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Stereodivergent Hydroboration of Allenes

Yoshiyuki Nagashima, Keiji Sasaki, Takahiro Suto, Takaaki Sato* and Noritaka Chida*

Abstract: Full details of the stereodivergent hydroboration of allenes
are reported. While hydroboration of an allene with 9-BBN provided
a thermodynamically stable (E)-allylic alcohol after oxidative work-up,
the reaction of an identical allene with HB(Sia), formed a (2)-allylic
alcohol as the kinetic product. The developed conditions allowed for
the synthesis of trisubstituted olefins in a highly stereoselective
fashion, which is known to be challenging. The method was also
applied to the stereodivergent synthesis of structural motifs such as
skipped dienes and allylbenzenes, which are often embedded in
biologically active natural products.

Introduction

Allene is a unique functional group containing two contiguous
carbon-carbon double bonds.! Recent studies on allene have
made this unique functional group an attractive intermediate in
the synthesis of complex molecules due to its easy accessibility
and distinct reactivities derived from the two orthogonal n-bonds.
However, reactions of allenes require precise control of the
selectivities compared with the reactions of the corresponding
alkenyl and alkynyl groups. For example, the
hydroboration/oxidation of allene 1 to give allylic alcohol 3 must
achieve three selectivities including the regioselectivity for two
double bonds. (Scheme 1).& The face-selectivity is another
challenge due to the two orthogonal double bonds. While
hydroboration of 1 from the same face as the R group would
provide (E)-allylic borane 2 (path A), hydroboration from the less
hindered side opposite to the R! group would give (Z)-allylic
borane 2 as the kinetically favored intermediate (path B).
Furthermore, (Z)-allylic borane 2 is known to undergo two 1,3-
allylic rearrangements via 4 under equilibrium conditions,
leading to the formation of thermodynamically stable (E)-2.173
Although the simultaneous control of the three selectivities
(regio-, stereo-, and kinetic vs thermodynamic) is highly
challenging, the reaction has the potential to become a useful
stereodivergent method to give both allylic alcohols (E)-3 and
(2)-3 from the identical allene 1.

In 1979, Brown and co-workers reported the pioneering
hydroboration of allene 1 with 9-BBN that resulted in the
formation of thermodynamically stable allylic borane (E)-2, which
was subsequently used as an allylating reagent with acetone.?
The Roush group disclosed that the proper choice of
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substituents on boron (10-TMS-9-borabicyclo[3,3,2]decane)
could efficiently inhibit the isomerization of kinetically formed (2)-
2, which was also used in the enantioselective stereodivergent
allylation of aldehydes.?1 Very recently, the Huang/Hong group
reported a stereodivergent allylation via hydroboration of allenes
in the synthesis of functionalized tetrahydropyrans.?! Soon after
their report, our research group independently disclosed a
stereodivergent hydroboration/oxidation of allenes and its
application to a unified total synthesis of the madangamine
alkaloids. ¥ In this paper, we report the full details of systematic
studies on stereodivergent hydroboration/oxidation of allenes to
give allylic alcohols. The developed method was then applied to
the synthesis of skipped dienes and allylbenzenes embedded in
a variety of biologically active natural products.
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Scheme 1. Hydroboration/oxidation of allenes.

Results and Discussion

The hydroboration of allenes was first evaluated using
commercially available 1-cyclohexylallene la with a variety of
borane reagents (Table 1). A solution of allene 1a in THF was
treated with 9-BBN at room temperature for 30 min, and then
quenched with H>O, in aqueous NaOH to give allylic alcohols
(E)-3a and (Z)-3a in 86% combined yield (Table 1, Entry 1). The
reaction showed (E)-selectivity under thermodynamic control via
1,3-allylic rearrangement (E/Z = 13.3:1). The same reaction for a
longer time (24 h) provided allylic alcohols 3a in a lower
combined vyield but with the identical E/Z-selectivity (Table 1,
Entry 2). The hydroboration with Cy,BH (dicyclohexylborane) at
0 °C for 5 min showed a lower (E)-selectivity than that with 9-
BBN (Table 1, Entry 3). Interestingly, the reaction for 24 h led to
a slightly higher (E)-selectivity (Table 1, Entries 3 and 4, E/Z =
5.4:1 vs 8.5:1).1 These results indicated that while the allylic
boranes derived from 9-BBN quickly reached equilibrium, the
allylic boranes derived from Cy,BH underwent a slower
equilibrium  reaction. The hydroboration with (Thx)BH:
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(thexylborane) for 5 min provided allylic alcohol 3a with E/Z =
3.8:1 ratio (Table 1, Entry 5). In contrast, the reaction for 24 h
did not provide the product, probably because of the second
hydroboration (Table 1, Entry 6). Gratifyingly, hydroboration of
allene la with sterically bulky HB(Sia), (disiamylborane) at 0 °C
for 5 min showed (Z)-selectivity (E/Z = 1:4.3) in 89% combined
yield (Table 1, Entry 7). The reaction time and the temperature
were critical to keep the high (Z)-selectivity. A longer reaction
time for 24 h at 0 °C resulted in a lower (Z)-selectivity probably
due to the partial 1,3-allylic rearrangement (Table 1, Entry 8).
The stereoselectivity was switched to the opposite (E)-

