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Allenes: The changing landscape of Cg
As organic chemists, we continually search for transformations
to produce compounds in increasingly efficient and expedient
ways, and to synthesize new compounds possessing interesting
properties. One particularly appealing strategy is to exploit
underutilized functional groups. By using this strategy, novel
arrays of atoms that were previously unattainable are made
possible. There are hurdles to overcome with this approach, that
include, but are not limited to, an incomplete understanding of
functional group compatibility issues that may arise during their
preparation and/or that may be caused by their presence in
subsequent reactions. The focus of this Thematic Series of the
Beilstein Journal of Organic Chemistry is allenes, which even
after decades of use can still be classified as an underutilized
functional group. However, great advances in the chemistry of
allenes have been made since the time when they were thought
to be, “difficult to prepare and very reactive, and not commonly
encountered ...” [1].

I first became interested in allenes as a graduate student with
Professor Ray Funk at Pennsylvania State University while
working on the preparation of ene—diyne systems. Interestingly,

I always seemed to isolate allenes instead of the compounds I

Beilstein Journal
of Organic Chemistry

Allene chemistry

Kay M. Brummond

Beilstein J. Org. Chem. 2011, 7, 394-395.
doi:10.3762/bjoc.7.50

Received: 01 April 2011
Accepted: 05 April 2011
Published: 07 April 2011

This article is part of the Thematic Series "Allene chemistry"
Guest Editor: K. M. Brummond

© 2011 Brummond; licensee Beilstein-Institut.
License and terms: see end of document.

was hoping to obtain. My interests in allenes continued in my
first faculty position at West Virginia University, where my
colleagues Professors Bob Moore (of the Doering-Moore-
Skattebel reaction) and Kung Wang (contributor to this issue)
contributed greatly to my appreciation and understanding of the
allene functional group.

Focusing on a particular functional group at first glance may
seem trivial and obvious, but the importance of these types of
studies is underscored by the fact that numerous Nobel prizes
have been awarded for the study “alkenes in synthesis”. More
importantly, transformations involving allenes can provide new
scaffolds that lead to an expansion of chemical space where
currently nearly half of all existing organic compounds can be
described by a mere 143 molecular frameworks [2]. This data
supports the notion that we tend towards compounds and func-
tionalities with which we are familiar and understand, but this,
nevertheless, creates a limitation to our knowledge of our field.

This Thematic Series entitled “Allene chemistry” in the

Beilstein Journal of Organic Chemistry represents contribu-

tions from leading chemists exploring a wide range of reactions
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involving allenes as reactants or products. The articles within
detail discoveries surrounding the allene group and provide
knowledge that chemists need in order to make informed deci-
sions about whether or not to include an allene in a synthetic
plan. I would like to thank all the authors for their contributions
to this issue.

Kay Brummond
Pittsburgh, April 2011
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A protocol has been developed to prepare 1,2-allenyl ketones using molecular oxygen in air or pure oxygen as the oxidant from 2,3-

allenylic alcohols with moderate to good yields under mild conditions. In this reaction CuCl (20 mol %) with 1,10-phenanthroline

(10 mol %) and bipyridine (10 mol %) was used as the catalyst. It is interesting to observe that the use of the mixed ligands is

important for the higher yields of this transformation: With the monoligand approach developed by Mark¢ et al., the yields are rela-

tively lower.

Introduction

The oxidation of alcohols is one of many fundamental reactions
in organic synthesis [1,2]. Usually, stoichiometric oxidants such
as MnQO, [3], PCC [4], PDC [4], etc. were employed for this
type of transformation. However, the cost and the byproducts
derived from these reagents cause economic and environmental
problems [5]. In the past decades, much attention has been paid
to catalytic oxidation of alcohols using molecular oxygen as the
oxidant with Pd [6-10], Cu [11-13], Ru [14,15] as the catalysts.

1,2-Allenic ketones have become very useful in organic syn-
thesis [16-33]. Current methods for the oxidation of allenic
alcohols to ketones include oxidation with MnO, [30,34,35],
Swern oxidation [17,24] or Dess—Martin oxidation
[16,17,24,25,28,31-33]: Catalytic acrobic oxidation has not so
far been reported. Due to the synthetic potential of 1,2-allenyl
ketones, it is desirable to develop an aerobic oxidation protocol

for 2,3-allenols. In this paper we wish to report the CuCl-
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catalyzed aerobic oxidation of 2,3-allenols by applying a mixed
ligand approach using copper as the catalyst [12,13].

Results and Discussion

After screening the Pd- [6-10] and Ru-catalyzed [14,15] proto-
cols without success, we began a study of the oxidation of
2-hexyl-1-phenylbuta-2,3-diene-1-ol (1a) with O, based on the
pioneering study of oxidation of normal simple alcohols by
Marko et al. [12]. Under the original conditions [12], the
expected allenylic ketone 2a was obtained in 59% yield when
CuCl and 1,10-phenanthroline were used (Table 1, entry 1). A
series of bases and solvents were then screened for the oxi-
dation of 1a. The results are summarized in Table 1 and
Table 2. We found that (1) K,COj is the most effective base
(Table 1, entry 1) and that organic bases such as NEt; and DBU
are generally ineffective (Table 1, entries 6 and 7); (2) toluene
is the best solvent (Table 2).

In order to improve the yield further, we examined the effect of
ligands. When 2,2'-bipyridine, which has a weaker coordi-
nating ability, was used [36], the yield of 2a was lower
(Table 3, entry 2). With 4,7-diphenyl-1,10-phenanthroline the

Table 1: Screening of bases for the CuCl-catalyzed oxidation of 1a@.

20 mol % CuCl

_._/n-Hex 20 mol % phen n-Hex
th 20 mol % DBAD Ph
HG 2.0 equiv base I
0O, (1 atm)
1a toluene, rt 2a
DBAD: COxt-Bu
N=N
t—BUOgC
entry base time (h) yield of 2a (%)P
1 KoCO3 40 59¢d
2 NayCO3 48 20¢
3 CsyCO3 35 27df9
4 KHCO3 45 15h
5 KOH 48 39
6 NEtz 45 NRK
7 DBU 45 NR!

aThe reaction was carried out using 0.3 mmol of 1a, 20 mol % of CuCl,
20 mol % of phen, 20 mol % of DBAD, and 2.0 equiv of base in 3 mL
of toluene under 1 atm of oxygen unless otherwise stated. P'"H NMR
yield using CH3Br; as the internal standard. ¢1.0 equiv K,CO3 was
used. disolated yield. ©50% of 1a was recovered as determined by
TH NMR analysis. 115 mol % of catalyst was used. 932% of 1a was
recovered by column chromatography. "53% of 1a was recovered as
determined by "H NMR analysis. 1100 mg of 3 A MS and 20 mol % of
KOH was used. 128% of 1a was recovered as determined by 'H NMR
analysis. K70% of 1a was recovered as determined by "H NMR
analysis. '72% of 1a was recovered by column chromatography.

Beilstein J. Org. Chem. 2011, 7, 396—403.

Table 2: Screening of solvents for the CuCl-catalyzed oxidation of 1a2.

20 mol % CuCl

__/-HeX 50 mol % phen _ frHex
- 20 mol % DBAD -

HO Ph 1.0 equiv K,CO3 I Ph

O, (1 atm)
1a solvent, rt 2a
entry solvent time (h) yield of 2a (%)

1 toluene 40 59b
2 CH3CN 48 NR®
3 DCE 47 31d
4 CHCl3 47 208
5 DMF 47 NRf

@The reaction was carried out using 0.3 mmol of 1a, 20 mol % of CuCl,
20 mol % of phen, 20 mol % of DBAD, and 1.0 equiv of K,COgz in 3 mL
of solvent under 1 atm of oxygen. Plsolated yield. 64% of 1a was
recovered as determined by 'H NMR analysis. 9"H NMR yield using
CH>Br, as the internal standard. €78% of 1a was recovered as deter-
mined by "H NMR analysis. f76% of 1a was recovered as determined
by 'H NMR analysis.

yield was slightly improved to 66% (Table 3, entry 3). These
experimental results obviously indicated that the CuCl-
catalyzed oxidation of allenic alcohol was influenced by the
coordinating ability of nitrogen ligands. Consequently, we
carried out the reaction with a mixture of a stronger coordi-
nating ligand together with a relatively weaker coordinating
ligand. Indeed, it was interesting to observe that when 4,7-
diphenyl-1,10-phenanthroline and 2,2'-bipyridine were mixed in
the ratio of 1:1 [37,38], the isolated yield was improved to 82%
(Table 3, entry 6). The yield with 1,10-phenanthroline and 2,2'-
bipyridine (1:1) was 83% (Table 3, entry 10). However, 4,7-
diphenyl-1,10-phenanthroline is relatively expensive (1 g, $ 94,
Aldrich), so the cheaper 1,10-phenanthroline (5 g, $ 26.4,
Aldrich) was used for further study. The effect of ratio of 1,10-
phenanthroline vs 2,2'-bipyridine on the yield was also studied:
A ratio of 1:1 proved to be the best (Table 3, entries 7—12). This
may be explained by considering that the coordination of 2,2'-
bipyridine is important for the formation of the catalytically
active species and may be easily replaced with that of the
alcohol. We also tried N-methylimidazole (NMI), which was
used in oxidation of primary aliphatic alcohols reported by
Marko et al. [13], however, both the turnover and yield were
low (Table 3, entry 14). Both 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline and iPr-Pybox were ineffective in this reaction
(Table 3, entries 4 and 5).

Some other Cu(I) catalysts, such as CuBr, Cul, and CuCN
were also investigated, but no higher yield was achieved
(Table 4). Further studies led to the observation that air
(300 psi, 35 °C (oil bath)) could be used instead of pure oxygen
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Table 3: Screening for different nitrogen ligands in the CuCl-catalyzed oxidation of 1a@.

20 mol % CucCl

_ J-HeX 20mol % Nligands f-Hex
o 20 mol % DBAD o
HS Ph 1.0 equiv K,CO3 3 Ph
O, (1 atm)
1a toluene, rt 2a
entry ligand 1 (mol %) ligand 2 (mol %) time (h) yield of 2a (%)P

1 — 40 61
2 — 46 43¢
3 — 14.5 66
4 — 45 NRd
5 — 24 NRe
6 L-B (10) 455 82
(10)
7 L-A (17.5) L-B (2.5) 40 79
8 L-A (15.0) L-B (5.0) 40 65
9 L-A (12.5) L-B (7.5) 40 82
10 L-A (10.0) L-B (10.0) 42 83
11 L-A (7.5) L-B (12.5) 42 78
12 L-A (5.0) L-B (15.0) 40 73
13 L-A (2.5) L-B (17.5) 40 68
14f L-A (5.0) NMI (7.0) 35 17

aThe reaction was carried out using 0.3 mmol of 1a, 20 mol % of CuCl, 20 mol % of nitrogen ligand, 20 mol % of DBAD, and 1.0 equiv of K,COg3 in

3 mL of toluene under 1 atm of oxygen. ®'H NMR yields determined by 300 MHz, "H NMR analysis using CHBr, as the internal standard. °52% of 1a
was recovered as determined by 'H NMR analysis. 987% of 1a was recovered as determined by H NMR analysis. ©82% of 1a was recovered as
determined by TH NMR analysis. fThe reaction was carried out using 0.5 mmol of 1a, 5 mol % of CuCl, 5 mol % of t-BuOK, 5 mol % of DBAD and the
indicated ligands in 5 mL of CgHsF at 70 °C under 1 atm of oxygen. 52% of 1a was recovered as determined by TH NMR analysis.

