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Abstract: A highly enantioselective
and widely applicable method for the
synthesis of various chiral 2-alkyl-1-al-
kanols, especially those of feeble chir-
ality, has been developed. It consists of
zirconium-catalyzed asymmetric car-
boalumination of alkenes (ZACA),
lipase-catalyzed acetylation, and palla-
dium- or copper-catalyzed cross-cou-
pling. By virtue of the high selectivity
factor (E) associated with iodine,
either (S)- or (R)-enantiomer of 3-
iodo-2-alkyl-1-alkanols (1), prepared

by ZACA reaction of allyl alcohol, can
be readily purified to the level of
>99% ee by lipase-catalyzed acetyla-
tion. A variety of chiral tertiary alkyl-
containing alcohols, including those
that have been otherwise difficult to
prepare, can now be synthesized in
high enantiomeric purity by Pd- or Cu-
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catalyzed cross-coupling of (S)-1 or
(R)-2 for introduction of various pri-
mary, secondary, and tertiary carbon
groups with retention of all carbon
skeletal features. These chiral tertiary
alkyl-containing alcohols can be further
converted into the corresponding acids
with full retention of the stereochemis-
try. The synthetic utility of this method
has been demonstrated in the highly
enantioselective (>99% ee) and effi-
cient syntheses of (R)-2-methyl-1-buta-
nol and (R)- and (S)-arundic acids.

Introduction

Recent major advances in the synthesis of chiral tertiary
alkyl-containing compounds including a large number of
those with biologically and medicinally important properties,
for example, isoprenoids, deoxypolypropionates, and
others,!) have been made through the development of cata-
lytic asymmetric alkene hydrogenation,”? epoxidation,”’ car-
boalumination, and so on. Those that have been synthe-
sized by our group include vitamin E,* vitamin K,**! si-
phonarienolone, ™ 4,6,8,10,16,18-hexamethyldocosane,
(+)-scyphostatin,®*1 and (—)-spongidepsin®® (Figure 1).
These target compounds containing two or more asymmetric
carbon atoms have been synthesized with high stereoiso-
meric purity, even if each stereogeneric process is of less
than satisfactory stereoselectivity (<98%) by exploitation
of the statistical enantiomeric amplification principle
(Table 1).

An efficient route to compounds containing a single ste-
reogenic carbon center has also been developed by us
through the synergy of zirconium-catalyzed asymmetric car-

OH
\/k)\/'\/k%\/\/\’("‘“

boalumination of alkenes (ZACA) and lipase-catalyzed ace-
tylation.®®! In all of the examples reported in our previous
papers,**¢ B-chiral 1-alcohols of at least 98 % ee were pre-

(—)-spongidepsin

(+)-scyphostatin o

Figure 1. Some naturally occurring chiral tertiary alkyl groups of biologi-
cal and medicinal importance.

Table 1. Statistical enantiomeric amplification.
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ee of each  Overall ee [%]

stereogenic

center [%]
Two stereogenic ~ Three stereogenic ~ Four stereogenic
centers centers centers

90 99.4 ca. 100 ca. 100

80 97.6 99.7 ca. 100

70 94.0 98.9 99.8
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pared by the ZACA reaction of 1-alkenes (R'CH=CH,) to
produce the final B-chiral 1-alcohols (R'R*CHCH,0OH) of
mostly 70-85% ee, which were then enantiomerically puri-
fied to the level of at least 98 % ee by resorting to sufficient-
ly high selectivity factors (E)" associated with the R! or R?
group of the desired compounds R'R*CHCH,OH containing
proximal ;t bonds or heterofunctional groups. However, in
cases where 1) the initial enantiomeric excess of the crude
product is low, 2)the two carbon groups R' and R? are
structurally similar, and/or 3) the selectivity factors (E) are
not sufficiently high, enantiomeric purification of the ob-
tained crude products, that is, R'R*CHCH,OH, can be diffi-
cult and synthetically impractical, representing a major defi-
ciency to be overcome. Consider, for example, the prepara-
tion of (R)- and (§)-2-methyl-1-butanol. Whereas the (S)-
isomer is commercially available at relatively low cost as
a >98% isomerically pure compound,® the (R)-isomer is
not. In fact, a number of research groups have reported the
syntheses of (R)-2-methyl-1-butanol.”? One frequently em-
ployed route is to convert isomerically pure and commer-
cially available methyl (S)-3-hydroxy-2-methylpropionate
into (R)-2-methyl-1-butanol, typically in several steps.”)
While the enantiomeric purity of (R)-2-methyl-1-butanol
thus obtained is satisfactory (>98% ee), this method re-
quires rather expensive (§)-3-hydroxy-2-methylpropionate,
which seriously compromises the practical value of this
strategy.'"”! Brown developed an asymmetric hydroboration—
one-carbon homologation—reduction—oxidation route!!! to
provide (R)-2-methyl-1-butanol efficiently and selectively
(>99% ee). However, the entire process is non-catalytic, re-
quiring stoichiometric quantities of chiral reagents. More-
over, its scope, as reported, is limited to the use of symmet-
rically substituted alkenes, such as cis-2-butene, to avoid the
formation of regioisomeric mixtures. Lipase-catalyzed acety-
lation of enantiomeric mixtures of (R)- and (§)-2-methyl-1-
butanols has also been reported.“zl Due to the low E factor,
(R)-2-methyl-1-butanol of only 90% ee was obtained in
a disappointingly low recovery of 30 % after multiple rounds
of lipase-catalyzed acetylation of a racemic mixture.

