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Abstract: Catalytic, enantioselective n-alkyl addition of commer-
cially unavailable di(n-alkyl)zinc reagents, which were prepared by
arefined version of Charette’s procedure with Grignard reagents, to
aldehydes and ketones was developed. To minimize the side reac-
tions in the catalysis by chiral phosphoramide ligand (1) or 3,3"-
diphosphoryl-BINOL ligand (2), a preparation of di(n-alkyl)zinc re-
agents with a 1:2.5:1.6 molar ratio of ZnCl,/NaOMe/RMgCl under
solvent-free conditions was essential. Optically pure (S)-(+)-ginnol
(17) was readily synthesized in one step for the first time by the cat-
alytic enantioselective n-nonylation of icosanal.
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Traditional Grignard reagents are some of the most useful
and safe reagents for alkylating carbonyl compounds in
academic and industrial research and process chemistry.!
Today, more than 200 inexpensive Grignard reagents can
be purchased. In particular, the transmetallation of alkyl
groups in Grignard reagents to other less-reactive metal
complexes such as Zn" and Ti'V should be attractive for
the catalytic enantioselective alkylation of carbonyl com-
pounds because the reaction would proceed only when the
catalysts are present.>* In this regard, Harada et al. recent-
ly reported a catalytic enantioselective Zn"-free second-
ary alcohol synthesis from aldehydes and Grignard
reagents/Ti(Qi-Pr),.* Moreover, Coté and Charette report-
ed the preparation of salt-free di(n-alkyl)zinc reagents
from ZnCl,, NaOMe, and Grignard reagents.’> Except for
Me,Zn, Et,Zn, i-Pr,Zn, n-Bu,Zn, and Ph,Zn, dialkylzinc
reagents are not commercially available. Therefore,
Charette’s method for preparing di(n-alkyl)zinc reagents
under salt-free conditions is valuable. In that report, they
presented a few examples of the catalytic enantioselective
addition of di(n-alkyl)zinc reagents {i.e., Et,Zn,
[TBSO(CH,),],Zn, and (n-C,,H,,),Zn} to 2-naphthalde-
hyde. However, addition of long n-alkyl chains to alde-
hydes might still be an unresolved problem since, in their
report, the representative (-)-MIB [(25)-(—)-3-exo-(N-
morpholino)isoborneol|®-catalyzed n-decylation of 2-
naphthaldehyde gave the desired product in 63% yield
with 97% ee in addition to the undesired reduction
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byproduct.’ In this regard, we found that even much short-
er n-propylation of benzaldehyde did not work well due to
a recovery of the starting material (18%) and a reduction
side product (11% yield) under Charrete’s original condi-
tions (1:2:2 molar ratio of ZnCl,/NaOMe/RMgCl) in Et,O
with the use of our chiral phosphoramide ligand 17
(Scheme 1).

ZnCl, + NaOMe + n-PrMgCl (molar ratio = 1:2:2) in Et,O

r.t. for 2 h, then centrifugation
(-~ NaOMe, — NaCl, — Zn(OMe),, — MeOMgCl)
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Scheme 1 n-Propylation under Charette’s original conditions with
the use of chiral phosphoramide ligand 1

To overcome this problematic low reactivity and/or side
reaction, we report here a catalytic enantioselective addi-
tion of various di(n-alkyl)zinc reagents to aldehydes and
ketones using chiral phosphoramide ligand (1) or chiral
3,3’-diphosphoryl-BINOL ligand (2)%.

By taking advantage of Charette’s report,® we found that
solvent-free di(n-alkyl)zinc reagents were effective both
to increase the reactivity and to minimize formation of the
reduction side product in the catalytic enantioselective ad-
dition to aldehydes with the use of 1. Moreover, the re-
fined 1:2.5:1.6 molar ratio of ZnCl,/NaOMe/RMgCl was
critical to suppress the adventitious racemic pathway trig-
gered by a small amount of remaining Grignard reagent.’
To expand the scope of n-alkyl groups, we prepared di(n-
alkyl)zinc reagents and performed the subsequent addi-
tion reaction to benzaldehyde under the optimized condi-
tions with the use of chiral ligand 1 (Table 1). Ethylation
(see 3), n-propylation (see 4), n-butylation (see 5), n-pen-
tylation (see 6), n-heptylation (see 7), and n-octylation
(see 8) proceeded smoothly, and the corresponding sec-
ondary alcohols were obtained in almost quantitative
yields with 92-97% ee. To our delight, as a representative
long n-alkyl chain, n-decylation also proceeded, and the
desired product 9 was obtained in >99% yield with 95%



