperature. ¢ Purchased ligand. For examples of
asymmetric allylation with bis(oxazoline) ligands (L3), see ref 12g and

12h. ND = Not determined.
E;\ o) (;\ o) E;\ 0,
I I i J

\
PPhy N~/ PhPy N
R F3C 2 tBu ° tBu
R = t-Bu (S)--BuPHOX L1 L2

R = Ph (S)-PhPHOX oH

o 0
O, t-Bu t-Bu
O wPh
ph_s/mj EtoMOEt \©/
= Me
ph L3 Ph Me-EtM Me
(2-Methyl diethylmalonate) BHT

conducting palladium-catalyzed asymmetric allylations
on alkyl aryl enol carbonates. Although simple alcohols
such as i-PrOH and -BuOH were also effective in our case,
the reactions were more reproducible with regard to time,
yield, and ee when using 1 equiv of BHT, especially with
3,4-dialkoxy aryl ketones. In order to expand the scope of
the reaction, while maintaining the functionally important
isopropyl appendage,® we varied the nature of the sub-
stituents on the aromatic ring. It is known that such
variants of Tekturna also maintain substantial in vitro
activity against the enzyme renin.’

Depending on the nature of the substituent on the
aromatic ring, reactions with or without BHT appeared
to vary with regard to time especially. The enantiomeric
excess could be improved at —20 °C, but reaction times
were longer compared to those at 0 °C. A definitive short-
ening of reaction times and increases in ee were consistently
evident in the case of 4-alkoxy and 3,4-dialkoxy aryl enol
carbonates (entries 4, 6, and 7, Table 2). This was par-
ticularly interesting for the substrate corresponding to
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Table 2. Reaction Scope

o]

g Pd,(dba);
07 S0 (8)- o (R)--BUPHOX o
&
X Rz R1)H/\/
R1J\/ THF (0.01 M) R?
ice-water bath
) ) no BHT BHT
entry R R yield, % ee, P time yield, % ee,2® time
1 ©“‘f i-Pr 84%, 78,3 h 88%, 84,2 h
(ND.° 84, 10 d)¢ (85%, 85, 3 d)
OMe
2 @"{ i-Pr 96%, 80, 90 min 84%, 82, 90 min
3 Meo\@f"{ -Pr 86%, 84, 90 min 86%, 89, 90 min
4 Qﬁ“ Me 91%, 83,7 h 90%, 88,7 h
MeO i-Pr 89%, 79, 7 h® 83%,8373h
OMe
5 MeO\ﬁ:ﬁ: i-Pr 97%,81,2h 87%,82,2h
MeO. 'z{ X .
6 Ij i-Pr 95%, 87,2 h (90%, 91, 45 min)9
MeO Pr (67%,° 93, 10 d)° (86%, 93, 2 d)99
RO W )
7 ]@ i-Pr 95%, 84,3 h 90%, 88 to 91, 45 min
(85%, 91, 2 d)*9

=
@
Q

R= % ™"0OMe

8 Mte“i i-Pr 82%, 79, 14 h® 95%, 84,7 h
MeO
9 F3C\©“{ i-Pr 92%, 70,2 h 57%,74,2h

“@See Supporting Information for SFC and HPLC conditions.

Average ee of =2 runs. “Reaction did not achieve full conversion.
?Reaction performed at —20 °C. “After 5 h, reaction solution was
allowed to slowly reach room temperature. / Observed 76% ee when
the reaction was performed with --BuOH as the additive. ¥ Same results
were observed with ~-BuOH as the additive. ND = Not determined.

Tekturna (entry 7, Table 2). Steric bulk or chelating
properties of an ortho-methoxy group required longer
reaction times (entries 2 and 5, Table 2). The beneficial
effect of 3.,4-dialkoxy groups was evident when compared
to the 3-methyl-4-methoxy variant (entry 8, Table 2), in
which case the reaction time was considerably longer,
especially when no BHT was added to the reaction mixture.