We report herein a widely applicable and highly enantio-
selective (>99% ee) method for the synthesis of various
chiral 2-alkyl-1-alkanols, including those that have been oth-
erwise very difficult to prepare, by exploitation of 1) gener-
ally facile purification of ICH,CH(R)CH,OH (1) to the
level of >99% ee owing to the high E factor associated with
iodine? proximal to the chiral center and 2) full retention
(>99%) of all carbon skeletal features of (S)-1 or (R)-2 in
palladium- or copper-catalyzed cross-coupling reactions, "
which eliminates the limitations discussed above. The de-
sired chiral 2-alkyl-1-alkanols of >99% ee, even in cases
where R' and R?CH, lacking any proximal & bonds or heter-
ofunctional groups are structurally similar, have been readi-
ly prepared by substituting iodine with various primary, sec-
ondary, and tertiary carbon groups via Pd- or Cu-catalyzed
cross-coupling of (S)-1 or (R)-2 without epimerization
(Scheme 1).
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(1) (+)-ZACA
(2) lipase-cat R R2MgX, cat. [CuL,,] or [PdL,] (A)

tylati
acetylation_ \/k/OH
() (-)zaca (SF1299%ee l
(2) lipase-cat. R 1
acetylation H (A), hydrolysis R
NN R OH
(R)-2,>99% ee >99% ee
A=y cpzaca
(2) lipase-cat. ~ R
acetylation : -
i I _~_-OAc R2___OH
>99% ee (B), hydrolysis >99% ee
(1) (+)-ZACA 2
(@) lipasecat. R
acetylation IJ\/OH R3MgX, cat. [CuL,] or [PdL,] (B)
>99% ee

Scheme 1. Strategy for the synthesis of feebly chiral 2-alkyl-1-alkanols.
R’CH,=R'; R! and R*CH, are structurally similar.

Results and Discussion

Asymmetric Synthesis of (R)- and (S)-3-Iodo-2-Alkyl-1-
Alkanols (1)

We began our study by asymmetric synthesis of (R)- and
(8)-3-iodo-2-alkyl-1-alkanols (1) via ZACA reaction of allyl
alcohol. Compounds (S)- and (R)-1a were prepared in 80 %
and 81% yields by treatment of allyl alcohol with Me;Al
(2.5 equiv), methylaluminoxane (MAO, 1equiv), and
[(4)-(NMI),ZrCl)] or [(—)-(NMI),ZrClL] (5mol%) in
CH,CL,™ followed by iodinolysis with I,.*l Their enantio-
meric purities were 82% ee and 84% ee, respectively
(Table 2, entries 1 and 2). Similarly, the ZACA reaction of
allyl alcohol with Et;Al or nPr;Al was also performed. In

Table 2. Asymmetric synthesis of (R)- and (S)-3-iodo-2-alkyl-1-alkanols
.

i) (+)-ZACA . i) I o
or (-)-ZACA iii) H,0
ANOH 5 I L _oar,| — = 1 L _on

1,SorR

Entry R Protocol®  Product Yield [%]®  Purity of 1
ee [%]°

1 Me I (S)-1a 80 82

2 Me 11 (R)-1a 81 84

3 Et I (5)-1b 60 87

4 Et IV (R1b 62 88

5 nPr I ($)-1e 59 82

6 nPr v (R)-1c 60 80

[a] Protocol I: i) Me;Al (2.5 equiv), MAO (1equiv), 5mol%

[(+)-(NMI),ZrCl,] i), (2.5equiv), THF. Protocol II: i) Me;Al

(2.5 equiv), MAO (1 equiv), 5mol % [(—)-(NMI),ZrCl,] ii) I, (2.5 equiv),
THFE. Protocol III: i) R;Al (3.0 equiv), IBAO (1equiv), 5mol%
[(+)-(NMI),ZrCl,] ii) I, (6 equiv), Et,0O. Protocol IV: i) R;Al (3.0 equiv),
IBAO (1equiv), 5mol% [(—)-(NMI),ZrCL] i), (6equiv), Et,O.
[b] Yield of isolated product. [c] Enantiomeric excess determined by
"H NMR spectroscopic analysis of Mosher esters.