(1 atm, 15-24 °C) to shorten the reaction time from 40 to 10 mol % of 2,2'-bipyridine and 50 mol % of K,CO3 in toluene
10 hours and the yield was similar (86%) (Table 5, entry 1).  with air (300 psi, 35 °C) as the oxidant were defined as the stan-
Thus, 20 mol % of CuCl, 10 mol % of 1,10-phenanthroline, dard conditions.
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Under the standard conditions a series of 1-aryl-2,3-allenols
were oxidized to the corresponding 1,2-allenic aryl ketones: A
para-nitro group led to a 63% yield of 2e (Table 5, entry 5);
heteroaryl groups such as furanyl and thienyl were also toler-
ated under the reaction conditions, affording the corresponding
allenic ketones 2f and 2g in 61% and 73% yields, respectively
(Table 5, entries 6 and 7), whilst the reaction of 1-naphthyl-
substituted 1h afforded 2h in 74% yield (Table 5, entry 8). Tri-
substituted allenic alcohol 1j was also oxidized to the corres-
ponding allenic ketone 2j in 91% yield (Table 5, entry 10).

Table 4: Screening of other Cu(l) sources.

20 mol % Cu(l)

n-Hex 10 mol % phen n-Hex
—e 10 mol % bpy —e
P20 mol % DBAD Ph
HO 1.0 equiv K,CO3 O
1a 0, (1 atm) 2a
toluene, rt
entry Cu(l) time (h) isolated yield of 2a
1 CuBr 40 68%
Cul 40 49%
3 CuCN 41 45%

Beilstein J. Org. Chem. 2011, 7, 396—403.

The reaction may be easily carried out on a 1 g scale: the oxi-
dation of allenol 1k afforded the corresponding allenic ketone
2k in 74% yield in 12 hours with just 10 mol % of CuCl and
5 mol % each of 1,10-phenanthroline and 2,2'-bipyridine
(Scheme 1).

10 mol % CuCl
5 mol % phen

o n-Pr 5 mol % bpy . n-Pr
" s §
HO - equiv .2 3 o)
1K air (300 psi) 2K 74%

toluene, 35 °C, 12 h

Scheme 1: 1 gram scale reaction of allenol 1k.

When the reaction of 1-alkyl-substituted-2,3-allenols oxidation
was conducted under 1 atm of oxygen at 60 °C, 81% of conver-
sion was observed and the corresponding allenic ketones 21 and
2m were obtained in 58% and 60% isolated yields (72% and
74% based on the starting material consumed), respectively
(Scheme 2). As a comparison, it should be noted that when 11
was oxidized with air (300 psi, 60 °C), the allenic ketone 21 was
formed in 43% 'H NMR yield with 73% conversion of 11
within 10 hours.

Table 5: The CuCl-catalyzed oxidation of allenic alcohols using air as the oxidant?.

20 mol % CuCl

10 mol % phen
Riz’ R? 10 mol % Epy Riz. R?
R! 20 mol % DBAD :g/,,w
HO 0.5 equiv K,CO3 o)
1 air (300 psi) 2
toluene, 35 °C
entry substrate time (h) yield (%)P
R? R2 R3
1 Ph n-CgHq3 H (1a) 10 86 (2a)
2 p-EtCgH4 n-Pr H (1b) 10 83 (2b)
3 p-BrCgHy n-Pr H (1c) 6 80 (2¢)
4 p-CICgH4 n-CgHq3 H (1d) 6 78 (2d)
5 p-O2NCgHy n-CgHq3 H (1e) 6 63 (2e)
6 3-furanyl n-CgHq3 H (1) 11 61 (2f)
7 3-thienyl n-CsH1q4 H (1g) 8.5 73 (29)
8 1-naphthyl Me H (1h) 11 74 (2h)
9 Ph allyl H (1i) 11 75 (2i)
10 Ph Bu n-CsHqq (1j) 11 91 (2j)

8The reaction was carried out using 0.3 mmol of 1, 20 mol % of CuCl, 10 mol % of phen, 10 mol % of bpy, 20 mol % of DBAD, and 0.5 equiv of

K>COs in 3 mL of toluene, air (300 psi, 35 °C (oil bath)). PIsolated yields.
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20 mol % CuCl
12.5 mol % phen

n-CeM13 45's mol % bpy f1-CeHis
- 20mol % DBAD ~
e BU 0.5 equiv K,COs § n-Bu
0, (1 atm)
1l toluene, 60 °C, 24 h 21
Conv =81%
yield = 72% (based
on 1l consumed)
20 mol % CuCl
12.5 mol % phen .
_ /O o molwbpy |, oS
R 20 mol % DBAD
0.5 equiv K,CO3
HO Ph G, (1 atm) o) Ph
1m toluene, 60 °C, 24 h 2m
Conv =81%

yield = 74% (based
on 1m consumed)

Scheme 2: The oxidation of 11 and 1m under 1 atm of oxygen.

Conclusion

In conclusion, we have developed a method for the aerobic oxi-
dation of 2,3-allenols, which uses molecular oxygen in air or
pure oxygen as the oxidant. In this reaction, CuCl with a 1:1
ratio of 1,10-phenanthroline and bipyridine was used as the
catalyst to provide the best results. A series of 1,2-allenic
ketones were obtained in moderate to good yields under mild
conditions. Compared to the traditional monoligand approach,
allenols are obviously unique demanding a mixed ligands ap-
proach for better yields probably as a consequence of the coor-
dinating ability of the allene moiety. Further study in this area is
being pursued in this laboratory.

Experimental
General experimental methods for starting

materials

The starting allenols 1a—e, 1i, 1k, 11, 1m were prepared via the
reaction of propargyl bromides and corresponding aldehydes in
the presence of SnCl, and Nal in DMF [39,40]; allenols 1f [41],
1g [42], 1h [43], and 1j [44] were prepared as reported. These
starting allenols were purified by flash chromatography before

use.

General experimental procedure for the

aerobic oxidation of allenic alcohols

2-Hexyl-1-phenylbuta-2,3-dien-1-one (2a)

Typical procedure: 1,10-phenanthroline (5.5 mg, 0.03 mmol),
2,2'-bipyridine (4.7 mg, 0.03 mmol), CuCl (5.9 mg,
0.06 mmol), K,CO3 (20.6 mg, 0.15 mmol), and 1.5 mL of dry
toluene were added successively into an oven dried reaction
vessel (sealed with a stopper to isolate the contents from atmos-
pheric moisture). The resulting mixture was stirred at rt for
0.5 h. Then the stopper was removed to add DBAD (13.7 mg,

Beilstein J. Org. Chem. 2011, 7, 396—403.

0.06 mmol), 2-hexyl-1-phenylbuta-2,3-dien-1-0l (69.6 mg,
0.3 mmol), and 1.5 mL of dry toluene. The reaction vessel was
then transferred to an autoclave, which was charged with air to
a pressure of 300 psi, and stirred at 35 °C (oil bath). After 10 h,
the pressure was carefully released in the hood, the mixture
filtered through a short column of silica gel (100-140 mesh)
and washed with diethyl ether. Evaporation of the solvent and
flash chromatography on silica gel (eluent: petroleum ether/
diethyl ether = 30:1) afforded 2a (59.3 mg, 86%): liquid;
TH NMR (300 MHz , CDCl3) & 7.76 (d, J = 7.2 Hz, 2H), 7.49 (t,
J=17.4Hz, 1H), 7.39 (t, J = 7.2 Hz, 2H), 5.04 (t, J = 2.7 Hz,
2H), 2.46-2.35 (m, 2H), 1.58-1.45 (m, 2H), 1.45-1.20 (m, 6H),
0.89 (t, J = 6.6 Hz, 3H) ppm; '3C NMR (75.4 MHz, CDCls)
8 217.0, 194.9, 138.3, 131.9, 129.0, 127.8, 106.9, 79.3, 31.6,
28.9,27.8,22.6, 14.0 ppm; MS (m/z) 228 (M, 7.25), 105 (100);
IR (neat) 2927, 2857, 1933, 1653, 1599, 1450, 1312,
1273 ¢cm™!'; HRMS-EI (m/z) caled for CjgHyo0" [M™]:
228.1514; found: 228.1517.

2-Propyl-1-(4-ethylphenyl)buta-2,3-dien-1-one (2b)

The reaction of 1,10-phenanthroline (5.3 mg, 0.03 mmol), 2,2'-
bipyridine (4.6 mg, 0.03 mmol), CuCl (5.9 mg, 0.06 mmol),
K,CO3 (20.8 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.7 mg, 0.06 mmol), and 2-propyl-1-(4-ethylphenyl)buta-2,3-
dien-1-o0l (64.7 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2b
(53.0 mg, 83%): liquid; 'H NMR (300 MHz, CDCls) & 7.73 (d,
J=28.1 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 5.05 (t, /= 2.9 Hz,
2H), 2.69 (q, /= 7.6 Hz, 2H), 2.44-2.32 (m, 2H), 1.63-1.45 (m,
2H), 1.25 (t, J = 7.5 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H) ppm;
13C NMR (75.4 MHz, CDCly) & 216.5, 194.4, 148.8, 135.8,
129.3, 127.3, 106.5, 79.1, 30.1, 28.8, 21.1, 15.1, 13.7 ppm; MS
(m/z) 214 (M*, 1.75), 133 (100); IR (neat) 2964, 2931, 2872,
1933, 1650, 1607, 1458, 1414, 1273, 1182, 1058 cm™'; HRMS-
EI (m/z) calcd for C1sH;gO" [M*]: 214.1358; found: 214.1360.

2-Propyl-1-(4-bromophenyl)buta-2,3-dien-1-one (2¢)
The reaction of 1,10-phenanthroline (5.4 mg, 0.03 mmol), 2,2'-
bipyridine (4.6 mg, 0.03 mmol), CuCl (5.9 mg, 0.06 mmol),
K,COj3 (20.6 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.8 mg, 0.06 mmol), and 2-propyl-1-(4-bromophenyl)buta-
2,3-dien-1-0l (80.3 mg, 0.3 mmol)/dry toluene (1.5 mL)
afforded 2¢ (64.1 mg, 80%): liquid; '"H NMR (300 MHz,
CDCl3) 8 7.62 (d, J = 8.7 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H),
5.07 (t, J=2.9 Hz, 2H), 2.41-2.30 (m, 2H), 1.60-1.45 (m, 2H),
0.97 (t, J = 7.5 Hz, 3H) ppm; '3C NMR (75.4 MHz, CDCls)
6 217.0, 193.7, 137.0, 131.1, 130.5, 126.7, 106.7, 79.7, 29.7,
21.1, 13.7 ppm; MS (m/z) 266 (M* (31Br), 1.68), 264 (M*
("°Br), 1.76), 185 (100); IR (neat) 2961, 2929, 2870, 1931,
1653, 1585, 1458, 1391, 1270, 1071, 1010 cm™'; HRMS-EI
(m/z) calcd for C]3H13081BrJr [M*]: 266.0129; found:
266.0136.
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2-Hexyl-1-(4-chlorophenyl)buta-2,3-dien-1-one (2d)
The reaction of 1,10-phenanthroline (5.5 mg, 0.03 mmol), 2,2'-
bipyridine (4.8 mg, 0.03 mmol), CuCl (6.0 mg, 0.06 mmol),
K»>CO3 (20.9 mg, 0.15 mmol), dry toluene (1.5 mL),
DBAD (13.8 mg, 0.06 mmol), and 2-hexyl-1-(4-
chlorophenyl)buta-2,3-dien-1-o0l (79.6 mg, 0.3 mmol)/dry
toluene (1.5 mL) afforded 2d (62.0 mg, 78%): liquid; 'H NMR
(300 MHz, CDCl3) 8 7.70 (d, J = 8.4 Hz, 2H), 7.35 (d, /= 8.4
Hz, 2H), 5.06 (t, J= 2.6 Hz, 2H), 2.43-2.32 (m, 2H), 1.55-1.42
(m, 2H), 1.43-1.18 (m, 6H), 0.88 (t, J = 6.3 Hz, 3H) ppm;
13C NMR (75.4 MHz, CDCls) & 217.0, 193.6, 138.2, 136.6,
130.4, 128.1, 106.9, 79.6, 31.6, 28.9, 27.7, 22.5, 14.0 ppm; MS
(m/z) 264 (M (37C1), 0.76), 262 (MT (33Cl), 2.08), 139 (100);
IR (neat) 2927, 2857, 1931, 1654, 1590, 1460, 1397, 1274,
1091 cm™!'; HRMS-EI (m/z) caled for CigH;903CIT [M™]:
262.1124; found: 262.1130.