preference by the reaction for 24 h at room temperature (Table 1,

Entry 9, E/Z = 4.5:1).1 Thus, we developed stereodivergent
conditions to give both stereoisomers of allylic alcohols 3a from
the identical allene 1a by simply changing the borane reagents.

Table 1. Optimization of hydroboration of allene 1al®

HBR,, THF, T;
_ ¥
H,0,, NaOH agq. - OH
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9-BBN (2.0 equiv.)
- + 1
dg-THF, RT 3 2 BR,

1la 3 2 4 (E)-5a 13R2 3 2 (2)5a
A:1a
3 L d-THF
I\ |
I M |
B: 1a + 9-BBN, 10 min; (E)-5a:(Z)-5a = 10.7:1
I d-THF
2|_ 33 1’. .
= 2= | , | “I
i'u’“! =3 -"l_.l\l‘d_;"l‘_l\ 8 | ‘ |

C: 1a + 9-BBN, 60 min; (E)-5a:(Z)-5a = 10.8:1

Figure 1. *H NMR spectra (400 MHz) in the hydroboration of allene 1a with 9-

1a (E)-3a 4\>OH (2)-3a BBN in ds-THF. (A) allene 1a in ds-THF; (B) allene 1a, 9-BBN (2.0 equiv) in ds-
THF, RT, 10 min; (C) allene 1a, 9-BBN (2.0 equiv) in ds-THF, RT, 60 min.
Entry HBR: T (°C) Reaction Combined .7
time yields
)" (Sia),BH (2.0 equiv) 1
B ——————— + .
1 9-BBN RT 30 min 86 13.3:1 dg-THF, RT 3 2 B(Sia),
la 3 2 1 (E)-6a 41\>B(Sia) 3 2 (2)-6a
2 9-BBN RT 24 h 53 2.0 2
3 Cy2BH 0 5 min 60 5.4:1 A:a
4 Cy:BH 0 24 h 72 8.5:1 3 1 d-THE
............................................ | |
5 (Thx)BH2 0 5 min 72 3.8:1 J|‘| |
6 (Thx)BH2 0 24 h trace - B: 1a + (Sia),BH, 10 min; (E)-6a:(Z)-6a = 1:4.2
i . 2-methyl-2-butene
7 HB(Sia)2 0 5 min 89 1:4.3 d-THF
............................................ h 3 I‘
8 HB(Sia), 0 24h 62 1:1.9 34 *l
& i\l
............................................ R | )
9 HB(Sia RT 24 h 65 451 — ———————— =
(Sia)2 C: 1a + (Sia),BH, 24 h; (E)-6a:(2)-6a = 3.8:1
2-methyl-2-butene d-THF

[a] Reaction conditions: 1a (150 umol), HBR:z (1.5 equiv), THF (0.1 M), 0 °C, 5
min; then H202 (30% aq, 1 mL), NaOH aqg. (3 M, 1 mL), 0 °C, 1 h. [b] Yields of
isolated products after purification by column chromatography are given.