Ze i
cl
[(-)-(NMI)2ZrCl5]
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these reactions, however, isobutylaluminoxane (IBAO) was
used in place of MAO, and after iodinolysis with I, (S)-1b,
(R)-1b, (S)-1¢, and (R)-1c of enantiomeric purities ranging
from 80-88 % ee were obtained in 59-62 % yields (Table 2,
entries 3-6).

Lipase-Catalyzed Acetylation of (S)- and (R)-3-Iodo-2-
Alkyl-1-Alkanols (1)

Amano PS lipase from Pseudomonas cepacia (Amano PS,
purchase from Aldrich) or Amano AK lipase from Pseudo-
monas fluorescens (Amano AK, purchase from Aldrich) was
generally satisfactory for purification of (S)- and (R)-3-iodo-
2-alkyl-1-alkanols (1). Compound (S)-1a of >99% ee was
prepared in 63% recovery by using Amano PS (Table 3,
entry 1). In the purification of (S)-1b, Amano AK and
Amano PS were comparatively effective (Table 3, entries 2

Table 3. Lipase-catalyzed acetylation of (S)-1.
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and 3). The (S)-1b of >99% ee was obtained in 60 % recov-
ery yield by using Amano AK (Table 3, entry 4).

Five commercially available lipases were tested for enan-
tiomeric purification of (S§)-1¢ (Table 3, entries 5-10).
Amano AK proved to be the most satisfactory reagent for
the purification of (S)-1¢, producing (S)-1¢ of >99% ee in
58 % recovery yield (Table 3, entry 7). Amano PS lipase was
effective in providing (S)-1c¢ of 92% ee in 74% recovery
yield (Table 3, entry 8). However, lipase from porcine pan-
creas (PPL), lipase from Rhizomucor miehei, and lipase
from Candida rugosa were disappointingly ineffective in se-
lective acetylation of (S)-1¢ (Table 3, entries 5, 9, and 10).

Thus, (S)-1a, (5)-1b, and (S)-1¢ are now readily obtaina-
ble as enantiomerically pure compounds of >99% ee in
50%, 36%, and 34 % yields over two steps from allyl alco-
hol in a highly enantioselective, efficient, and satisfactory
manner.

The results of lipase-cata-
lyzed purification of (R)-1 are
summarized in Table 4. Com-

R R R
A oH + Lpase + s one T I I _OH + I _~_OAc pound (R)-2a of >99% ee was
(S-1 (40 mg mmot~") (S (R)2 prepared in 60% yield by
R = Me (1a), Et (1b), nPr (1c) using Amano PS (Table 4,
Entry Substrate Initial purity of Lipase Conversion [%]*)  Recovery of Purity of entry 1)’ while (R)'Zb of

(8)-1ee[%]

1 (S)-1a 82 Amano PS 33
2 (S)-1b 87 Amano PS 23
3 (S)-1b 87 Amano AK 22
4 (S)-1b 87 Amano AK 37
5 (S)-1c 82 PPL 62
6 (8)-1c¢ 82 Amano AK 24
7 (8)-1c¢ 82 Amano AK 39
8 (8)-1c 82 Amano PS 22
9 (8)-1c¢ 82 lipase from 63
Rhizomucor Miehei
10 (8)-1c 82 lipase from 37

Candida rugosa

(8)-1[%] S)1ee[%]™ >99% ee was obtained in
63 ~99 52% yield from a 94/6 mixture
72 9% (88% ee) of (R)-1b and (S)-1b
74 96 (Table 4, entry2). We were
gg Zzg further pleased to find that
74 o4 (R)-2b of >99% ee was also
58 >99 obtained by two rounds of
74 92 lipase-catalyzed purification in
34 80 62% overall yield. Thus, (R)-
50 83 2b of 96% ee was obtained in

81% vyield (Table 4, entry4).

[a] Conversion determined by '"H NMR spectroscopy. [b] Enantiomeric excess determined by 'H NMR spec-

troscopic analysis of Mosher esters.