2-Hexyl-1-(4'-nitrophenyl)buta-2,3-dien-1-one (2e)
The reaction of 1,10-phenanthroline (5.5 mg, 0.03 mmol), 2,2'-
bipyridine (4.7 mg, 0.03 mmol), CuCl (5.9 mg, 0.06 mmol),
K;COj3 (20.8 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.9 mg, 0.06 mmol), and 2-hexyl-1-(4-nitrophenyl)buta-2,3-
dien-1-o0l (82.7 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2e
(51.4 mg, 63%) (eluent: petroleum ether/diethyl ether = 20:1):
liquid; "H NMR (300 MHz, CDCl5) & 8.24 (d, J = 8.7 Hz, 2H),
7.84 (d, J=8.7 Hz, 2H), 5.12 (t, J = 2.9 Hz, 2H), 2.44-2.33 (m,
2H), 1.57-1.44 (m, 2H), 1.44-1.20 (m, 6H), 0.89 (t, /= 6.5 Hz,
3H) ppm; '3C NMR (75.4 MHz, CDCl3) & 218.0, 193.4, 149.4,
143.6, 129.7, 123.1, 107.6, 80.4, 31.5, 28.8, 27.7, 27.3, 22.5,
14.0 ppm; MS (m/z) 273 (M*, 2.56), 150 (100); IR (neat) 2927,
2857, 1930, 1660, 1602, 1526, 1461, 1349, 1272, 1104,
1011 cm™!; HRMS-EI (m/z) caled for C1gH1gNO3* [M*]:
273.1365; found: 273.1367.

2-Hexyl-1-(3-furanyl)buta-2,3-dien-1-one (2f)

The reaction of 1,10-phenanthroline (5.4 mg, 0.03 mmol), 2,2'-
bipyridine (4.8 mg, 0.03 mmol), CuCl (6.2 mg, 0.06 mmol),
K»,CO3 (21.3 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.6 mg, 0.06 mmol), and 2-hexyl-1-(3-furanyl)buta-2,3-dien-
1-0l (66.2 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded
2f (40.4 mg, 61%): liquid; 'H NMR (300 MHz, CDCl3)  8.10
(s, 1H), 7.37 (s, 1H), 6.81 (d, J = 1.2 Hz, 1H), 5.21 (t, J =
2.9 Hz, 2H), 2.39-2.27 (m, 2 H), 1.52-1.38 (m, 2H), 1.38-1.18
(m, 6H), 0.87 (t, J = 6.5 Hz, 3H) ppm; '3C NMR (75.4 MHz,
CDCl3) & 215.8, 186.4, 147.4, 143.0, 126.7, 110.0, 108.1,
80.0, 31.6, 28.9, 27.8, 27.6, 22.6, 14.1 ppm; MS (m/z) 218 (M™,
3.49), 95 (100); IR (neat) 2956, 2928, 2857, 1933, 1724,
1645, 1561, 1509, 1458, 1379, 1311, 1163, 1077, 1009 cm™;
HRMS-EI (m/z) caled for C14H130," [M*]: 218.1307; found:
218.1305.
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2-Pentyl-1-(3-thienyl)buta-2,3-dien-1-one (29g)

The reaction of 1,10-phenanthroline (5.5 mg, 0.03 mmol), 2,2'-
bipyridine (4.8 mg, 0.03 mmol), CuCl (5.9 mg, 0.06 mmol),
K,CO3 (20.9 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.7 mg, 0.06 mmol), and 2-pentyl-1-(3-thienyl)buta-2,3-dien-
1-0l (66.4 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2g
(48.3 mg, 73%) (eluent: petroleum ether/diethyl ether = 50:1):
liquid; "H NMR (300 MHz, CDCl5) & 8.07 (d, J= 1.8 Hz, 1H)
7.53 (d, J = 4.8 Hz, 1H), 7.25 (dd, J, = 4.8 Hz, J, = 3.3 Hz,
1H), 5.16 (d, J= 2.7 Hz, 2H), 2.41-2.32 (m, 2H), 1.56—1.42 (m,
2H), 1.42-1.24 (m, 4H), 0.90 (t, J = 6.6 Hz, 3H) ppm;
13C NMR (75.4 MHz, CDCly) & 216.0, 187.1, 141.5, 132.2,
128.2, 125.1, 107.6, 79.6, 31.4, 27.9, 27.5, 22.4, 14.0 ppm; MS
(m/z) 220 (M*, 3.02), 111 (100); IR (neat) 2956, 2927, 2861,
1933, 1641, 1511, 1460, 1411, 1260, 1082 cm™!; HRMS-EI
(m/z) caled for C13H0S™ [M*]: 220.0922; found: 220.0922.

2-Methyl-1-(1-naphthyl)buta-2,3-dien-1-one (2h)

The reaction of 1,10-phenanthroline (5.5 mg, 0.03 mmol), 2,2'-
bipyridine (4.8 mg, 0.03 mmol), CuCl (6.2 mg, 0.06 mmol),
K;CO3 (21.4 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.5 mg, 0.06 mmol), and 2-methyl-1-naphthylbuta-2,3-dien-1-
ol (63.6 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2h
(47.2 mg, 74%, an unknown substance could not be separated
via column chromatography and the purity of 2h is 95%, which
was determined by 'H NMR with mesitylene as the internal
standard): liquid; "H NMR (300 MHz, CDCl3) § 8.11-8.03 (m,
1H), 7.95-7.81 (m, 2H), 7.61-7.39 (m, 4H), 4.80 (q, /= 2.8 Hz,
2H), 2.11 (t, J = 2.7 Hz, 3H) ppm; !3C NMR (75.4 MHz,
CDCl3) 6 218.6, 197.5, 136.8, 133.5, 130.6, 130.4, 128.2,
126.9, 126.5, 126.1, 125.3, 123.9, 104.8, 78.2, 13.8 ppm; MS
(m/z) 208 (M*, 63.16), 155 (100); IR (neat) 3059, 1957, 1930,
1650, 1508, 1285, 1251, 1204, 1155, 1080, 1059 cm™!; HRMS-
EI (m/z) calcd for C15H,0 [M*]: 208.0888; found: 208.0887.

2-Allyl-1-phenylbuta-2,3-dien-1-one (2i)

The reaction of 1,10-phenanthroline (5.4 mg, 0.03 mmol), 2,2'-
bipyridine (4.6 mg, 0.03 mmol), CuCl (6.1 mg, 0.06 mmol),
K;CO3 (21.5 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(13.7 mg, 0.06 mmol), and 2-allyl-1-phenylbuta-2,3-dien-1-ol
(55.1 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2i (41.1 mg,
75%) (eluent: petroleum ether/diethyl ether = 40:1): liquid,;
TH NMR (300 MHz, CDCl3)  7.78 (d, J = 7.8 Hz, 2H), 7.50 (t,
J =172 Hz, 1H), 7.39 (t, J = 7.5 Hz, 2H), 5.98-5.82 (m, 1H),
5.22-5.04 (m, 4H), 3.20-3.14 (m, 2H) ppm; '3C NMR
(75.4 MHz, CDCl3) 6 217.2, 194.1, 138.0, 134.9, 132.1, 129.0,
127.8, 116.4, 105.3, 79.8, 32.5 ppm; MS (m/z) 184 (M*, 2.53),
105 (100); IR (neat) 3081, 3062, 2982, 1956, 1931, 1651, 1598,
1578, 1447, 1422, 1316, 1272 cm™!; HRMS-EI (m/z) calcd for
C13H1,0 [M™]: 184.0888; found: 184.0889.
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2-Butyl-1-phenylnona-2,3-dien-1-one (2j)

The reaction of 1,10-phenanthroline (5.6 mg, 0.03 mmol), 2,2'-
bipyridine (4.9 mg, 0.03 mmol), CuCl (6.2 mg, 0.06 mmol),
K,CO3 (21.5 mg, 0.15 mmol), dry toluene (1.5 mL), DBAD
(14.1 mg, 0.06 mmol), and 2-butyl-1-phenylnona-2,3-dien-1-ol
(82.2 mg, 0.3 mmol)/dry toluene (1.5 mL) afforded 2j [43]
(74.8 mg, 91%): liquid; "H NMR (300 MHz, CDCls) 7.71 (d,
J=1.8 Hz, 2H), 7.50-7.42 (m, 1H), 7.40-7.32 (m, 2H), 5.36 (t,
J =172 Hz, 1H), 2.48-2.30 (m, 2H), 2.16-1.96 (m, 2H),
1.55-1.11 (m, 10H), 0.93 (t, J = 6.9 Hz, 3H), 0.84 (t, J =
7.2 Hz, 3H) ppm; '3C NMR (75.4 MHz, CDCl3) § 213.3, 195.7,
138.9, 131.5, 128.8, 127.6, 107.4, 95.0, 31.1, 30.2, 28.6, 28.4,
27.8,22.31, 22.29, 13.89, 13.86 ppm.

2-Propyl-1-phenylbuta-2,3-dien-1-one (2k)

The reaction of 1,10-phenanthroline (49.1 mg, 0.27 mmol), 2,2'-
bipyridine (42.6 mg, 0.27 mmol), CuCl (54.2 mg, 0.54 mmol),
K,CO3 (373.8 mg, 2.7 mmol), dry toluene (9 mL), DBAD
(124.4 mg, 0.54 mmol), and 2-propyl-1-phenylbuta-2,3-dien-1-
ol (1.0141 g, 5.4 mmol)/dry toluene (9 mL) afforded 2k
(0.7512 g, 74%): liquid; "H NMR (300 MHz, CDCl3) 8 7.76 (d,
J=17.5Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.39 (t, J= 7.5 Hz,
2H), 5.05 (s, 2H), 2.39 (t, J = 7.2 Hz, 2H), 1.62—1.46 (m, 2H),
0.99 (t, J = 7.5 Hz, 3H) ppm; '3C NMR (75.4 MHz, CDCls)
§217.1, 194.9, 138.3, 131.9, 129.0, 127.8, 106.7, 79.3, 29.9,
21.1, 13.7 ppm; MS (m/z) 186 (M*, 6.46), 105 (100); IR (neat)
2961, 2932, 2872, 1933, 1651, 1598, 1578, 1447, 1315,
1271 ¢cm™'; HRMS-EI (m/z) caled for Cj3H 40" [M™]:
186.1045; found: 186.1045.

General experimental procedure for the oxi-

dation of allenic alcohols with pure oxygen
3-Hexylocta-1,2-dien-4-one (2I)

Typical procedure: 1,10-phenanthroline (6.9 mg, 0.0375 mmol),
2,2'-bipyridine (5.8 mg, 0.0375 mmol), CuCl (5.9 mg,
0.06 mmol), and K,CO3 (20.9 mg, 0.15 mmol) were added
sequentially to an oven dried Schlenk tube, which was purged
with air and refilled with oxygen (twice). Then 1.5 mL of dry
toluene was added, the resulting mixture was stirred at rt for
0.5 h which was followed by the sequential addition of DBAD
(14.0 mg, 0.06 mmol), 2-hexyl-1-butylbuta-2,3-dien-1-ol
(63.8 mg, 0.3 mmol) and 1.5 mL of dry toluene. After stirring at
60 °C for 24 h, the reaction mixture was filtered through silica
gel (100—140 mesh) and washed with diethyl ether. Evapor-
ation of the solvent and flash chromatography on silica gel
(eluent: petroleum ether/ether = 50:1) afforded 21 (37.1 mg,
58%) (conv. = 81%, yield = 72% (based on the alcohol
consumed)): liquid; 'H NMR (300 MHz, CDCl3) & 5.14 (d, J =
2.7 Hz, 2H), 2.62 (t, J = 7.4 Hz, 2H), 2.18-2.09 (m, 2H),
1.60-1.47 (m, 2H), 1.42-1.18 (m, 10H), 0.92-0.78 (m, 6H)
ppm; 13C NMR (75.4 MHz, CDCl3) § 216.2, 201.3, 108.5, 79.3,
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38.9, 31.6, 28.8, 27.8, 27.2, 26.2, 22.5, 22.3, 14.0, 13.8 ppm;
MS (m/z) 208 (M, 1.00), 85 (100); IR (neat) 2958, 2929, 2862,
1934, 1679, 1461, 1174 cm™!; HRMS-EI (m/z) calcd for
C14H,40" [M*]: 208.1827; found: 208.1828.