The mechanism of the catalytic asymmetric allylation of
alkyl aryl allyl enol carbonates has been recently investi-
gated in detail by Stoltz'>'® and Trost,'® employing their
respective catalyst—ligand combinations (see Figure 1).
Although “inner sphere” and “outer sphere” nucleophilic
additions to sr-allyl palladium species have been proposed

(17) For the effect of an alkoxide in a related reaction, see: Trost,
B. M.; Pissot-Soldermann, C.; Chen, I.; Schroeder, G. M. J. Am. Chem.
Soc. 2004, 126, 4480.

(18) (a) Sherden, N. H.; Behenna, D. C.; Virgil, S. C.; Stoltz, B. M.
Angew. Chem., Int. Ed. 2009, 48, 6840. (b) Keith, J. A.; Behenna, D. C;
Mohr, J. T.; Ma, S.; Marinescu, S. C.; Oxgaard, J.; Stoltz, B. M.;
Goddard, W. A., II1. J. Am. Chem. Soc. 2007, 129, 11876.
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Scheme 2. Synthesis of the Patented Key Intermediate 8
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depending on the nature of the nucleophile, it is difficult at
this point to define the role of protic additives such as BHT
or -BuOH in our case, other than to speculate their
involvement as a proton source or a palladium-bound
species'™ in one of the discrete intermediates in the
catalytic cycle. The significant difference in the reaction
times between the methyl and the isopropyl enol carbo-
nates (entry 4, Table 2) can be attributed to a release of
strain of the Z-isopropyl enol carbonate upon decarbox-
ylation of a charged carbonate-palladium enolate (or its
protonated counterpart).

With an efficient method to prepare the enantioenriched
ketone 5 (Scheme 1), we turned our attention to an

(19) NMR spectroscopic studies showed no association of BHT with
either the ligand or the stdrtmg isobutyl aryl enol carbonate. No non-
linear effect was observed. *'P NMR indicated the presence of a new
peak at 22.2 ppm, after addition of BHT to a freshly prepared Pd-ligand
complex. In most of the cases, direct proton transfer on an enolate to give
starting ketone was only observed in part (5 to 15%, on the crude NMR)
when reactions were done at —20 °C or when reaction times were
prolonged.

(20) Tsuji, J.; Sato, K.; Okumoto, H. J. Org. Chem. 1984, 49, 1341.
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advanced key intermediate previously reported in the patent
literature toward the synthesis of Tekturna (Scheme 2).’

Thus, treatment of 1 with n-BuLi, followed by addition
of the Weinreb amide 2, gave the ketone 3. Formation of
the potassium enolate and treatment with allyl chlorofor-
mate afforded the Z-enol carbonate 4, as evidenced by
NMR, in excellent overall yield. Application of the cata-
lytic asymmetric allylation reaction led to the intended
ketone 5,>' which was deoxygenated in the presence of
LiAIH4 and AICl;, leading to the corresponding olefin 6 in
four steps from 1 in 73% overall yield. A cross metathesis
reaction of 6 and the enantiopure ester 7% in the presence
of the Hoveyda—Grubbs second generation catalyst® led
to 8 in 60% yield as a 84:16 trans/cis mixture.

In conclusion, we have studied the enantioselective
a-allylation of alkyl aryl enol carbonates using a modified
Stoltz protocol. Further transformation of the o-allylated
isopropyl 3-methoxypropoxy-4-methoxyphenyl ketone 5
allowed the synthesis of an advanced key intermediate 8 in
five linear steps from 1 and in 38% overall yield. This
intermediate was previously prepared in a multistep con-
vergent synthesis’ and was used for the synthesis of
Tekturna. The inclusion of BHT as an additive had a
beneficial effect on reducing the reaction time and increas-
ing the enantioselectivity of the a-allylation reaction lead-
ing to 5. Further studies on the role of additives in the
palladium-catalyzed enantioselective a-allylation of alkyl
aryl and related ketones are in progress.
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