Table 4. Lipase-catalyzed acetylation of (R)-1.
R

Hydrolysis of acetate (R)-2b
(96% ee) without isolation,
followed by the second round
of lipase-catalyzed acetylation,
provided (R)-2b of >99% ee

R R R
: i THF 5 (Table 4, entry 5).

| OH + Lipase + X OAC ——— > | : OA ble 4,

\(:)_\1/ (40 mg mmol~") ?)_\2/ o Iﬁ:/OH Similarly, the acetate of (R)-

R = Me (1a), Et (1b), nPr (1c)

1c of >99% ee was obtained
in 50 % yield from a 90/10 mix-

Entry Substrate Initial purity Lipase Conversion [%]"! Yield of Purity of ture (80% ee) of (R)-1¢ and
of (R)1 ee [%] (R)-2[%]  (R)-2ee[%]" (S)-1¢ (Table 4, entry 6). Com-
1 (R)-1a 84 Amano PS 62 60 =99 pound (R)-2¢ of >99% ee was
2 (R)-1b 88 Amano PS 56 52 =9 also obtained by two rounds of
3 (R)-1b 88 Amano PS 67 64 98 . cpe e .
4 (R)-1b 88 Amano PS 34 31 9% lipase-catalyzed purification in
5 (R)-1b 96 Amano PS 82 621 >99 60 % overall yield (Table 4, en-
6 (R)-1c 80 Amano AKF 53 50 >99 tries 8 and 9). As summarized
7 (R)-1¢ 80 Amano AKI 63 60 98 in Table 4, (R)-2a, (R)-2b, and
8 (R)-1¢ 80 Amano AK® 82 79 94 (R)-2¢ were all readil ified
9 (R)-1¢ 94 Amano AKY 83 601 >99 Yy purtlie

to >99% ee in 49%, 38%,

[a] Toluene was used in place of THF. [b] Conversion determined by 'H NMR spectroscopy. [c] Overall yield
in two rounds of lipase-catalyzed purification (entries 4+5). [d] Overall yield in two rounds of lipase-catalyzed
purification (entries 8+9). [e] Enantiomeric excess determined by 'H NMR spectroscopic analysis of Mosher

esters.
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Synthesis of (S)- and (R)-Chiral Tertiary Alkyl-Containing
Alcohols

With six key intermediates, that is, (S)-1a, (S)-1b, (5)-1e¢,
(R)-2a, (R)-2b, and (R)-2¢ of >99% ee in hand, our atten-
tion was then focused on establishing the feasibility of syn-
thesizing feebly chiral 2-alkyl-1-alkanols of high enantiomer-
ic purity by their Pd- or Cu-catalyzed cross-coupling reac-
tions. The cross-coupling reaction of (§)-1a with methylmag-
nesium bromide (3 equiv) in the presence of 1mol% of
Li,CuCl,™ gave (R)-2-methyl-1-butanol (3) of >99% ee in
77 % vyield. Thus, we have developed a highly selective and
efficient route to the synthesis of (R)-2-methyl-1-butanol (3,
>99% ee) in 39% yield from allyl alcohol over three steps
via ZACA, lipase-catalyzed acetylation, and Cu-catalyzed
cross-coupling.

Treatment of (S)-1a with TBSCI followed by Negishi cou-
pling*" catalyzed by 5 mol% [Pd(DPEphos)Cl,] with vinyl
bromide and subsequent desilylation with tetrabutylammo-
nium fluoride (TBAF), provided (R)-4 in 85% yield over
three steps (Scheme 2). Synthesis of (S)-5 was achieved in

Me MeMgBr (3 equiv),

| \/k/OH Li;CuCly (1 mol%)

(S)1a, >99% ee 7%
(1) TBSCI, imidazole
(2) ) tBuLli, ii) ZnBry,
iit) 2~ gy, [Pd(DPEphos)Cly] Me
(3) TBAF Ao
(R)-4, 299% ee
[x]p2 = + 2.6°

Me
me._J_oH

(R)-3, 299% ee
[a]p?® = + 6.6°

85% over 3 steps

i) EtMgCI (2 equiv)
CuCl, (5 mol%)
Me PhC=CMe (15 mol%) Me
I\ AOAc _ii) KOH NOH
(R)-2a, >99% ee (S)-5, >99% ee
[x]p?® = - 12.4°

70%

Scheme 2. Synthesis of chiral tertiary alkyl-containing 1-alcohols from
(S)-1a and (R)-2a. DPEphos=bis[(2-diphenylphosphino)phenyl]ether,
TBS =tert-butyldimethylsilyl.

70% vyield by copper-catalyzed cross-coupling of (R)-2a
with ethylmagnesium chloride (2 equiv) in the presence of
5mol% CuCl, and 15mol% 1-phenylpropyne!™ followed
by hydrolysis of the acetate with KOH. As we expected, all
three of these chiral alkanols were obtained with high enan-
tiomeric purity of >99% ee.

Similarly, (S)-1b of >99 % ee, prepared as described earli-
er, was converted into (S)-3, (R)-6, (R)-7, (R)-8, and (R)-9
of >99% ee by either reduction with LiAlH, or Cu-cata-
lyzed cross-coupling in 64-80% yields (Scheme 3). (R)-2-
Methyl-1-butanol (3) of >99% ee was also obtained by re-
duction of (R)-2b with LiAIH, (1.5 equiv) in 82% yield.
(85)-7 of >99% ee was prepared from (R)-2b in 62% yield
by Cu-catalyzed cross-coupling and subsequent hydrolysis.