4-Pentyl-1-phenylhexa-4,5-dien-3-one (2m)

The reaction of 1,10-phenanthroline (6.9 mg, 0.0375 mmol),
2,2'-bipyridine (5.9 mg, 0.0375 mmol), CuCl (6.1 mg,
0.06 mmol), K,CO3 (21.4 mg, 0.15 mmol), dry toluene
(1.5 mL), DBAD (13.9 mg, 0.06 mmol), and 2-pentyl-1-
(phenylethyl)buta-2,3-dien-1-o0l (72.7 mg, 0.3 mmol)/dry
toluene (1.5 mL) afforded 2m (43.8 mg, 60%) (conv. = 81%,
yield = 74% (based on the alcohol consumed)): liquid; TH NMR
(300 MHz, CDCl3) 6 7.31-7.22 (m, 2H), 7.22-7.13 (m, 3H),
5.13 (s, 2 H), 3.02-2.85 (m, 4H), 2.22-2.10 (m, 2H), 1.45-1.20
(m, 6H), 0.88 (t, J = 6.5 Hz, 3H) ppm; '3C NMR (75.4 MHz,
CDCl3) 6 216.3, 200.1, 141.3, 128.3, 126.0, 108.6, 79.7, 40.9,
31.4, 30.9, 27.4, 26.1, 22.4, 14.0 ppm; MS (m/z) 242 (M*,
0.87), 105 (100); IR (neat) 2956, 2928, 2861, 1933, 1678, 1496,
1456, 1171, 1100 cm™!; Anal. calcd for C17H»,0: C, 84.25; H,
9.15. found: C, 84.16; H, 9.50.

Supporting Information

Supporting Information File 1

'H and 13C NMR spectra of products prepared.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-51-S1.pdf]

Acknowledgements

Financial support from the National Basic Research Program of
China (2009CB825300) is greatly appreciated.

References

1. Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Organic
Compounds; Academic Press: New York, 1981.

2. Trost, B. M.; Fleming, |.; Ley, S. V. Comprehensive Organic Synthesis;
Pergamon: Oxford, 1991; Vol. 7.

3. Fatiadi, A. J. Synthesis 1976, 65. doi:10.1055/s-1976-23961

4. Cainelli, G.; Cardillo, G. Chromium Oxidations in Organic Chemistry;
Springer: Berlin, 1984.

5. Anastas, P.; Warner, J. Green Cemistry: Theory and Practice; Oxford
University Press: Oxford, 1998.

6. Blackburn, T. F.; Schwartz, J. J. Chem. Soc., Chem. Commun. 1977,
157. doi:10.1039/C39770000157

7. Peterson, K. P.; Larock, R. C. J. Org. Chem. 1998, 63, 3185.
doi:10.1021/j0971268k

8. Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, S. J. Org. Chem. 1999, 64,
6750. doi:10.1021/j09906734

9. ten Brink, G. J.; Arends, |I. W. C. E.; Sheldon, R. A. Science 2000, 287,
1636. doi:10.1126/science.287.5458.1636

402


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-7-51-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-7-51-S1.pdf
http://dx.doi.org/10.1055%2Fs-1976-23961
http://dx.doi.org/10.1039%2FC39770000157
http://dx.doi.org/10.1021%2Fjo971268k
http://dx.doi.org/10.1021%2Fjo9906734
http://dx.doi.org/10.1126%2Fscience.287.5458.1636

10. Muzart, J. Tetrahedron 2003, 59, 5789.
doi:10.1016/S0040-4020(03)00866-4
For a review.

11.Semmelhack, M. F.; Schmid, C. R.; Cortés, D. A.; Chou, C. S.
J. Am. Chem. Soc. 1984, 106, 3374. doi:10.1021/ja00323a064

12.Marko, I. E.; Giles, P. R.; Tsukazaki, M.; Brown, S. M.; Urch, C. J.
Science 1996, 274, 2044. doi:10.1126/science.274.5295.2044

13.Marké, I. E.; Gautier, A.; Dumeunier, R.; Doda, K.; Philippart, F.;
Brown, S. M.; Urch, C. J. Angew. Chem., Int. Ed. 2004, 43, 1588.
doi:10.1002/anie.200353458

14.Sheldon, R. A.; Arends, I. W. C. E.; ten Brink, G. J.; Dijksman, A.
Acc. Chem. Res. 2002, 35, 774. doi:10.1021/ar010075n

15.Zhan, B.; Thompson, A. Tetrahedron 2004, 60, 2917.
doi:10.1016/j.tet.2004.01.043

16.Marshall, J. A.; Robinson, E. D. J. Org. Chem. 1990, 55, 3450.
doi:10.1021/j000298a012

17.Mashall, J. A.; Wang, X. J. Org. Chem. 1991, 56, 960.
doi:10.1021/jo00003a013

18.Hashmi, A. S. K. Angew. Chem., Int. Ed. 1995, 34, 1581.
doi:10.1002/anie. 199515811

19.Hashmi, A. S. K,; Schwarz, L.; Choi, J. H.; Frost, T. M.
Angew. Chem., Int. Ed. 2000, 39, 2285.
doi:10.1002/1521-3773(20000703)39:13<2285::AID-ANIE2285>3.0.CO
;2-F

20.Ma, S.; Zhang, J. Chem. Commun. 2000, 117. doi:10.1039/a908627g

21.Ma, S.;Yin, S.; Li, L.; Tao, F. Org. Lett. 2002, 4, 505.
doi:10.1021/010170859

22.Ma, S.; Yu, Z. Angew. Chem., Int. Ed. 2002, 41, 1775.
doi:10.1002/1521-3773(20020517)41:10<1775::AID-ANIE1775>3.0.CO
;2-8

23.Ma, S.; Zhang, J.; Lu, L. Chem.—Eur. J. 2003, 9, 2447.
doi:10.1002/chem.200305341

24.Ma, S.; Yu, S.; Yin, S. J. Org. Chem. 2003, 68, 8996.
doi:10.1021/jo034633i

25.Ma, S.; Yu, Z. Chem.—Eur. J. 2004, 10, 2078.
doi:10.1002/chem.200305341

26.Ma, S.; Yu, S. Org. Lett. 2005, 7, 5063. doi:10.1021/01052073z

27.Ma, S.; Gu, Z; Yu, Z. J. Org. Chem. 2005, 70, 6291.
doi:10.1021/jo0507441

28.Sromek, A. W.; Rubina, M.; Gevorgyan, V. J. Am. Chem. Soc. 2005,
127, 10500. doi:10.1021/ja053290y

29.Dudnik, A. S.; Gevorgyan, V. Angew. Chem., Int. Ed. 2007, 46, 5195.
doi:10.1002/anie.200701128

30.Marx, V. M.; Burnell, D. J. Org. Lett. 2009, 11, 1229.
doi:10.1021/01900029d

31.Alcaide, B.; Almendros, P.; Martinez del Campo, T. Eur. J. Org. Chem.
2007, 2844. doi:10.1002/ejoc.200700128

32.Sampath, M.; Loh, T.-P. Chem. Commun. 2009, 1568.
doi:10.1039/b819959

33.Zhao, J.; Loh, T.-P. Angew. Chem., Int. Ed. 2009, 48, 7232.
doi:10.1002/anie.200902471

34.Russell, S. W.; Weedon, B. C. L. J. Chem. Soc. D 1969, 85.
doi:10.1039/C29690000085

35.Landor, P. D.; Landor, S. R.; Mukasa, S. J. Chem. Soc. D 1971, 1638.
doi:10.1039/C29710001638

36.Rannulu, N. S.; Rodgers, M. T. J. Phys. Chem. A 2007, 111, 3465.
doi:10.1021/jp066903h

37.Reetz, M. T.; Li, X. Angew. Chem., Int. Ed. 2005, 44, 2962.
doi:10.1002/anie.200462613

=

Beilstein J. Org. Chem. 2011, 7, 396—403.

38.Reetz, M. T. Angew. Chem., Int. Ed. 2008, 47, 2556.
doi:10.1002/anie.200704327

39.Li, J.; Zhou, C.; Fu, C.; Ma, S. Tetrahedron 2009, 65, 3695.
doi:10.1016/j.tet.2009.02.061

40. Mukaiyama, T.; Harada, T. Chem. Lett. 1981, 10, 621.
doi:10.1246/cl.1981.621

41. Alcaide, B.; Aimendros, P.; Aragoncillo, C.; Redondo, M. C.
Eur. J. Org. Chem. 2005, 98. doi:10.1002/ejoc.200400527

42.Yang, Y.; Shen, Z; Loh, T.-P. Org. Lett. 2009, 11, 1209.
doi:10.1021/018027362

43.lsaac, M. B.; Chan, T. H. J. Chem. Soc., Chem. Commun. 1995, 1003.
doi:10.1039/C39950001003

44 .Ma, S.; Yu, S.; Yin, S. J. Org. Chem. 2003, 68, 8996.
doi:10.1021/jo034633i

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.7.51

403


http://dx.doi.org/10.1016%2FS0040-4020%2803%2900866-4
http://dx.doi.org/10.1021%2Fja00323a064
http://dx.doi.org/10.1126%2Fscience.274.5295.2044
http://dx.doi.org/10.1002%2Fanie.200353458
http://dx.doi.org/10.1021%2Far010075n
http://dx.doi.org/10.1016%2Fj.tet.2004.01.043
http://dx.doi.org/10.1021%2Fjo00298a012
http://dx.doi.org/10.1021%2Fjo00003a013
http://dx.doi.org/10.1002%2Fanie.199515811
http://dx.doi.org/10.1002%2F1521-3773%2820000703%2939%3A13%3C2285%3A%3AAID-ANIE2285%3E3.0.CO%3B2-F
http://dx.doi.org/10.1002%2F1521-3773%2820000703%2939%3A13%3C2285%3A%3AAID-ANIE2285%3E3.0.CO%3B2-F
http://dx.doi.org/10.1039%2Fa908627g
http://dx.doi.org/10.1021%2Fol0170859
http://dx.doi.org/10.1002%2F1521-3773%2820020517%2941%3A10%3C1775%3A%3AAID-ANIE1775%3E3.0.CO%3B2-8
http://dx.doi.org/10.1002%2F1521-3773%2820020517%2941%3A10%3C1775%3A%3AAID-ANIE1775%3E3.0.CO%3B2-8
http://dx.doi.org/10.1002%2Fchem.200305341
http://dx.doi.org/10.1021%2Fjo034633i
http://dx.doi.org/10.1002%2Fchem.200305341
http://dx.doi.org/10.1021%2Fol052073z
http://dx.doi.org/10.1021%2Fjo0507441
http://dx.doi.org/10.1021%2Fja053290y
http://dx.doi.org/10.1002%2Fanie.200701128
http://dx.doi.org/10.1021%2Fol900029d
http://dx.doi.org/10.1002%2Fejoc.200700128
http://dx.doi.org/10.1039%2Fb819959k
http://dx.doi.org/10.1002%2Fanie.200902471
http://dx.doi.org/10.1039%2FC29690000085
http://dx.doi.org/10.1039%2FC29710001638
http://dx.doi.org/10.1021%2Fjp066903h
http://dx.doi.org/10.1002%2Fanie.200462613
http://dx.doi.org/10.1002%2Fanie.200704327
http://dx.doi.org/10.1016%2Fj.tet.2009.02.061
http://dx.doi.org/10.1246%2Fcl.1981.621
http://dx.doi.org/10.1002%2Fejoc.200400527
http://dx.doi.org/10.1021%2Fol8027362
http://dx.doi.org/10.1039%2FC39950001003
http://dx.doi.org/10.1021%2Fjo034633i
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.7.51

Beilstein Journal
of Organic Chemistry

Rh(l)-catalyzed intramolecular [2 + 2 + 1]
cycloaddition of allenenes: Construction of
bicyclo[4.3.0]nonenones with an angular methyl
group and tricyclo[6.4.0.0"-°]dodecenone

Fuyuhiko Inagaki, Naoya Itoh, Yujiro Hayashi, Yumi Matsui

Full Research Paper

Address:

Division of Pharmaceutical Sciences, Graduate School of Natural
Science and Technology, Kanazawa University, Kakuma-machi,
Kanazawa 920-1192, Japan

Email:
Chisato Mukai” - cmukai@kenroku.kanazawa-u.ac.jp

* Corresponding author
Keywords:

allene; bicyclo[4.3.0] derivatives; carbonylative [2 + 2 + 1]
cycloaddition; quaternary center construction; rhodium

Abstract

and Chisato Mukai’

Beilstein J. Org. Chem. 2011, 7, 404—409.
doi:10.3762/bjoc.7.52

Received: 19 January 2011

Accepted: 16 March 2011

Published: 07 April 2011

This article is part of the Thematic Series "Allene chemistry".