'H NMR experiments were performed to elucidate the
mechanistic details of the hydroboration (Figure 1). Upon
treatment of allene 1a with 9-BBN (2.0 equiv) in ds-THF at room
temperature, two newly generated intermediates were observed
(spectra A-C). The major compound contained a doublet-triplet-
doublet peak at 3 5.65 (J = 15.1, 7.8, 1.1 Hz, H2) and a doublet-
doublet-triplet peak at & 5.16 (J = 15.1, 6.9, 1.4 Hz, H3), which
indicated the formation of (E)-allylic borane 5a. On the other
hand, the minor compound corresponded to (Z)-allylic borane 5a
containing a doublet-triplet-doublet peak at & 5.54 (J = 11.0, 8.0,
0.9 Hz, H2) and a doublet-doublet-triplet peak at & 5.03 (J =
11.0, 9.2, 1.8 Hz, H3). Comparison between spectra B and C
showed that the starting material 1a still remained after 10 min,
but the E/Z ratio of the generated allylic boranes 5a was
identical to the ratio after 1 h. These results revealed that the

Figure 2. *H NMR spectra (400 MHz) in the hydroboration of allene 1a with
HB(Sia)z in ds-THF. (A) allene 1a in ds-THF; (B) allene 1a, HB(Sia)2 (2.0 equiv)
in ds-THF, RT, 10 min; (C) allene 1a, HB(Sia)z (2.0 equiv) in ds-THF, RT, 24 h.

1,3-allylic rearrangement of (Z)-allylic borane 5a was much
faster than the hydroboration itself, and the rearrangement of
two allylic boranes 5a quickly reached equilibrium. A different
mechanistic tendency was observed by 'H NMR experiments
with HB(Sia),, which was prepared with BH3z-SMe, (2.0 equiv)
and 2-methyl-2-butene (6 equiv) (Figure 2). After 10 min at room
temperature, the *H NMR spectrum showed the complete
consumption of allene 1la, and the formation of two new
intermediates (Spectra B, E/Z = 1:4.2). While the major
intermediate was assigned as (Z)-allylic borane 6a by the
coupling constant of the double bond (J23 = 10.7 Hz), the minor
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isomer was identified as (E)-allylic borane 6a by the resonances
of (E)-olefin peaks (J23 = 15.3 Hz). However, the 'H NMR
spectrum after 24 h indicated that (E)-allylic borane 6a became
the major isomer (Spectra C, E/Z = 3.8:1). These results
suggested that the 1,3-allylic rearrangement took place even if
sterically bulky HB(Sia), was used, but the rate of the
rearrangement was much slower than that with 9-BBN, allowing
for the (2)-selective hydroboration.

<method A>
9-BBN (1.5 equiv.), THF, RT;
R! H,0,, NaOH aq. R! OH
= =\
R? <method B> R?
1 HB(Sia); (1.5 equiv.), THF, 0 °C; (E)-3

H,0,, NaOH agq.

nCsHi4

TBDPSO—\

H  1p
A: 42%, E/IZ=9.1:1
B: 84%, E/Z = 1:2.4

TBDPSO

Me 1e

A: 89%, E/Z =111
B:97%, E/Z=1:8.3

nCsHi
BnO

Me 1h

A: 0%
B: 78%, E/Z = 1:>20

TBDPSO—
H 1c

A: 88%, E/Z = 16:1
B: 92%, E/Z = 1:>20

TBDPSO

Me 1f

A: 85%, E/Z =1.8:1
B:92%, E/Z = 1:4.1

nCsHiq

HO—
Me

A: 69%, E/Z =7.8:1
B: 47%, E/Z = 1:>20

1ilal

R1
. >:f
OH R?2
(2)-3
Me 1d

A:60%, E/Z =6.0:1
B:73%, E/Z=1:6.6

nCsHi4

TBDPSO—
Me 1g

A:93%, EIZ=13:1
B: 95%, Z (single)

OTBDPS

A: 84%, EIZ=6.4:1
B: 92%, E/IZ = 1:>20

Scheme 2. Substrate scope in the hydroboration/oxidation of allenes. [a] 2.5
equivalents of 9-BBN and HB(Sia)z were used.