The preparation of (§)-6 and (R)-10 were performed by
cross-coupling reactions of (S)-1¢ with methylmagnesium
chloride (3.3 equiv) and n-propylmagnesium chloride
(3.3 equiv) in the presence of 5mol% of CuCl, and

Chem. Asian J. 2013, 00, 0-0
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Et Cu-cat. cross-coupling Et
or reduction
'\/'\/OH R OH
(S)-1b, >99% ee
Et Et Et

oA oH

(S)-3, 299% ee (R)-6, >99% ee (R)-7,299% ee
(]2 = - 6.5° [a]p2 = - 3.2° [a]p2 = - 3.6°
80%L 64%00] 68%L!

Et

Et
e~ oH )\/'\/OH

(R)-8, >99% ee (R)-9, >99% ee

H A oH

A~ A oH

[o]p? =-6.1° [o]p?® =-5.2°
72%! 75%[b]
Et i) Cu-cat. cross-coupling; ii) hydrolysis
. I oAc or reduction Et
PNAEN R \/\/ OH
(R)-2b, >99% ee
Et Et
H_~_OH SoSNOH

(R)-3, >99% ee (S)-7, 299% ee
[a]p?® = + 6.6° [a]p?® = + 3.5°
82%!al 62%°]

Scheme 3. Synthesis of chiral tertiary alkyl-containing 1-alcohols from
(S)-1b and (R)-2b. [a] LiAlH, (1.5 equiv). [b] CuCl, (5mol%), PhC=
CMe (15 mol %), RMgCl (3.3 equiv). [c]i) CuCl, (5 mol%), PhC=CMe
(15 mol %), RMgCl (2.0 equiv). ii) KOH.

15mol% of 1-phenylpropyne in 80% and 70% yields
(Scheme 4). Furthermore, secondary and tertiary Grignard
reagents can also be used under similar reaction conditions
providing (R)-12 and (R)-13 in 70 % and 68 % yields, respec-
tively. Acetylation of (S)-1¢ with Ac,O followed by treat-
ment with 3 mol% Li,CuCl;, N-methylpyrrolidone (NMP,
4 equiv) and n-pentylmagnesium bromide (2 equiv), and
subsequent hydrolysis with KOH, provided (R)-11 of >99 %
ee in 76 % yield over three steps. In essentially the same
way, (S)-11 of >99% ee was also obtained in 80% yield
over two steps from (R)-2¢. The preparation of (R)-14 of
>99% ee was carried out by TBS protection of (S)-1¢, [Pd-
(DPEphos)Cl,]-catalyzed Negishi coupling, and TBAF desi-
lylation in 82 % yield over three steps. Reduction of (R)-2¢
with LiAIH, (1.5 equiv) gave (R)-5 in 86 % yield. The prepa-
ration of (R)-6, (S)-10, and (S)-13 was performed by similar
Cu-catalyzed cross-coupling and subsequent hydrolysis from
(R)-2¢ in 69 %, 64 %, and 70 % yields, respectively. It should
be noted that the enantiomeric purity of alcohols 3, 4, and 5§
can be readily determined by "H NMR spectroscopic analy-
sis of their corresponding Mosher esters.'¥! However, in
those cases where the two alkyl branches at the chiral
carbon atom are very similar to each other, as in the cases
of 6,7,9, 10, 11, and 13, the chemical shifts of the diastereo-
meric Mosher esters were not sufficiently separated to allow
quantitative determination of the enantiomeric purity by
'H NMR spectroscopy. The enantiomeric purities of these
compounds were therefore determined by chiral GC (see
the Supporting Information).

In this study, we have developed a highly enantioselective
and widely applicable route to various chiral 2-alkyl-1-alka-
nols, especially those of feeble chirality,"””! by ZACA and

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nPr Cu-cat. cross-coupling, RMgX
or Pd-cat. cross-coupling nPr
'\/k/OH R OH
(S)-1c, >99% ee
nPr nPr nPr

me L _oH

(S)-6, >99% ee (R)-10, >99% ee (R)-11, >299% ee
[ap?® = + 3.2° [ap? = - 0.36° [ = - 1.3°
80%lal 70%!2l 76%!b]

(R)-12, 99% ee (R)-13, >99% ee (R)-14, >99% ee

[o]p%® = - 1.9° [o]p?® = - 8.5° [a]p® =-1.0°
70%1@! 68%[°] 82%
nPr i) Cu-cat. cross-coupling, RMgX
; H oA ii) hydrolysis nPr
N or reduction RAOH
(R)-2¢, 299% ee
nPr nEr nPr
H_A_-OH Me _A_-OH S~~~ -OH