Guest Editor: K. M. Brummond

© 2011 Inagaki et al; licensee Beilstein-Institut.
License and terms: see end of document.

The [RhCI(CO)dppp],-catalyzed intramolecular carbonylative [2 + 2 + 1] cycloaddition of allenenes was developed to prepare bi-

cyclo[4.3.0]nonenones possessing a methyl group at the ring junction, which is difficult to achieve by the Pauson—Khand reaction

of the corresponding enynes. This method also provided a new procedure for the construction of the tricyclo[6.4.0.0!-5]dodecenone

framework in a satisfactory yield.

Introduction

The Coy(CO)g-mediated Pauson—Khand reaction (PKR) [1,2] is
well recognized as a formal [2 + 2 + 1] cycloaddition of three
components, the alkyne n-bond, the alkene n-bond and carbon
monoxide (CO), for producing cyclopentenone derivatives.
The intramolecular PKR [3-9] provides a powerful method
for the construction of bicyclo[3.3.0]oct-1-en-3-one and bi-
cyclo[4.3.0]non-1(9)-en-8-one frameworks. In contrast to the

fact that the 2-alkyl (or phenyl)-1-hepten-6-ynes also effi-

ciently afford 5-alkyl (or phenyl)bicyclo[3.3.0]oct-1-en-3-ones
[10-19], the one-methylene homologated substrates furnish the
corresponding bicyclo[4.3.0] skeletons with an angular
substituent in rather lower yields [20-22].

Recent efforts in our laboratory have developed the

[RhCI(CO);,]p-catalyzed [2 + 2 + 1] cycloaddition of 3-phenyl-
sulfonyl-1,2,7-octatrienes and lead to bicyclo[4.3.0]non-1(9)-
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en-8-one derivatives, in which the distal double bond of the
allenyl moiety serves exclusively as the n-component [23]. This
method could not only be applicable for the construction of the
larger bicyclo[5.3.0]dec-1(10)-en-9-one skeleton, but also
provides a new entry for the preparation of three types of trans-
2-phenylsulfonylbicyclo[4.3.0]non-1(9)-en-8-one derivatives
2a—c in moderate to high yields with an alkyl group (Me,
(CH;3),0Me) at the ring junction from 7-alkyl-3-phenylsul-
fonyl-1,2,7-octatrienes 1a—c. The formation of 2 can be ratio-
nalized by the initial formation of the 6-alkyl-2-phenylsulfonyl-
bicyclo[4.3.0]non-1-en-8-one derivative 3, followed by subse-
quent isomerization to the a,B-unsaturated ketones 2. By taking
advangage of this newly developed reaction, we have
completed the first total syntheses of two tricyclic sesquiter-
penes 6a,b, isolated from Jatropha neopauciflora, from the
methoxycarbonylallenene 4 via the bicyclo[4.3.0]nonenone
derivative 5 [24]. The key step in these total syntheses was
carried out as follows: The allenene 4, derived from D-tartrate,
was heated under reflux in the presence of 10 mol % of
[RhCO(dppp)2]Cl [25] under a CO atmosphere to produce
exclusively the bicyclo[4.3.0]derivative 5 with the desired
stereochemistry in 74% yield (Scheme 1). Our continuous
interest in this field prompted us to optimize the reaction
conditions in order to make our method more useful.
This paper describes the Rh(I)-catalyzed [2 + 2 + 1] cyclo-
addition of allenenes for the facile preparation of
the bicyclo[4.3.0]nonenone derivatives possessing an
angular methyl group, and for the construction of the
tricyclo[6.4.0.01-5]dodecenone skeleton.

PhO,S
5 mol %

[RhCI(CO)l,
X " samofco
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Results and Discussion

In previous studies, we investigated the carbonylative
[2 + 2 + 1] cycloaddition reaction of two allenenes 1 and 4 with
either a SO,Ph or CO;Me substituent on the proximal double
bond of the allene group in the presence of several Rh(I) cata-
lysts ([RhC1(CO);]», [RhCO(dppp),]Cl or [RhCI(CO)dppp]»).
We have now examined the similar ring-closing reaction using
an alternative allenene 7a with a methyl group on the allenyl
group for further evaluation of these reactions. According to the
conditions described for the formation of 2, a solution of 7a in
toluene was heated at 120 °C for 4 h in the presence of 5 mol %
of [RhCI(CO);], under 5 atm of CO to afford the desired 4,4-
bis(methoxycarbonyl)-2,6-dimethylbicyclo[4.3.0]non-1-en-8-
one (8a) in 38% yield (Table 1, entry 1). A similar reaction
under 1 atm of CO gave 8a in a better yield (Table 1, entry 2).
These results are in sharp contrast to the previous findings,
where increasing the CO pressure from 1 to 5 atm led to an
improvement in the chemical yield (see reference [23],
Table 1). The alternative condition ([RhCO(dppp),]Cl
(10 mol %) under a CO atmosphere) provided the ring-closing
product 8a in 75% yield (Table 1, entry 3). It has already been
shown that the Rh(I)-catalyzed Pauson—Khand type reaction
(PKTR) of enynes under a low CO pressure [26,27] leads to
better results. Thus, the ring-closing reaction of 7a was
performed under an atmosphere consisting of 0.2 atm of CO
and 0.8 atm of Ar, or of 0.05 atm of CO and 0.95 atm of Ar to
produce 8a in 71% and 74% yields, respectively (Table 1,
entries 4 and 5). Next, the reaction with [RhCI(CO)dppp]; in
the presence or absence of a silver salt [27-34] was examined

R toluene, 120 °C R
3
1a: X = C(CO,Me),, R = Me 2a: 85%
1b: X = C(CO,;Me),, R = (CH,),0OMe 2b: 69%
1c: X=NTs, R=Me 2c: 58%
TBSO
10 mol % OMO H
_ [RhCO(dppp),ICl 0
= 1 atm of CO
MOMO
CO,Me  toluene, reflux CO,Me
4 5:74%

Scheme 1: Rh(l)-catalyzed Pauson—-Khand type reaction of 1 and 4.

405



Table 1: Rh(l)-catalyzed PKTR of 7a.

additive

toluene V4

120 °C®

7a CO
Z =CO,Me

entry Rh(I) cat. (mol %) additive (mol %)
1 [RhCI(CO)2]2 (5) —
2 [RhCI(CO)2]2 (5) —
3 [RhCO(dppp)2]CI (10) —
4 [RhCO(dppp)2]CI (10) —
5 [RhCO(dppp)2]Cl (10) —
6 [RhCI(CO)dppp]2 (5) —
7 [RhCI(CO)dppp]2 (5) —
8 [RhCI(CO)dpppl2 (5) —
9 [RhCI(CO)dpppl2 (5) —
10 [RhCI(CO)dpppl2 (5) AgBF4 (12)
11 [RhCI(CO)dpppl2 (5) AgBF4 (12)
12 [RhCI(CO)dppp]2 (5) AgSbFg (12)
13 [RhCI(CO)dpppl2 (5) AgCI (12)

Beilstein J. Org. Chem. 2011, 7, 404—409.

+
z

8a 9a

CO (atm) time (h) yield of 8a (%)
5 4 38
1 16 54
1 17 75P
0.2¢ 17 71
0.05d 6 74
1 19 68
0.2¢ 11 79
0.1¢ 7 88
0.05d 8 51f
0.1¢ 15 78
0.059 15 93
0.05d 15 79
0.05d 6 84

aBath temperature. P8a was obtained in 18% yield under 5 atm of CO. ®The reaction was conducted under 0.2 atm of CO and 0.8 atm of Ar. 9The
reaction was conducted under 0.05 atm of CO and 0.95 atm of Ar. ®The reaction was conducted under 0.1 atm of CO and 0.9 atm of Ar. {Compound

9a was obtained in 31%.

(Table 1, entries 6—-13). A significant improvement (8a, 93%)
was observed when the ring-closing reaction of 7a was carried
out in the presence of 5 mol % of [RhC1(CO)dppp], and
12 mol % of AgBF,4 under an atmosphere consisting of 0.05
atm of CO and 0.95 atm of Ar at 120 °C (Table 1, entry 11).
Almost all of the reactions gave 2,6-dimethylbicyclo[4.3.0]non-
1-en-8-one 8a, and the o,B-unsaturated ketone 9a could not be
detected except for entry 9. This observation obviously differs
from the PKTR products 2 and 5 having an electron with-
drawing group instead of a methyl group (Scheme 1).

We next investigated the scope of this Rh(I)-catalyzed PKTR
using several substrates under the condition of entry 11 in
Table 1. The nitrogen congener 7b produced the corresponding
azabicyclic compound 8b in 56% yield, although a prolonged
reaction time was required (Table 2, entry 1). The sulfonyl-
allenene 7¢, which has a simple methylene tether, provided the
cyclopentenone derivative 9¢ in 55% yield as expected from the
results given in Scheme 1 (Table 2, entry 2). As noted above,
compounds 2a,b could be obtained in the presence of
[RhCI1(CO);]o: [RhCI(CO)dppp], also worked as well as the
previous conditions (Table 2, entries 3 and 4). The oxygen
congener 7d produced the corresponding oxabicyclic com-
pound 9d in 49% yield (Table 2, entry 5). The methoxy-
carbonyl functionality on the allenyl moiety 7e was found not to

interfere with the ring-closing reaction and afforded 9e in 63%
yield (Table 2, entry 6). On the other hand, 7f provided the
oxabicyclic derivative 9f in a low yield (Table 2, entry 7). The
geminal disubstituent effect (Thorpe—Ingold-type effect) of 1a
and 7a might be responsible for the high yields of the ring-

closed products.

The Rh(I)-catalyzed PKTR of the non-substituted allenene 7g
was investigated as a control experiment under the several
conditions (e.g., conditions of entries 3, 6, 10 and 11 in Table 1)
but resulted in the formation of the intractable mixtures
(Scheme 2). These results in combination with the successful
examples shown in Table 2 indicated that the substituent on the
proximal double bond of the allene might be mandatory.
Removal of the allylic sulfone group in 2a was achieved by
tributyltin hydride in the presence of AIBN to give 9g in 91%
yield [35-41]. Thus, the phenylsulfonyl group of 2a can be
regarded as a hydrogen surrogate and this procedure provides a

new method for the preparation of 9g.

The intramolecular Rh(I)-catalyzed PKTR of allenenes is
applicable to the more complex substrate as shown in Table 3
[42-44]. Exposure of the cyclopentene 10 to the standard
conditions in Table 2 did not lead to the desired
tricyclo[6.4.0.0"-3]dodec-7-en-6-one 11, instead the
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Table 2: Rh(l)-catalyzed PKTR of 7-methyl-1,2,7-trienes.