With the stereodivergent conditions with 9-BBN [method
A] and HB(Sia). [method B] in hand, we then surveyed the
substrate scope of the stereodivergent hydroboration
(Scheme 2). When allenes 1 possess a branched
substituent, both E- and Z-selective hydroborations showed
higher diastereoselectivity (1b vs 1c¢). The reactions of 1,1-
disubstituted allenes under both conditions gave
trisubstituted olefins with comparable or even higher
stereoselectivities than the corresponding 1-substituted
allenes (1a vs 1d, 1b vs 1e, 1c vs 19). It is noteworthy that
the high level of stereocontrol for trisubstituted olefins is
known to be challenging even in modern organic synthesis.
However, our stereodivergent hydroboration can provide
both (E)- and (Z)-trisubstituted olefins from an identical
allene. The stereoselectivity depended highly on the steric
bulkiness of the two substituents R' and R? of allenes 1.
While the hydroborations of 1f with a less hindered
substituent than 1e showed lower stereoselectivities under
both conditions, the reactions of 1g bearing a bulky
branched substituent resulted in higher stereoselectivities.
When using 9-BBN, the reaction depended highly on the
nature of the protecting groups on the allenyl alcohols. For
example, while the reaction of TBDPS-protected allenyl
alcohol 1g with 9-BBN showed both a high yield and (E)-
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selectivity, Bn-protected allenyl alcohol 1h did not provide
allylic alcohol (E)-3h at all. As shown in Scheme 3, primary
alcohol 9h was obtained in 32% vyield instead, probably
through the B-elimination of 4h and the subsequent
hydroboration of diene 7h. In contrast to 9-BBN, the
hydroboration with HB(Sia), was relatively independent of
the nature of the protecting groups, leading to high (Z)-
stereoselectivities (1g vs 1h). Interestingly, free allenyl
alcohol was tolerated with both (E)- and (Z)-selective
hydroborations, although 2.5 equivalents of borane
reagents were needed (1i). The exo allene of cyclohexane
derivative 1j underwent the stereoselective hydroborations
under both conditions.

nCsHyq nCsHyqq nCsHyqq
Bn04</ 9-BBN BnoyBRz Bnow
THF, RT
Me 4 Me (2)-2h Me BR, 4h

H,O \
WOH NgozH aq. nC5H11vBR2 9-BBN nC5H114§_/

nCsHyy /
Me  9h: 32% Me 8h Me  7h

Scheme 3. Formation of primary alcohol 9h via B-elimination.

Our research group has been pursuing the utility of allenes
as productive intermediates in the synthesis of complex natural
products. For example, a skipped diene is an important
structural motif widely distributed in biologically active natural
products such as madangamines,*” corallopyronin A® and
ripostatin Al¥l (Scheme 4A).1% The skipped diene natural
products consist of a variety of stereoisomers derived from two
olefins of the skipped dienes. Another structural feature is that
one of two olefins embedded in most of these natural products is
a challenging trisubstituted olefin. Our stereodivergent
hydroboration has the potential to provide quick access to all
four possible stereoisomers of skipped dienes by combination
with the well-known Migita-Kosugi-Stille coupling®™ (Scheme
4B). The sequence commenced with stereodivergent
hydroboration of allene 1g with 9-BBN and HB(Sia)., providing
allylic alcohols (E)-3g and (2)-3g, respectively. After
transformation of allylic alcohol (E)-3g to methyl carbonate (E)-
10, the Migita-Kosugi-Stille coupling of the resulting (E)-10 with
both vinyl stannanes (E)- and (Z)-11 provided skipped dienes
(E,E)- and (E,Z)-12 in high yields. Allylic alcohol (Z)-3g was also
converted to skipped dienes (Z,E)- and (Z,2)-12 with retention of
the stereochemistry. It is noteworthy that the resulting
geometry of (Z,E)-12 corresponds to that of corallopyronin A.
Thus, we demonstrated that the developed method would be
useful for the synthesis of skipped diene natural products
including challenging trisubstituted olefins with a high level of
stereocontrol.