(R)-5, 299% ee (R)-6, 299% ee (S)-10, >99% ee
[a]p?® = + 12.2° [a]p?® =-3.2° [a]p?® = +0.33°
86%!°! 69%! 64%!1

nPr nPr
V\/WOH MOH

(S)-11, >99% ee (S)-13, >99% ee
[0‘][)23 =+1.4° [o]p? =+ 8.2°
80%9! 70%M

Scheme 4. Synthesis of chiral tertiary alkyl-containing 1-alcohols from
(S)-1¢ and (R)-2c. [a] CuCl, (5mol%), PhC=CMe (15 mol%), RMgCl
(3.3 equiv). [b]1) Ac,O; 2)Li,CuCl, (3mol%), NMP (4equiv),
nPentMgBr (2 equiv); 3) KOH/MeOH. [c] 1) Ac,0; 2) CuCl, (5 mol%),
PhC=CMe (15 mol%), RMgCl (3 equiv); 3) KOH/MeOH. [d] 1) TBSCI;
2) 1) BuLi; ii) ZnBr,; iii) CH=CHBr, [Pd(DPEphos)ClL]; 3) TBAF.
[e] LiAIH, (1.5equiv). [f]i)Li,CuCl, (5mol%), RMgCl (3 equiv);
ii) KOH/MeOH. [g]1i) Li,CuCl, (3 mol%), NMP (4 equiv), nPentMgBr
(2 equiv); ii) KOH/MeOH. [h] i) CuCl, (5 mol% ), PhC=CMe (15 mol%),
RMg(l (3 equiv)ii) KOH/MeOH.

Pd- or Cu-catalyzed cross-coupling. Either enantiomer of
such alcohols can be obtained in high enantioselectivity
from the (R)- or (S)-enantiomer of 1. With recent advances
in Pd-, Ni-, and Cu-catalyzed cross-coupling of alkyl halides
with a wide variety of alkyl (primary, secondary, and terti-
ary), cyclic alkyl, vinyl, and aryl Grignard reagents; organo-
zinc species; or organoboron compounds;'®!”! we are in-
clined to believe that this study will provide a widely appli-
cable, convenient, and efficient procedure for the synthesis
of a very broad range of enantiomerically pure (>99% ee)
chiral tertiary alkyl-containing alcohols. It should also be
noted that chiral 2-alkyl-1-alkanols can be readily trans-
formed into their corresponding optically active aldehydes,
carboxylic acids, and other classes of compounds.

(R)-Arundic acid is currently undergoing Phase IT devel-
opment for the treatment of acute ischemic stroke, as well
as clinical development in other neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease.*”)
Thus, arundic acid has been a highly coveted synthetic
target in recent years, and a number of syntheses of this
compound have been reported.p” However, these methods
have limitations and drawbacks, including the use of highly
expensive chiral auxiliaries, modest enantiomeric purities,
and low yields.
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To demonstrate synthetic utility of the new protocol re-
ported herein, both (R)- and (S)-arundic acids were pre-
pared. (R)- and (S)-11 of >99% ee, prepared by ZACA,
lipase-catalyzed purification, and Cu-catalyzed cross-cou-
pling tandem reactions (Scheme 4), were transformed into
the corresponding (R)- and (S)-arundic acids in 98 % yield
by oxidation with NaClO, in the presence of catalytic
amounts of NaClO and 2,2,6,6-tetramethylpiperidin-1-yloxyl
(TEMPO).P! Thus, a highly enantioselective and efficient
synthesis of (R)- and (S)-arundic acids was achieved in 25 %
and 28% over five steps, respectively, from allyl alcohol
(Scheme 5).

NaClO,, TEMPO (cat.)
NaClO (cat.) nPr

nPr
\/\/\)\/OH M64>CN \/\/\)\H/OH
98%

(R)-11,299% ee (R)-arundic acid, 299% ee

NaClO,, TEMPO (cat.)
NaClO (cat.) nPr

nPr
H MeCN \/\/\/-\H/OH

S SSOH 98%
(S)-11, 299% ee - o
(S)-arundic acid, >99% ee

Scheme 5. Synthesis of (R)- and (S)-arundic acids.

Conclusions

In summary, the present study has provided a widely appli-
cable and highly enantioselective route to various chiral 2-
alkyl-1-alkanols, especially those of feeble chirality, by a se-
quence of ZACA, lipase-catalyzed acetylation, and Pd- or
Cu-catalyzed cross-coupling. Either enantiomer of the de-
sired alcohols can be readily obtained in very high optical
purity (>99% ee) from the (R)- or (S)-enantiomer of 1 by
using Pd- or Cu-catalyzed cross-coupling to introduce vari-
ous primary, secondary, and tertiary carbon groups with re-
tention of all carbon skeletal features of (S)-1 or (R)-2. Oxi-
dation of chiral 2-alkyl-1-alkanols provides the correspond-
ing acids with high enantiomeric purity. The synthetic utility
of the present method has been demonstrated in highly
enantioselective syntheses of (R)-2-methyl-1-butanol (3) and
(R)- and (S)-arundic acids. Further studies along these lines
are currently ongoing.