R [RhCI(CO)dppp]2 (5 mol %) R R
. AgBF,4 (12 mol %)
fl A (e} ¥ o
toluene, reflux
XY Ar:CO X X

1a,b (19:1, 1 atm) 8b 2a,b
7b-f 9c-f

entry allenene product time (h) yield (%)

1 ?[I\_ITY T

7b 8b
PhO,S SO,Ph

6.5 56

2
/
o

55

N
O
w

7c "9¢
SO,Ph

27%0 1 8gaP

2a
SO,Ph

66
T

»
:
o]
N

2b
SO,Ph

49

O
(©)
w

9d
CO,Me

63

o
©]
3

9e
7e (dr=7:1)

COgMe

4.5 22

e
~

of

aThe reaction was carried out without AgBF, under a CO atmosphere. P2a was obtained in 68% yield in the presence of 12 mol % of AgBFa.

spiro[4.5]deca-1,6-diene derivative 12 was formed exclusively
in 87% yield (Table 3, entry 1). After screening several reaction
conditions, the tricyclic derivative 11 was obtained in 73% yield
along with 12 (24%) when the reaction was carried out in the

absence of AgBF, under a CO atmosphere (Table 3, entry 2).

The [RhCI(CO)dppp],-catalyzed reaction of 10 under a N
atmosphere with or without AgBF, produced the spiro product
12 in 93% and 91% yield, respectively, whereas no spiro prod-
uct 12 was obtained under thermal conditions without a Rh(I)-
catalyst (Table 3, entries 3—5). Therefore, the formation of 12
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conditions 27%0
z
Z Z

79 99
Z= COzMe
SO,Ph
2 nBu3SnH
AIBN
- - o}
4 benzene Z?(:p:
4 : reflux z
2a 25h 99
Z =CO,Me 91%

Scheme 2: Formation of 4,4-bis(methoxycarbonyl)-6-
methylbicyclo[4.3.0]non-1(9)-en-8-one (9g).

must be rationalized by the Rh(I)-catalyzed cycloisomerization.
The oxidative addition of the Rh(I)-catalyst to an alkene group
and the distal double bond of the allenyl moiety would form a
rhodabicyclo[4.3.0]nonene intermediate, which would collapse
to the spiro[4.5]deca-1,6-diene system via B-elimination and
subsequent reductive elimination [31,32].

In summary, we have developed the intramolecular Rh(I)-
catalyzed PKTR between 1,1-disubstituted allene and 1,1-disub-
stituted alkene functionalities, which leads to the facile forma-
tion of bicyclo[4.3.0]nonenone derivatives with an angular
methyl group. This method was also successfully applied to the
construction of the more complex tricyclo[6.4.0.0'-5]dode-
cenone skeleton.

Beilstein J. Org. Chem. 2011, 7, 404—409.
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Preparations of de novo acyclic 2-amido-dienes and 3-amido-trienes through 1,3-hydrogen shifts from allenamides are described.

These 1,3-hydrogen shifts could be achieved thermally or they could be promoted by the use of Brensted acids. Under either condi-

tion, these processes are highly regioselective in favour of the a-position, and highly stereoselective in favour of the E-configura-

tion. In addition, 6m-electron electrocyclic ring-closure could be carried out with 3-amido-trienes to afford cyclic 2-amido-dienes,

and such electrocyclic ring-closure could be rendered in tandem with the 1,3-hydrogen shift.

Introduction

While allene isomerization to afford conjugated dienes is a
well-known and thermodynamically favourable process, it is not
trivial kinetically. A concerted allene isomerization leading to a
diene involves a 1,3-hydrogen shift, which constitutes a four-
electron (21 + 20) process that needs an antarafacial approach
to fulfil the anti-Hiickel (or M&bius) transition state based upon

the Woodward—Hoffman rules [1]. Although there is no experi-
mental precedent in an actual allylic system, it is relatively more
feasible for an allenic system due to the presence of orthogo-
nally oriented p-orbitals of the sp-hybridized central allenic
carbon (Scheme 1), allowing a formal phase change required for

an anti-Hiickel transition state (in blue, for references on a
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1,3-hydrogen shift: 1
H ~ ElZ

a 4e-[2n + 20] process

requiring antarafacial approach -3 H

AE ¢t = 77.7 kcal-mol! H
thermally: requiring
flash vacuum pyrolysis

R R
ElZ
= R1 ‘ R1
|
H or H

stepwise:
via acid, base and metal

R1
Ao
Scheme 1: 1,3-Hydrogen shifts of allenes.

possible radical pathway, see [2]), and a six-electron (2x + 20 +
2m) process when considering the possible involvement of the
second set of allenic m-electrons. Nevertheless, the calculated
AE, value remains high at 77.7 kcal-mol™! [2]. Whether
concerted or not, most thermal isomerizations of allenes require
severe reaction conditions (for general reviews on allenes see
[3], for some examples of thermal isomerization of exocyclic
allenes to dienes via radical intermediates see [4-12]), whereby
controlling £/Z ratios of the resulting diene remains a difficult
problem. On the other hand, a stepwise isomerization of allenes
via acid-, base-, or metal-mediated conditions seem to be more
practical, but known examples have issues in controlling stereo-
and regioselectivity [3] (for some examples see [13-20]). There-
fore, solving these problems can be highly significant.

a-alkylation of parent allenamides

N H n-BulLi N_a
L e,
'L HMPA, RCH,-I L
HY YH HY YH
o-isomerization l
(0] ® o)
O\|// H O\[// R
&NH R = Q/N
o . “ElZ
condensation S
X H

challenges: functional group
compatibility; or tolerance of acid
sensitive substituents

Scheme 2: Synthesizing amido-dienes from allenamides.
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Because of the popularity of dienes as one of the most utilized
organic building blocks, a number of stereoselective prepara-
tions are known. The major question here is how viable is it to
access conjugated dienes from structurally more challenging
allenes through a kinetically difficult and stereochemically
undistinguished isomerization. It might not seem like a logical
approach; however, our justification is that since there are few
well established routes for preparing amido-dienes, our
allenamide isomerization strategy (for reviews on allenamide
chemistry see [21-23], for reports in 2009, 2010 and 2011 see
[24-43], for earlier studies on allenamides see [44-46]) can open
the door to construct synthetically useful amido-dienes (for a
review on the synthesis of enamides see [47], for reviews on the
chemistry of dienamides see [48-50], for reviews on the chem-
istry of 2-amino or 2-amido-dienes see [51,52]). Problems with
the two primary approaches to access amido-dienes [47] are that
acid-mediated condensations suffer from functional group toler-
ances, and metal-mediated coupling methods (for reviews on
Cu-mediated C—N and C-O bond formations see [53-55], for
some examples see [56-58]) suffer from limited access as well

as the instability of halo-dienes (Scheme 2).

In contrast, multi-substituted allenamides can be concisely
prepared through a-alkylations of a parent allenamide [47,59]
(for the synthesis of parent allenamides see [60]) or amidative
cross-couplings of allenyl halides [61,62]. Therefore, our
allenamide isomerization strategy has a much greater synthetic
potential in constructing amido-dienes. While the chemistry of
1-amido-dienes has been explored in some detail (see Scheme 3
for success in preparing 1-amido-dienes via allenamide isomer-

Trost-Hsung N-allenylation protocol
(o) (6]

04 cat. Cu(l) OJ(NH X\ﬂ/
N _H L/ .

3 / \ w
| L MeHN NHMe |© H
IS

H

X=Brorl

R«

R
H

l y-isomerization

O

0P O~¢

</\‘|¢ metal </NH

N _H
PO

amidation

H 7 R \E/%‘R

challenges: accessibility of the
halo-dienes in a
stereoselective manner
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izations) [63,64] (for examples see [65-72]), herein, we report
details of an efficient entry to synthetically rare 2-amido-dienes
[73-77] via a regio- and stereoselective 1,3-hydrogen shift of

allenamides.

selected examples:

EWG
(0]
Y Ts

I
N_H
RO csaorPTsa

\f /i\C
| N1
S/N1| Bn/N 1| Ph
)I rt, 10 min R . P
7 " upto95% .

9 examples

Scheme 3: Synthesis of 1-amido-dienes from allenamides.

Results and Discussion

As part of our initial screening efforts, both the thermal and
acidic conditions were investigated as shown in Table 1.
Allenamide 1 smoothly underwent isomerization via a 1,3-
hydrogen shift when heated at 115 °C in CH3CN (sealed tube)
to give the desired 2-amido-diene product 2 in 78% isolated
yield with a 16:1 E/Z selectivity (Table 1, entry 1). There
appears to be some solvent effect on the E/Z selectivity with
more polar solvents providing the best ratio (Table 1, entries
2—4). In addition to thermal conditions, we screened several
Bronsted acids at room temperature in order to investigate a
milder condition. While PTSA resulted in poor E/Z ratio
(Table 1, entry 5), a range of Brensted acids were quite effec-
tive in affording the desired 2-amido-diene 2 (Supporting Infor-
mation File 1 and Supporting Information File 2) with excellent
E/Z selectivity [Table 1, entries 6-9].

Table 1: 1,3-Hydrogen shift of allenamides.

Beilstein J. Org. Chem. 2011, 7, 410-420.

After having established the 1,3-hydrogen shift under thermal
and protic conditions, a diverse array of 2-amido-dienes was
prepared as summarized in Table 2. Some notable features are:
(1) a variety of novel chiral 2-amido-dienes 8-10 were obtained
from chiral allenamides 5-7 in synthetically useful yields and
with high E/Z ratios (>95:5) under both thermal or acidic condi-
tions (Table 2, entries 2—12); (2) unsubstituted 2-amido-dienes
8d and 9c¢ could also be prepared in good yields (see R = H in
Table 2, entries 7 and 10); (3) even allenamide containing an
acyclic carbamate such as 11 underwent an efficient 1,3-
hydrogen shift; and (4) the X-ray structure (Supporting Infor-
mation File 3) of a single crystal of 2-amido-diene 10b was
successfully obtained to assign unambiguously the E-configura-
tion (Figure 1).

=/

Figure 1: X-ray Structure of 10b.

Encouraged by this highly stereoselective isomerization, we
turned our attention to the possibility of constructing syntheti-
cally much more challenging 3-amido-trienes from allenamides
through 1,3-hydrogen shifts. As shown in Table 3, to our satis-

(0] (0]
O—( H conditions: 0
thermal or acidic
K/NW K/NZE _
. concn=0.10 M y S
1 2
entry  solvent acid [10 mol %] temp [°C] time [h] yield [%]2-P E:Z°
1 CH3CN — 115 16 91 (78) 16:1
2 THF — 115 16 51 9:1
3 CICH,CH,CI — 115 16 79 7:1
4 toluene — 150 16 55 4:1
5 CHyCl, p-toluenesulfonic acid (PTSA) 25 1 66 21
6 CHCl, p-NO,-ArCOoH 25 16 81 15:1
7 CH,Cl, PhCO,H 25 16 85 (55) 18:1
8 CHyCl, pyridinium p-toluenesulfonate (PPTS) 25 16 77 15:1
9 CHyCl, camphorsulfonic acid (CSA) 25 10 min 95 (74) 18:1

aNMR yields. Plsolated yields are shown in brackets. Ratios were determined by "H NMR.
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Table 2: Synthesis of 2-amido-dienes.