The method was then applied to construction of an
allylbenzene motif embedded in biologically active natural
products including cylindrol A2 and lobatamide CI3! (Scheme
5A). These natural products also contain a trisubstituted olefin
with either (E)- or (Z)-arrangements. Allylic carbamate (E)-10,
which was prepared through E-selective hydroboration of allene
1g with 9-BBN, was subjected to the Migita-Kosugi-Stille
coupling with PhSnBus; in the presence of Pd,(dba)s;-CHCI; (5
mol%) and LiCl (Scheme 5B). Although slight scrambling of
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stereochemistry was observed,

to the substructures of cylindrol A and lobatamide C,
respectively.
0
HN*OMe )
/ corallopyronin A

ZE) rMe

OH O Me Me
madangamine F Me
sem EB
H
o o) o)
/7 en HO 9y
H \/;> o CO,
HO Me
(Z,E) ripostatin A
(B) d) (E)-11 (P = TBS)
CsH 4
BRSO nCsHyy BUSSn/\/H‘OP nCsHyy i
TBDPSO oP
— Pd(0)

Me OopP Me

c) clIcoMe [~ (E)-39:R=H (E,E)-12: 95%

98% (E)-10: R = CO,Me nCaH
a) 9-BBN, 93% TBDPSO X .
ElZ=12.9:1 d) (2)-11, Pd(0) Me ( o
-12: 919
nCsHqy (E,2)-12: 91%
TBDPSO—
TBDPSO nCgH
19 M€ d) (E)-11, Pd(0) s

— =

b) HB(Sia),, 95%
(Z,E)12: 79%

single isomer

nCsHyq ] nCsH AN
TBDPsoJ>:f0P e
TBDPSO OoP
Me d) (2)-11, Pd(0) e
c) Clco,Me [~ (2)-3g:R=H (2,2)-12: 80%
93% (2)-10: R = CO,Me

Scheme 4. (A) Representative natural products containing skipped dienes. (B)
Application of 1,1-disubstituted allene 1g to stereodivergent synthesis of
skipped dienes 12. Reagents and conditions: a) 9-BBN (1.5 equiv), THF (0.1
M), RT; H202, NaOH agq; b) HB(Sia)2 (1.5 equiv), THF (0.1 M), 0 °C; H20z,
NaOH agq; c) CICO2Me (1.5 equiv), py (1.5 equiv), CH2Cl2 (0.1 M), 0 °C; d) 9
(1.5 equiv), Pdz(dba)s-CHCIs (5 mol%), LiCl (10 equiv), DMF (8 mM), RT.

Conclusions

We have developed a stereodivergent hydroboration of allenes,
which can provide quick access to both (E)- and (2)-allylic
alcohols from an identical allene by simply changing borane
reagents. While use of 9-BBN provided a thermodynamically
stable (E)-allylic alcohol, the reaction of HB(Sia), resulted in the
formation of (2)-allylic alcohol as the kinetic product. The
synthetic utility was demonstrated when the stereodivergent
method was applied to 1,1-disubstituted allenes, giving (E)- and

allylbenzene (E)-13 was
obtained in 91% vyield (E/Z = 10.6:1). On the other hand, the
cross-coupling of allylic carbonate (Z)-10 proceeded in 76%
yield with the retention of the stereochemistry in the absence of
LiCL The resulting (E)- and (Z)-allylbenzenes 13 correspond
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(2)-trisubstituted olefins. Combination of our hydroboration with
the Migita-Kosugi-Stille coupling achieved a stereodivergent
sequence, successfully giving all four possible stereocisomers of
skipped dienes embedded in biologically active natural products.
The method was also applicable to the stereodivergent
synthesis of allylbenzene motifs.

) N
T Tome
Et
HO M
H
" T e B CHO ¢
Me Me OH X
cylindrol A v lobatamide C
(B)
nCsHqq a) PhSnBug nCsHyq
TBDPSO cat. Pd(O) Licl TBDPSO
Me ocopme 91% EIZ=106:1
(E)-10 (E)-13
nCsHyq, b) PhSnBuj nCgHyq
TBDPsoyOCOZMe cat. Pd(0) TBDPSOW
7 0,
Me 6% e
(210 (2)-13

Scheme 5. (A) Representative natural products containing the allyl benzene
motif. (B) Stereodivergent synthesis of allylbenzenes 13 derived from 1,1-
disubstituted allene 1g. Reagents and conditions: a) PhBusSn (1.5 equiv),
Pdz(dba)s:CHCIz (5 mol%), LiCl (10 equiv), DMF (50 mM), RT. b) PhBusSn
(1.5 equiv), Pdz(dba)s-CHCIs3 (5 mol%), DMF (50 mM), RT.