Experimental Section

All reactions were run in a dry Ar atmosphere. Reactions were moni-
tored by thin layer chromatography (TLC) carried out on 0.25 mm
Merck silica gel plates (60F-254) or by GC analysis of reaction aliquots.
Chiral GC analysis was performed on an HP 7890 A gas chromatograph
using a CP-Chirasil-Dex CB capillary column (25 mx0.25 mm, 0.39 um
film). Flash chromatographic separations were carried out on 230-
400 mesh silica gel. 'H and *C NMR spectra were recorded on Varian-
Inova-300 or Bruker-ARX-400 instruments. Optical rotations were mea-
sured on an Autopol III automatic polarimeter. ZnBr, was flame-dried in
vacuo. THF was dried by distillation under Ar from sodium/benzophe-
none. CH,Cl, was dried by distillation under Ar from CaH,. (+)- and
[(=)-(NMI),ZrCL]" were prepared as reported in the literature. Other
commercially available solvents and reagents were of reagent grade and
used without further purification, unless otherwise indicated.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



CHEMISTRY

AN ASIAN JOURNAL

Representative Procedure for ZACA Reaction and Lipase-Catalyzed
Acetylation. Synthesis of (S)-2-(lodomethyl)pentan-1-ol (I c)

To a solution of allyl alcohol (0.68 mL, 10 mmol) in CH,Cl, (5 mL) was
added dropwise nPr;Al (2.9 mL, 15 mmol) at —78°C under argon, and
the resultant solution was stirred at 23°C for 1 h. To a solution of iBu;Al
(25mL, 10mmol) in CH,Cl, (10mL) was added dropwise H,O
(0.18 mL, 10 mmol) at —78°C under argon, and the mixture was slowly
warmed to 23°C and stirred for 1 h to give a clear solution of IBAO in
CH,Cl,. To another solution of [(+)-(NMI),ZrCl,] (334 mg, 0.5 mmol) in
CH,Cl, (5mL) at 0°C were added consecutively nPr;Al (2.9 mL,
15 mmol), the IBAO solution prepared above, and the pretreated solu-
tion of allyl alcohol. The resultant solution was warmed to 23°C and
stirred overnight. The solvents were evaporated in vacuo. The residue
was dissolved in Et,0 (50 mL), and I, (15.3 g, 60 mmol) was introduced
in three portions at 0°C. The resultant mixture was stirred for 2h at
23°C, heated at reflux for additional 8 h, quenched with ice water, ex-
tracted with ether, washed with aqueous Na,S,0;, dried over anhydrous
MgSO,, filtered, concentrated, and purified by column chromatography
(silica gel, 20 % ethyl acetate in hexanes) to afford (S)-2-(iodomethyl)-
pentan-1-ol (1c, 1.4 g, 59 % yield, 82 % ee).

To a solution of (S)-1¢ (228 mg, 1.0 mmol, 82 % ee) was added THF/H,O
(6 mL/6 uL), Amano AK lipase (40 mg), and vinyl acetate (0.9 mL,
10 mmol), and the mixture was stirred for 12 h at 23°C. The resultant
mixture was diluted with ether, filtered, concentrated, and purified by
column chromatography (silica gel, 20% ethyl acetate in hexanes) to
afford (S)-1¢ (132 mg, 58%). The optical purity was determined by
Mosher ester analysis, >99% ee. [a]5 =—3.9° (c=1.4, CHCL;). 'H NMR
(300 MHz, CDCl;): d=0.93 (t, J=6.6 Hz, 3H), 1.2-1.4 (m, 6H), 3.30 (dd,
J=9.6,51Hz, 1H), 343 (dd, /=102, 42 Hz, 1H), 3.4-3.5 (m, 1H), 3.6-
3.7 ppm (m, 1H); *CNMR (75 MHz, CDCL): 6=12.7, 14.0, 19.6, 32.9,
40.8, 64.9 ppm. HRMS (EI) caled for CgH510 [M]*: 228.0011; found:
228.0015.