Beilstein J. Org. Chem. 2011, 7, 410-420.

entry allenamides conditions (time)2 amido-dienes yield [%]P-°
1 o) 3 115 °C (16 h) o) 4 71
ol o
a E
\”/kPh > “Ph
| HOS
2 o 5a: R = n-Pr 115 °C (6 h) 8a 77
3 O\.( 5a: R = n-Pr CSA (4 hyd O\fo 8a 87
4 @N 5b: R =Ph 115 °C (16 h) &N E 8b 74
5 Bﬁ Y\R 5b: R = Ph CSA (2 h) “ "R 8b 83
6 5a: R = 2Nap® 115 °C (16 h)f Bn N 8c 73
7 5a: R=H 115 °C (16 h) 8d 69
8 o o) 6a: R = n-Pr CSA (10 min) 0 0 9a 82
9 Cf 6b: R = Ph CSA (10 min) <:I4 . 9b 76
10 NY\R 6c:R=H 115 °C (16 h) NEAR 8 69
Ph || Ph S
11 0.0 7a: R =n-Pr 115 °C (16 h) 0.0 10a 62
12 \NI// 7b: R =Ph 115 °C (16 h) \’\]l// 10b 82
E
M N
13 Boc H 1 135 °C (16 h) Boc 12 45
14 1 CSAY(2h 12 61
B N P @h) B 5 ph
M SN
| H

aUnless otherwise indicated, CH3CN was the solvent for thermal conditions and CH,Cly was the solvent when using 10 mol % of CSA at rt. For all
reactions, concn = 0.10 M. PAll are isolated yields. ®All 1,3-H shifts were highly E-selective [295:5] except for entry 1 in which the E:Z ratio is 6:1 for 4.
Ratios were determined by "H NMR. 9Temp started at —78 °C. €The group 2Nap stands for 2-naphthyl. {CICH,CH,Cl was used. 94A MS was used.

faction, a wide variety of 3-amido-trienes could be readily
accessed from corresponding a-allylated allenamides. When
using a catalytic amount of CSA, both achiral and chiral
3-amido-trienes were obtained in high yields with exclusive
E-selectivity, including structurally intriguing examples such as
24-28 (Table 3, entries 9-15). Moreover, a protected alcohol or
amine in the allenamide did not impede the isomerization
process (Table 3, entries 10-14), leading to more functional-
ized trienes.

To continue elevating the level of complexity, we examined
allenamides with both a- and y-substitutions and hoped to
observe regioselectivity during the 1,3-hydrogen shift. Conse-
quently, as shown in Table 4, isomerizations of tetra-substi-
tuted allenamides were examined. When heating a- and
y-substituted allenamides 29a and 30 in CH3CN at 115 °C in a

sealed tube, 1,3-hydrogen shift took place exclusively from the
a-position affording highly substituted (£)-2-amido-dienes 33a
and 34 in 71% and 79% yields, respectively (Table 4, entries 1
and 3). The E-geometry in 33a and 34 was assigned by NOE
(Supporting Information File 2).

Intriguingly, allenamide 29b underwent a 1,3-hydrogen shift at
room temperature when simply in contact with silica gel during
the purification stage; but again, only the 1,3-hydrogen shift
was favoured proceeding from the a-position to give (E)-2-
amido-diene 33b (Table 4, entry 2). In addition, highly substi-
tuted 3-amido-trienes 35a, 35b, and 36 were regioselectively
synthesized in overall high yields using the CSA-catalyzed
conditions (Table 4, entries 4—6). Not only are the products
from this regioselective isomerization structurally unique, but

also mechanistically intriguing.
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Table 3: Synthesis of 3-amido-trienes.?

entry

1

10
1"
12

13

14

15

aAll reactions were run in CH,Cl, [concn = 0.10 M] with 10 mol % of CSA for 10 min at rt. PAll were isolated yields.

a-allylated allenamides

ﬁoc H

OTBDPS

o

Ph

13

15a

16a
16b
16¢c

16d
16e
16f:

17

18a
18b
18¢c

19

20

21

:R=Bn
:R=Ph
:R=iPr

:R"=(R)-Me, RZ=H
:R"=(S)-Ph,R2=H
R' = (R)-Ph, R2 = Ph

:R=TBDPS
:R=allyl
: R =cinnamyl

Beilstein J. Org. Chem. 2011, 7, 410-420.

3-amido-trienes

?oc

0.0

.

Bi L I or
o

N

i N =

Bn \| NTs

o

At
X ph

14

22

23a
23b
23c

23d
23e
23f

24

25a
25b
25¢c

26

27

28

yield [%]°

86

79

89
89
91

74
89
86

95

84
75
54

62

72

72
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Table 4: A regioselective 1,3-hydrogen shift.2

Beilstein J. Org. Chem. 2011, 7, 410-420.

entry allenamides conditions (time) amido-alkenes yield [%]°-°
1 29a: R=Ph 115 °C (16 h) 0.0 33a 71
2 20b: R = H —d i 33b 90
N E
2
H NS
H
3 30 115 °C (16 h) O\(o 34 79
A
& n-Pr
Bn <
4 31a:R=H CSA (10 min) 0.0 35a 68
5 31b: R = Me CSA (10 min) Q\I// R 35b 80
P N NS R
£ E
Bn ~
6 0 32 CSA (10 min) 0] 36 84
Y °f
Q/N <./N 7
o T si € |

aUnless otherwise noted, CH3CN was the solvent for thermal conditions and CH,Cl, was the solvent when using 10 mol % of CSA at rt. For all reac-
tions, concn = 0.10 M. PAIl were isolated yields. CAll amido-di- and trienes were exclusively E-selective [295:5]. 9See text for this isomerization.

One of the probable explanations for the significantly lowered
thermal activation barrier of 1,3-hydrogen-shifts of allenamides
is that the nitrogen atom can serve to stabilize the biradical
intermediate [2,4-12] (for another leading reference on related
radical intermediates see [78]) which are presumed to be elec-
tron deficient. Based on the model in Figure 2 (left side), stabi-
lization of the biradical intermediate is direct when isomeriza-
tions proceed from the a-position, whereas the isomerization
from the y-position is “vinylogous”, or remotely stabilized
through the olefin. Therefore, thermal isomerizations at the

a-position should be faster than at the y-position.

While under thermal conditions, a biradical intermediate is at
play [2,4,24], under acidic conditions, the isomerization clearly
proceeds through an N-acyl iminium intermediate via protona-
tion of the allenamide (Figure 2, center). Consequently, a

similar argument could be used to rationalize the regioselective

1,3-hydrogen shift when acid was used. It is noteworthy that
this charged transition state could also be adopted for the
thermal isomerization. While still being a neutral transition
state, the nitrogen atom could facilitate a polarized transition
state through increasing negative charge density at the -carbon.
This action would lead to an N-acyl iminium ion-like character
with the migrating hydrogen being proton-like with the a-posi-
tion being favoured. This polarized transition state should also
have a lower thermal activation barrier for the 1,3-hydrogen
shift than the neutral one.

Lastly, a non-radical proton-transfer like mechanism could also
be at play under conditions using protic solvents or owing to the
presence of trace of amount of water (Figure 2, right). These
last two models also reveal some insight into the E-selectivity
given the pro-E configured transition state (TS) (see the R!
group). Along the same line, if the reaction proceeds through a
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Thermal 1,3-hydrogen shift
biradical pathway - stabilization by N:
lowered AE ¢

o—isomerization
faster

y-isomerization

Figure 2: Proposed mechanistic models.

radical pathway, the observed E-selectivity in the thermal 1,3-
hydrogen shift should be favoured because the pro-Z transition
state experiences a greater allylic strain compared to the pro-£
transition state (Scheme 4). A thermodynamically driven equili-
bration from (Z)- to (£)-enamide post-isomerization is a real
possibility that cannot be ruled out, and the observed solvent
effect on the (E/Z)-selectivity would particularly support this
possible notion.

pro-E: favored

Scheme 4: A favored pro-E TS.

o

o

d CSA (10 mol %)
N CH,Clp, 10 min
ﬁ z

isomerization R N\

H® OP
oP

37a: R = Bn; P = TBDPS 38

37b: R =Ph; P = allyl

1,3-Hydrogen shift promoted by acid:
N-acyl iminium ion pathway

more
N acidic
,«&H HM kinetically
\I:l/(/l H H \H/ ~ %

1,7-H shift
— >

Beilstein J. Org. Chem. 2011, 7, 410-420.

Another possibility via a

proton transfer mechanism

An interesting discovery was made during this work. As shown
in Scheme 5, when subjected to CSA catalyzed isomerization
for protected allyl alcohol-substituted allenamides, the reac-
tions with 37a and 37b did not stop at the intermediate 38, but
an unexpected 1,7-H-shift (for some examples of an antarafa-
cial 1,7-H shift see [79-82]) took place at room temperature to
afford 5-amido-trienes 39a and 39b stereoselectively in good
yields. Furthermore, when heating the protected homo-allyl
alcohol-substituted allenamide 40, after the 1,3-hydrogen shift
an unprecedented double 1,7-H-shift through intermediate 41
and 42 took place to afford the 6-amido-triene 43 in 45% yield.
It is noteworthy that amido-triene 41 could be isolated in 65%
yield when using 10 mol % CSA.

The synthesis of 3-amido-trienes from a-isomerization of
allenamides allowed us to explore an important pericyclic
process for yet another amido-diene synthesis. As shown in
Scheme 6, isomerizations of a-allylated allenamides 15a and 13
under acidic conditions can afford 3-amido-trienes 22 and 14 in

excellent yields. Given the E-selectivity of this isomerization,

0]

O\T// 5

&N\m 39a: R = Bn; P = TBDPS (74%)
R F q :R=Ph; P = allyl (559
op 39 . P = allyl (55%)

o] o) o]
C\( {’/ the 1st the 2nd @\{/
—N xylene, 135 °C N E/ Nz 1,7-H shift 1,7-H shift —N_E
é — | —_ —_—
Bh  + Uz 13Hshit Bh B z
A\ OoP
H
OTBDPS OTBDPS
40 41 42: P = TBDPS 43: 45%

Scheme 5: Unexpected competing 1,7-hydrogen shifts.
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10 mol % CSA
CH20|2, I’t, 5 min

0.0
e
Bn °
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6n-ring-closure O\(o

CH3;CN </N

P ———

135°C,16h  gi

q

15a 22: 89% yield; E only 44a: 84% yield
Boc Boc Boc
,{l a 10 mol % CSA N. E CH3CN N
Bn m CH,Cly, rt, 5 min Bn™ Y | 135°C, 16 h Bn
1 X
13 14: 86% yield; E only 45: 35% yield

Scheme 6: Applications in pericyclic ring-closure.

these 3-amido-trienes are perfectly suited for thermal 6z-elec-
tron electrocyclic ring-closure (for reviews on pericyclic ring-
closures see [83,84], for reviews on ring-closure in natural pro-
duct synthesis see [85,86], for recent examples of 6m-electron
electrocyclic ring-closure see [87-93], for examples on acceler-
ated ring-closures of 1,3,5-hexatrienes see [94-99]) to access
cyclic 2-amido-dienes that are quite rare (for examples see
[100-102]). Chiral amido-triene 22 underwent electrocycliza-
tion efficiently to give chiral cyclic 2-amido-diene 44a in 84%
yield. Although obtained in only 35% yield, the achiral cyclic
2-amido-diene 45 could also be prepared.

Finally, this overall process was rendered in tandem under
thermal conditions to directly prepare cyclic 2-amido-dienes
44a—c from allenamides 15a—c, respectively, in good yields
(Scheme 7). Notably these 6m-electron pericyclic ring-closures
took place at relatively low temperature (135 °C), thereby
implying an accelerated process of electrocyclization. This
feature is consistently observed in related ring-closures of 1,3,5-
hexatrienes with an electron-donating substituent at the C3 posi-
tion of the triene [94-99] (for theoretical studies on substituent
effects on electrocyclic ring-closures of 1,3,5-hexatrienes see
[97,103-105]. It is also noteworthy that while acyclic 2-amido-

0} O

0~ O\]yo 0~
Y PN 50

15a: R = (R)-Bn R =Bn: CH4CN, 135 °C, 16 h: 44a: 43% yield
15b: R=H R=H: CHyCN, 115 °C, 16 h:44b: 57% yield
15¢: R = (S)-iPr R = iPr: CH4CN, 135 °C, 16 h: 44c: 54% yield

Scheme 7: Cyclic 2-amido-diene synthesis.

dienes and 3-amido-trienes are synthetically challenging to
make, cyclic amido-dienes are almost inaccessible synthetically
[100-102].