Keywords: allene « hydroboration * natural product * skipped
diene « stereoselectivity

[1] For recent selected reviews on allenes, see; a) R. Zimmer, C. U.
Dinesh, E. Nandanan, F. A. Khan, Chem. Rev. 2000, 100, 3067-3125;
b) N. Krause, A. Hoffmann-Rdder, Tetrahedron 2004, 60, 11671—
11694; c) K. M. Brummond, J. E. DeForrest, Synthesis 2007, 795-818;
d) M. Ogasawara, Tetrahedron: Asymmetry 2009, 20, 259-271; e) S.
Yu, S. Ma, Chem. Commun. 2011, 47, 5384-5418; f) S. Yu, S. Ma,
Angew. Chem. Int. Ed. 2012, 51, 3074-3112; Angew. Chem. 2012, 124,
3128-3167; g) T. Lu, Z. Lu, Z.-X. Ma, Y. Zhang, R. P. Hsung, Chem.
Rev. 2013, 113, 4862-4904; h) J. L. Bras, J. Muzart, Chem. Soc. Rev.
2014, 43, 3003-3040.

[2] For selected examples on reactions via hydroboration of allenes, a) R.
H. Fish, J. Am. Chem. Soc. 1968, 90, 4435-4439; b) D. S. Sethi, G. C.
Joshi, D. Devaprabhakara, Can. J. Chem. 1968, 46, 2632—-2634; c) D.
S. Sethi, G. C. Joshi, D. Devaprabhakara, Can. J. Chem. 1969, 47,
1083-1086; d) H. C. Brown, R. Liotta, G. W. Kramer, J. Am. Chem. Soc.
1979, 101, 2966-2970; e) K. K. Wang, Y. G. Gu, C. Liu, J. Am. Chem.
Soc. 1990, 112, 4424-4431; f) H. C. Brown, G. Narla, J. Org. Chem.
1995, 60, 4686-4687; g) G. Narla, H. C. Brown, Tetrahedron Lett. 1997,
38, 219-222; h) S.-C. Hung, Y.-F. Wen, J.-W. Chang, C.-C. Liao, B.-J.
Uang, J. Org. Chem. 2002, 67, 1308-1313; i) A. Furstner, M.
Bonnekessel, J. T. Blank, K. Radkowski, G. Seidel, F. Lacombe, B.
Gabor, R. Mynott, Chem. Eur. J. 2007, 13, 8762-8783; j) J. Kister, A. C.
DeBaillie, R. Lira, W. R. Roush, J. Am. Chem. Soc. 2009, 131, 14174—
14175; k) M. Chen, M. Handa, W. R. Roush, J. Am. Chem. Soc. 2009,
131, 14602-14603; I) D. H. Ess, J. Kister, M. Chen, W. R. Roush, Org.
Lett. 2009, 11, 5538-5541; m) M. Chen, D. H. Ess, W. R. Roush, J. Am.
Chem. Soc. 2010, 132, 7881-7883; n) C. Sanchez, X. Ariza, J.
Cornella, J. Farras, J. Garcia, J. Ortiz, Chem. Eur. J. 2010, 16, 11535~
11538; 0) M. Chen, W. R. Roush, J. Am. Chem. Soc. 2011, 133, 5744—
5747; p) M. Chen, W. R. Roush, J. Am. Chem. Soc. 2013, 135, 9512—

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

3]

4

[5]

6]

(7]

8l

[0

[10]

[11]

9517; g) M. Chen, W. R. Roush, Tetrahedron 2013, 69, 5468-5475; r) L.
Yang, Z, Lin, S.-H. Huang, R. Hong, Angew. Chem. Int. Ed. 2016, 55,
6280-6284; Angew. Chem. 2016, 128, 6388—-6392.

a) K. G. Hancock, J. D. Kramer, J. Am. Chem. Soc. 1973, 95, 6463—
6465; b) K. G. Hancock, J. D. Kramer, J. Organomet. Chem. 1974, 64,
C29-C31; c) G. W. Kramer, H. C. Brown, J. Organomet. Chem. 1977,
132, 9-27; d) Y. N. Bubnov, M. E. Gurskii, I. D. Gridnev, A. V.
Ignatenko, Y. A. Ustynyuk, V. I. Mstislavsky, J. Organomet. Chem.
1992, 424, 127-132; e) I. D. Gridnev, M. E. Gursky, Y. N. Bubnov,
Organometallics 1996, 15, 3696-3702; f) G. Y. Fang, V. K. Aggarwal,
Angew. Chem. Int. Ed. 2007, 46, 359-362; Angew. Chem. 2007, 119,
363-366; g) M. E. Gurskii, P. A. Belyakov, K. A. Lyssenko, A. L.
Semenova, Y. N. Bubnov, Russian Chem. Bull. Int. Ed. 2014, 63, 480—
486; h) F. W. van der Mei, H. Miyamoto, D. L. Silverio, A. H. Hoveyda,
Angew. Chem. Int. Ed. 2016, 55, 4701-4706; Angew. Chem. 2016, 128,
4779-4784.