CLUSTER Synthesis of (S)-(+)-Ginnol 2025
Table 1 n-Alkylation of Benzaldehyde
ZnCl, + NaOMe + RMgCl (molar ratio = 1:2.5:1.6) in Et,O
r.t. for 2 h, then centrifugation
(— NaOMe, — NaCl, — Zn(OMe),, — MeOMgCl)
concentration (-Et,0)
0 1 (10 mol%) OH
)J\ + R%Zn
Ph H (3 equiv) solvent-free, r.t., 2 h Ph R
Product Yield (%) Enantioselectivity (% ee) Alkyl source
OH
J 92 94 (EtMgCl)
Ph
3
OH
)\/\ 99 97 (n-PtMgCl)
Ph
4
OH
)\/\/ 98 96 (n-BuCL-LiCl + Mg)
Ph
5
OH
)\/\/ >99 96 (n-C5H,,CLLiCl + Mg)
PH ™~
6
OH
J 98 92 (n-C,H,CI-LiCl + Mg)
Ph
7
OH
)\/\/\/\/ 98 96 (n-CgH,,CI-LiCl + Mg)
Ph
8
OH
Ph/k/\/\/\/\/ >99 95 (n-CH,,CI-LiCl + Mg)
9

ee. When the reaction was performed in a solvent (e.g., in
hexane or toluene)’ a comparatively prolonged reaction
time (2-6 h) was required, whereas under solvent-free
conditions, the reaction was completed within two hours
without side reactions. Remarkably, the use of Grignard
reagents prepared in situ (RCI + Mg + LiCI'?) appeared to
have no negative effects (see 5-9).

The addition of other commercially unavailable di(n-
alkyl)zinc reagents to a variety of aldehydes was exam-
ined (Table 2). Aromatic aldehydes with electron-donat-
ing and electron-withdrawing groups and heteroaromatic
aldehydes were acceptable for highly enantioselective
n-propylation (see 12 and 13), n-pentylation (see 10), and
n-heptylation (see 11). n-Pentylation of aliphatic aldehyde
gave the corresponding product 14 with moderate enan-
tioselectivity. The addition of di(n-alkyl)zinc to a,B-un-
saturated aldehydes was also examined. Although the
n-propylation of 1-cyclohexene-1-carbaldehyde showed
high enantioselectivity (15; 91% ee), phenylpropargyl al-
dehyde gave the corresponding n-propyl-adduct 16 in
90% yield but with 6% ee with the use of chiral ligand 1.
In sharp contrast, our previous chiral BINOL-derived
ligand 2 in toluene-THF (2:1)® was found to be effective,

and the adduct 16 was obtained with high enantioselectiv-
ity (82% ee).!!

We next examined the synthesis of a chiral long-chain al-
iphatic alcohol, (S)-(+)-ginnol (17),'? which is an optical-
ly active natural product that has been noted in chiral
bilayers of the wax tubes of higher plants. The reaction of
icosanal (n-C;qH;CHO) with di(n-nonyl)zinc [(n-
CyH,y),Zn] in the presence of chiral ligand 2 (20 mol%)
proceeded in toluene—THF (2:1) at room temperature for
12 hours, and enantioenriched (S)-(+)-ginnol was ob-
tained in one step in 81% yield with 97% ee (Scheme 2).
To the best of our knowledge, this is the first one-step ex-
ample, and is thus the simplest asymmetric synthesis of
(S)-(+)-ginnol. Fortunately, a single recrystallization in n-
hexane provided optically pure (S)-(+)-ginnol (>99% ee).