Representative Procedure for Cu-Catalyzed Cross-Coupling. Synthesis of
(S)-2-Ethylpentan-1-ol (6)

To a solution of (S)-1¢ (92 mg, 0.4 mmol, >99% ee), CuCl, (2.8 mg,
0.02 mmol), and 1-phenylpropyne (7.9 uL, 0.06 mmol) in THF (2 mL)
was slowly added methylmagnesium chloride (3m in THF, 0.44 mL,
1.32 mmol) at 0°C, and the resultant solution was stirred for 2 h at 0°C.
The reaction was then quenched with aqueous NH,CI, extracted with
Et,0, dried over anhydrous MgSO,, concentrated, and purified by
column chromatography (silica gel, 20% ethyl acetate in hexanes) to
give (§)-2-ethylpentan-1-ol (S)-6 (37 mg, 80%). The optical purity was
determined by chiral GC analysis, >99% ee. [a]5=+32° (c=12,
CH,CL). 'HNMR (300 MHz, CDCL,): 6=0.85-0.95 (m, 6H), 1.15 (m,
1H), 1.22-1.45 (m, 7H), 3.55 ppm (dd, J=5.4, 5.4 Hz, 2H); *C NMR
(75 MHz, CDCly): 6=11.1, 14.5, 20.0, 23.3, 32.7, 41.7, 65.2 ppm. The opti-
cal purity of 99.3% ee was determined by chiral GC analysis, CP-Chira-
sil-Dex CB capillary column (25 mx0.25 mm, 0.39 pm film). Test condi-
tions: carrier gas 8 psi H,, oven program (60°C for 8 min, then 2°Cmin '
to 90°C for 20 min, then 20°Cmin~"' to 190°C for 2 min), detector FID
200°C. Retention times (min): #; 25.18 (minor); 5 25.25 (major).

Synthesis of (R)-2-Propyloctanoic Acid. (R)-Arundic Acid

To a solution of (R)-11 (86 mg, 0.5 mmol) and TEMPO (2,2,6,6-tetra-
methyl-1-piperidinyloxy free radical, 5.5 mg, 0.035 mmol) in CH;CN
(25 mL) and 0.67M sodium phosphate buffer (pH 6.7, 1.9 mL) were
added consecutively a solution of NaClO, (90 mg, 1.0 mmol) in H,O
(0.5mL) and a solution of dilute NaOClI, prepared by diluting 5.25%
NaOCl (13 pL) with H,O (0.25 mL). The mixture was stirred at 35°C for
7 h and was cooled to 0°C. 1m HCI (3.0 mL) was added. The mixture was
extracted with EtOAc and dried over anhydrous MgSO,. After removing
the volatiles in vacuo, the title product (89 mg, 98 %) was recovered as
a colorless oil. [a]Z =—6.4° (c=2.2, EtOH). '"H NMR (300 MHz, CDCl,):
0=0.8-0.9 (m, 6H), 1.2-1.5 (m, 12H), 1.5-1.6 (m, 2H), 2.3-2.4 ppm (m,
1H); CNMR (75 MHz, CDCL): 6=13.9, 14.0, 20.5, 22.6, 27.3, 29.2,
31.7,32.2, 34.3, 45.4, 183.5 ppm. The optical purity of 99.5% ee was deter-
mined by chiral GC analysis of the corresponding alcohol by reduction
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with LiAlH,. CP-Chirasil-Dex CB capillary column (25 mx0.25 mm,
0.39 pm film). Test conditions: carrier gas 8 psi H,, oven program (60°C
for 8 min, then 2°Cmin~' to 90°C for 20 min, then 20°Cmin! to 190°C
for 2 min), detector FID 200°C. Retention times (min): fz 47.1 (major); ts
47.2 (minor).
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FULL PAPER

Asymmetric Synthesis

Shiqing Xu, Ching-Tien Lee,
Guangwei Wang,

Ei-ichi Negishi* ([ ]]]]

Widely Applicable Synthesis of Enan-

tiomerically Pure Tertiary Alkyl-
Containing 1-Alkanols by Zirconium-
Catalyzed Asymmetric Carboalumina-
tion of Alkenes and Palladium- or
Copper-Catalyzed Cross-Coupling

(1) (+)-ZACA ,
(2) lipase-cat. R
acetylation_ | \)\/OH
> 99% ee
_~_OH —(1) (-)-zacA
Z (2) lipase-cat. R!
acetylation | \/?\/OAC
>99% ee

i) R®%CH, = R" ii) R"and R2CHjare structurally similar

Look, mom, one hand! 2-Alkyl-1-alka-
nols of feeble chirality have been syn-
thesized by a sequence of zirconium-
catalyzed asymmetric carboalumina-
tion of alkenes (ZACA), lipase-cata-
lyzed acetylation, and Pd- or Cu-cata-
lyzed cross-coupling in high enantio-

2) R
R2MX, cat. [CuL,] or [PdL,] Rz\/k/OH
> 99% ee
(1) R?MX, cat. [CuL,] or [PdL,] 1
(2) hydrolysis ) @
RO
> 99% ee

meric purity of >99 % ee. The syn-
thetic utility of this method has been
demonstrated in highly enantioselec-
tive and efficient syntheses of (R)-2-
methyl-1-butanol, (R)- and (§)-arundic
acids.
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