Part of this work was published as a preliminary communication, see: T.
Suto, Y. Yanagita, Y. Nagashima, S. Takikawa, Y. Kurosu, N. Matsuo,
T. Sato, N. Chida, J. Am. Chem. Soc. 2017, 139, 2952-2955.

The hydroboration of 1a with Cy2BH for prolonged reaction time (36 h)
provided 3a in 29% yield with E/Z = 9.8:1.

Hydroboration of allene 1a with HB(Sia)2 at room temperature for 48 h
resulted in the complete decomposition.

a) F. Kong, R. J. Andersen, T. M. Allen, J. Am. Chem. Soc. 1994, 116,
6007-6008; b) F. Kong, E. I. Graziani, R. J. Andersen, J. Nat. Prod.
1998, 61, 267-271; c) J. H. H. L. de Oliveira, A. M. Nascimento, M. H.
Kossuga, B. C. Cavalcanti, C. O. Pessoa, M. O. Moraes, M. L. Macedo,
A. G. Ferreira, E. Hajdu, U. S. Pinheiro, R. G. S. Berlinck, J. Nat. Prod.
2007, 70, 538-543. For the total synthesis, see; d) R. Ballette, M. Pérez,
S. Proto, M. Amat, J. Bosch, Angew. Chem. Int. Ed. 2014, 53, 6202—
6205; Angew. Chem. 2014, 126, 6316-6319; e) Ref [4].

a) H. Irschik, R. Jansen, G. Hofle, K. Gerth, H. Reichenbach, J. Antibiot.
1985, 38, 145-152; b) R. Jansen, H. Irschik, H. Reichenbach, G. Hbfle,
Liebigs Ann. Chem. 1985, 822-836. For the total synthesis, see; c) A.
Rentsch, M. Kalesse, Angew. Chem. Int. Ed. 2012, 51, 11381-11384;
Angew. Chem. 2012, 124, 11543-11547.

a) H. Irschik, H. Augustiniak, K. Gerth, G. Hofle, H. Reichenbach, J.
Antibiot. 1995, 48, 787-792; b) H. Augustiniak, G. Hofle, H. Irschik, H.
Reichenbach, Liebigs Ann. 1996, 1657-1663. For the total synthesis,
see; ¢) P. Winter, W. Hiller, M. Christmann, Angew. Chem. Int. Ed.
2012, 51, 3396-3400; Angew. Chem. 2012, 124, 3452-3456; d) W.
Tang, E. V. Prusov, Angew. Chem. Int. Ed. 2012, 51, 3401-3404;
Angew. Chem. 2012, 124, 3457-3460; e) F. Glaus, K.-H. Altmann,
Angew. Chem. Int. Ed. 2012, 51, 3405-3409; Angew. Chem. 2012, 124,
3461-3465; f) W. Tang, E. V. Prusov, Org. Lett. 2012, 14, 4690-4693.
For recent selected examples on stereoselective and convergent
method for skipped dienes, see; a) K. Kaneda, T. Uchiyama, Y.
Fujiwara, T. Imanaka, S. Teranishi, J. Org. Chem. 1979, 44, 55-63; b)
A. N. Thadani, V. H. Rawal, Org. Lett. 2002, 4, 4317-4320; c) A. N.
Thadani, V. H. Rawal, Org. Lett. 2002, 4, 4321-4323; d) T. R. Hoye, J.
Wang, J. Am. Chem. Soc. 2005, 127, 6950-6951; e) H. L. Shimp, G. C.
Micalizio, Chem. Commun. 2007, 4531-4533; f) H. L. Shimp, A. Hare,
M. McLaughlin, G. C. Micalizio, Tetrahedron 2008, 64, 6831-6837; g) H.
He, W.-B. Liu, L.-X. Dai, S.-L. You, J. Am. Chem. Soc. 2009, 131,
8346-8347; h) T. K. Macklin, G. C. Micalizio, Nature Chem. 2, 638—
643; i) P. S. Diez, G. C. Micalizio, J. Am. Chem. Soc. 2010, 132, 9576—
9578; j) V. Jeso, G. C. Micalizio, J. Am. Chem. Soc. 2010, 132, 11422—
11424; k) K.-Y. Ye, H. He, W.-B. Liu, L.-X. Dai, G. Helmchen, S.-L. You,
J. Am. Chem. Soc. 2011, 133, 19006-19014; |) A. C. Gutierrez, T. F.
Jamison, Org. Lett. 2011, 13, 6414-6417; m) M. S. McCammant, L.
Liao, M. S. Sigman, J. Am. Chem. Soc. 2013, 135, 4167-4170; n) S.
Xu, S. Zhu, J. Shang, J. Zhang, Y. Tang, J. Dou, J. Org. Chem. 2014,
79, 3696-3703; 0) H.-Y. Bin, X. Wei, J. Zi, Y.-J. Zuo, T.-C. Wang, C.-M.
Zhong, ACS Catal. 2015, 5, 6670-6679; p) M. Mailig, A. Hazra, M. K.
Armstrong, G. Lalic, J. Am. Chem. Soc. 2017, 139, 6969-6977.