Finally, n-alkyl addition to much less reactive ketones, in
place of aldehydes, was examined (Scheme 3). Unfortu-
nately, n-propylation of acetophenone (18a) provided the
desired product 19a in low yield (31%), and the undesired
aldol condensation product 20a was instead obtained. In
sharp contrast, n-propylation of CF;-activated 3°,5’-
bis(trifluoromethyl)acetophenone (18b) proceeded with-
out aldol formation at room temperature in 24 hours, in
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Table 2 n-Alkylation of Aldehydes

ZnCl, + NaOMe + RMgCI (molar ratio = 1:2.5:1.6) in Et,O

r.t. for 2 h, then centrifugation
(-~ NaOMe, — NaCl, — Zn(OMe),, — MeOMgCl)

concentration (-Et,0)

0 1 (10 mol%) OH
+ RoZn
R H (3 equiv) solvent-free, r.t.,, 2 h R R
Product Yield (%) Enantioselectivity (% ee) Alkyl source
OH
/@J\/\/\ 99 88 (n-C5H,,CI-LiCl + Mg)
cl
10
OH
/@M 99 94 (n-C,H,sCI-LiCl + Mg)
MeO
11
OH
0o 98 87 (n-PrMgCl)
\ |
12
OH
S 98 98 (n-PrMgCl)
\ |
13
OH
Ph/\)\/\/\ 85 76 (n-CsH,,CI-LiCl + Mg)
14
OH
97 91 (n-PrMgCl)
|
15
OH
90 6
/'\/\ 90? 822 (n-PrMgCD)

the presence of 10 mol% chiral ligand 1, and the desired ther improved the yield (70%) and enantioselectivity

tertiary alcohol 19b was obtained in 59% yield with 98%

ee. Moreover, the presence of 20 mol% chiral ligand 1 fur-  without any side products.
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(>99% ee) of 19b; in this case, 18b was recovered (30%)
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(e}
/\/\/\/\/\/\/\/\/\)J\H
+
SN TS S S DN SN
(3 equiv, prepared from n-CgH1¢CI-LiCl + Mg and Zn(OMe),)

OH
2 (20 mol%) ()]
- .
toluene—-THF (2:1)
rt,12h

(S)-(+)-ginnol (17)
81%, 97% ee [>99% ee]?

Scheme 2 Synthesis of (S)-(+)-ginnol (17) (* Enantioselectivity af-
ter recrystallization from n-hexane.)

ZnCl, + NaOMe + n-PrMgCI (molar ratio = 1:2.5:1.6) in Et,O

r.t. for 2 h, then centrifugation
(- NaOMe, — NaCl, — Zn(OMe),, — MeOMgClI)

concentration (- Et,0O)

0 HO, » e
)k 1 (10 mol%) A M
+ n-ProZ _— +
Ar ARES A e T AT

solvent-free
(3 equiv)

18 rt., 24 h 19 20
Ar=Ph (18a): 31%, 93% ee (19a) 69% (20a)
Ar = 3,5-(CF3)2CgH3 (18b):  59%, 98% ee (19b) 0% (20b)
[70%, >99% ee (19b)? 0% (20b)]

Scheme 3 Catalytic enantioselective addition of di(n-propyl)zinc
reagents to ketones (* Yield and enantioselectivity when 20 mol%
chiral ligand 1 was used.)

In summary, we have developed a catalytic, enantioselec-
tive n-alkyl addition to aromatic and aliphatic aldehydes
and to activated aromatic ketones, with Grignard reagent-
derived di(n-alkyl)zinc reagents.'® Optically active alco-
hols with either short- or long-chain n-alkyl groups could
be successfully synthesized in high yields with high enan-
tioselectivities. To minimize the side reactions in the ca-
talysis by chiral phosphoramide ligand 1 or 3,3’-
diphosphoryl-BINOL ligand 2, a preparation of di(n-
alkyl)zinc reagents in a refinement of Charette’s molar ra-
tio (ZnCl,/NaOMe/RMgCl, 1:2.5:1.6) under solvent-free
conditions was essential. Remarkably, optically pure (S)-
(+)-ginnol was readily synthesized by the catalytic enan-
tioselective n-nonylation of icosanal in one step. Since in-
expensive Grignard reagents are now widely available,
whereas di(n-alkyl)zinc reagents are commercially less
common, this simple method for the synthesis of optically
active alcohols may be effective, particularly for process
chemistry based on green technology.
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repulsion in the transition states using chiral ligand 1
(Figure 1). Also see refs. 7 and 8.

suspension was allowed to stir at 35 °C for 12 h before
titration]. The mixture was centrifuged for 10 min (4,000
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stirred at r.t. for 2 h. After hydrolysis with saturated NH,Cl
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and washed with brine (10 mL). The combined extracts were
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