a) F. K. Sheffy, J. K. Stille, 3. Am. Chem. Soc. 1983, 105, 7173-7175;
b) L. D. Valle, J. K. Stille, L. S. Hegedus, J. Org. Chem. 1990, 55,
3019-3023; ¢) A. M. Castafio, A. M. Echavarren, Tetrahedron Lett.

[12]

[13]

[14]

10.1002/asia.201800134

WILEY-VCH

1996, 37, 6587-6590. For a selected review, see; V. Farina, V.
Krishnamurthy, W. J. Scott, Org. React. 1997, 50, 1-652.

S. B. Singh, D. L. Zink, G. F. Bills, R. G. Jenkins, K. C. Silverman, R. B.
Lingham, Tetrahedron Lett. 1995, 36, 4935-4938.

a) T. C. McKee, D. L. Galinis, L. K. Pannell, J. H. Cardellina I, J.
Laakso, C. M. Ireland, L. Murray, R. J. Capon, M. R. Boyd, J. Org.
Chem. 1998, 63, 7805-7810. For the total synthesis, see; b) R. Shen,
C. T. Lin, J. A. Porco, Jr. 3. Am. Chem. Soc. 2002, 124, 5650-5651; c)
R. Shen, C. T. Lin, E. J. Bowman, B. J. Bowman, J. A. Porco, Jr. J. Am.
Chem. Soc., 2003, 125, 7889-7901.

The Migita-Kosugi-Stille coupling of (Z)-10 with PhSnBus in the
presence of LiCl caused partial isomerization of the stereochemistry,
providing a mixture of two isomers 13 in 53% vyield with E/Z = 1:5.5.

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

FULL PAPER

The full details of stereodivergent
hydroboration of allenes were
described. The hydroboration with 9-
BBN provided thermodynamically
stable E-allylic alcohols. On the other
hand, the reaction with HB(Sia).
gave Z-allylic alcohols as a kinetic
product. The method was then
applied to stereodivergent synthesis
of skipped dienes and allylbenzenes,
which are embedded in biologically
active natural products.

Rﬁk TfTRZ path A
N
. . H
Lo path B
H-BR,
pat%BRz HBNm B

1)(
— {R\JBRQ
(2)

l [0x] l [Ox]
RL R! OH
— N\ 1. regioselectivity \:f
(E) OH 2. face-selectivity 2
9-BBN 3. 1,3-rearrangement HB(Sia),

For internal use, please do not delete. Submitted_Manuscript

|

10.1002/asia.201800134

WILEY-VCH

Yoshiyuki Nagashima, Keiji Sasaki,
Takahiro Suto, Takaaki Sato*, Noritaka
Chida*

Page No. — Page No.

Stereodivergent Hydroboration of
Allenes

This article is protected by copyright. All rights reserved.