Conclusion

Herein, we have accomplished the preparation of de novo
acyclic 2-amido-dienes and 3-amido-trienes through 1,3-
hydrogen shifts from allenamides. These 1,3-hydrogen shifts
could be achieved under thermal conditions or they could be
promoted with Brensted acids. Under either condition, these
processes are highly regioselective in favour of the a-position,
and highly stereoselective in favour of the E-configuration.
Additionally, 6zm-electron electrocyclic ring-closure could be
carried out from 3-amido-trienes to afford cyclic 2-amido-
dienes, and such electrocyclic ring-closure could be rendered in
tandem with the 1,3-hydrogen shift, thereby constituting a facile
construction of synthetically rare cyclic 2-amido-dienes.

Supporting Information

Supporting Information features detailed information on
synthesis, purification and characterization data of all
substances given in this article, proton and selected carbon
NMR spectra, and X-ray data of compound 10b.

Supporting Information File 1
Experimental section.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-53-S1.pdf]

Supporting Information File 2

Proton and Carbon NMR spectra, and NOE data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-53-S2.pdf]
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5-(2-Methoxy-1-naphthyl)- and 5-[2-(methoxymethyl)-1-naphthyl]-11H-benzo[b]fluorene were synthesized by treatment of the

corresponding benzannulated enediynes with potassium ferz-butoxide in refluxing toluene to give benzannulated enyne—allenes for

the subsequent Schmittel cascade cyclization reactions. The structures of these two 5-(1-naphthyl)-11H-benzo[b]fluorenes could be

regarded as 2,2'-disubstituted 1,1'-binaphthyls with the newly constructed benzofluorenyl group serving as a naphthyl moiety.

Introduction

Benzannulated enyne—allenes bearing an aryl substituent at the
alkynyl terminus are excellent precursors of 5-aryl-11H-
benzo[b]fluorenes [1-5]. Several synthetic pathways to the
benzannulated enyne—allene systems have been reported,
including generation in situ from the corresponding benzannu-
lated enediynes. Specifically, treatment of the benzannulated
enediyne 1a with potassium ferz-butoxide in refluxing toluene
for six hours promoted a 1,3-prototropic rearrangement to

produce, in situ, the benzannulated enyne—allene 2a, which in

turn underwent a sequence of Schmittel cascade cyclization
reactions to form 5-phenyl-11H-benzo[b]fluorene (3a) in a
single operation (Scheme 1) [5]. It is interesting to note that the
newly formed benzo[b]fluorenyl moiety in 3a could also be
regarded as a 1-arylnaphthyl derivative with three additional
substituents at the 2, 3, and 4 positions.

The reaction is not sensitive to the steric requirement of the

substituent at the alkynyl terminus. The benzannulated enediyne
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KO-t-Bu

—_—
refluxing
toluene

t-Bu _
2a: X =H; 2b: X =Br

O
3a: X =H, 90%
3b: X =Br, 70%

t-Bu

Scheme 1: Synthesis of 5-aryl-11H-benzo[b]fluorenes via benzannu-
lated enyne—allenes.

1b with a sterically demanding 2,6-dibromophenyl substituent
was also smoothly converted to 3b [6]. With 1¢ having a 1,1'-
binaphthyl substituent, a 1:1 mixture of the syn and the anti
atropisomers of 3¢ was likewise obtained (Scheme 2) [7].

KO-t-Bu

refluxing
toluene

3¢, 78%

t-Bu

Scheme 2: Synthesis of 1,1'-binaphthyl-substituted 11H-benzo[b]fluo-
rene 3c.

We now have successfully extended the cascade sequence to the
synthesis of other sterically congested analogues with an ortho-
methoxy or an ortho-methoxymethyl group on the phenyl
substituent. In addition, by placing a 2-methoxy-1-naphthyl or a
2-(methoxymethyl)-1-naphthyl group at one of the alkynyl
termini of the benzannulated enediyne system, the resulting
naphthyl-substituted benzo[b]fluorenes could be regarded as
2,2'-disubstituted 1,1'-binaphthyls with two additional
substituents at the 3 and 4 positions. The versatility of 1,1'-
binaphthyl-2,2'-diol (BINOL) and BINOL derivatives as
reagents in asymmetric synthesis has stimulated the develop-
ment of new synthetic methods for 2,2'-disubstituted 1,1'-

binaphthyls [8-16]. However, the great majority of the reported

Beilstein J. Org. Chem. 2011, 7, 496-502.

methods involved coupling of two properly substituted 1-naph-
thyl derivatives. Construction of a new 1-naphthyl ring as an

essential step toward 1,1'-binaphthyls is rare [17-19].

Results and Discussion

The Sonogashira reaction between 1-ethynyl-2-methoxyben-
zene (4a) and 1-iodo-2-[2-(trimethylsilyl)ethynyl]benzene
produced Sa, which was desilylated to give 6a (Scheme 3).
Condensation between 6a and pivalophenone (7) then furnished
the benzannulated enediynyl alcohol 8a. Subsequent reduction
with triethylsilane in the presence of trifluoroacetic acid
afforded the benzannulated enediyne 9a. Similarly, the benzan-
nulated enediyne 9b was synthesized from 1-ethynyl-2-
(methoxymethyl)benzene (4b). On exposure to potassium tert-
butoxide in refluxing toluene for five hours, 9a was trans-
formed to 5-(2-methoxyphenyl)-11H-benzo[b]fluorene 13a
along with a small amount (ca. 2%) of 14a in a single operation.
Presumably, the cascade sequence involved an initial 1,3-
protropic rearrangement to form the corresponding benzannu-
lated enyne—allene 10a. A Schmittel cyclization reaction [1-4]
generates biradical 11a, which then undergoes an intramolec-
ular radical-radical coupling to afford 12a. This is followed by
a second prototropic rearrangement to restore the aromaticity to
furnish 13a as proposed previously [5]. An intramolecular [2 +
2] cycloaddition reaction of 10a or a direct radical-radical
coupling of 11a could account for the formation of 14a [5].
From 9b, 5-[2-(methoxymethyl)phenyl]-11H-benzo[b]fluorene
13b and the [2 + 2] cycloaddition adduct 14b were produced in
a 5:1 ratio. The presence of the carbon—carbon double bonds in
14b allows easy removal of 14b by treatment of the resulting
mixture with BH3-THF followed by silica gel column chroma-
tography. The presence of a benzofluorenyl moiety and a
methoxy or a methoxymethyl group in 13a and 13b could allow
these compounds to serve as hetero-bidentate ligands for com-
plex formation with transition metals [20].

We also investigated the possibility of using the benzannulated
enediynes bearing a 1-naphthyl, a 2-methoxy-1-naphthyl, or a
2-(methoxymethyl)-1-naphthyl substituent at one of the alkynyl
termini for the cascade cyclization reaction. Using a slightly
different synthetic sequence from that shown in Scheme 3 but
reminiscent of a sequence developed for the synthesis of 4,5-
diheteroarylphenanthrenes [21], the benzannulated enediynes
19a and 19b were obtained (Scheme 4). It was gratifying to
observe that on treatment with potassium terz-butoxide, 19a and
19b were smoothly converted to 20a and 20b, respectively.
Similarly 20¢ was obtained via the synthetic sequence outlined
in Scheme 5. It is worth noting that the synthetic sequences
outlined in Scheme 4 and Scheme 5 represent new routes to
2,2'-disubstituted 1,1'-binaphthyls with the newly constructed
benzofluorenyl serving as one of the naphthyl groups.
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1. BuLi
R o
=
> I
R' = SiMe; NaOH Ph t-Bu
_ SiMe; 5a, 87%; 5b, 79% ] MaOH 7
4a: R = OMe “PA(PPha),Cly R'=H 3. H,0
4b: R = CH,OMe Cul, EtzN 6a, 90%; 6b, 98%
: O
R'=OH Z4
8a,99% | EtsiH KO-t-Bu O
86.96% | CFsCOH Tefluxing. o
, R=H toluene
9a, 93% H
9b, 90%
L t-Bu 10
® e
QHO ) 'i Q
t-Bu
{-Bu t-Bu
12 13a: R = OMe, 75% 14a, 2%
13b: R = CH,0OMe, 48% 14b, 10%

Scheme 3: Synthesis of 5-(2-methoxyphenyl)- and 5-[2-(methoxymethyl)phenyl]-11H-benzo[b]fluorene 13a and 13b.

R ~
| I
18a:R=H
15 18b: R = OMe
16: R'= OH Et;SiH Pd(PPhs),Cly
17:R'=H, 86% = CF3COH o Pd(PPh3),
(2 steps) Cul, EtzN
I,
KO-t-Bu O
refluxing OO.
toluene

t-Bu

20a: R =H, 69%
20b: R = OMe, 89%

19a: R = H, 92%
19b: R = OMe, 94%

Scheme 4: Synthesis of 5-(1-naphthyl)- and 5-(2-methoxy-1-naphthyl)-
11H-benzo[b]fluorene 20a and 20b.

1 g,

Pd(PPhs),Cl,
Cul, Et;N
NaOH
MeOH

MesSi—
17—
Pd(PPh3),Cl,
Cul, Et3N
t- Bu

21:R = Me3S|, 76%
22: R =H, 99%

_KO-t-Bu _ O
refluxmg OO.
toluene

t-Bu
19¢, 71% 20c, 72%

Scheme 5: Synthesis of 5-[2-(methoxymethyl)-1-naphthyl]-11H-
benzo[blfluorene 20c.
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The 'H NMR spectrum of 13a in CgDg recorded on a 600 MHz
NMR spectrometer exhibited an AB system with signals at &
4.21 (J =21.0 Hz) and 4.13 (J = 21.0 Hz), attributable to the
methylene hydrogens on the five-membered ring. AB systems
from the methylene hydrogens were also observed in other
similar 11H-benzo[b]fluorenyl structures [7,22-24]. The AB
pattern remained unchanged at 70 °C, suggesting a relatively
slow rate of rotation, on the NMR time scale, around the
carbon—carbon single bond connecting the 2-methoxyphenyl
substituent to the C5 of the benzofluorenyl moiety. The rota-
tional barrier was calculated to be at least 16.7 kcal/mol at
70 °C on the basis of the lack of coalescence of signals at this
temperature. This lowest possible rotational barrier is signifi-
cantly higher than that of 1-phenylnaphthalene, which was
calculated by MM2' to be 12.4 kcal/mol [25,26]. Similarly, the
TH NMR spectrum of 13b taken in CDCl3 showed a clear AB
system at & 4.07 (J = 13.8 Hz) and 4.04 (J = 13.8 Hz), attribut-
able to the methylene hydrogens on the carbon attached to the
methoxy group. The signals of the methylene hydrogens on the
five-membered ring could barely be discerned as an AB system
with the two inner signals overlapped at 8 4.51 and two small
outer signals at 8 4.55 and 4.47.

The rotational barrier of the parent 1,1'-binaphthyl in N,N-
dimethylformamide was determined to be 23.5 kcal/mol at
50 °C, corresponding to a half-life of 14.5 minutes for racemi-
zation [27,28]. Because the structure of 20a could be regarded
as a 2,3 4-trisubstituted 1,1'-binaphthyl, the rate of rotation can
be expected to be even slower. Again, in C¢Dg recorded on a
600 MHz NMR spectrometer, the signals of the methylene
hydrogens on the five-membered ring could be discerned as an
AB system at 6 4.27 (J =21 Hz) and 4.25 (J =21 Hz).

The rotational barrier of BINOL as a member of the 2,2'-disub-
stituted 1,1'-binaphthyls was determined to be 37.2 kcal/mol at
195 °C in naphthalene, corresponding to a half-life of 4.5 hours
for racemization [28]. The high stability of the configuration

even at such an elevated temperature allows BINOL to be used

I,

t-Bu
24, 76%

BBr3
20b

Scheme 6: Demethylation of 22b to form 5-(2-hydroxy-1-naphthyl)-
11H-benzo[b]fluorene 24.
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in a variety of synthetic applications. The configurational
stability of 20b and 20¢, which could be regarded as 2,2'-disub-
stituted 1,1'-binaphthyls with two additional substituents at the
3 and 4 positions, could also be expected to be high. AB
patterns were observed for the methylene hydrogens on the
five-membered ring of 20b and on the carbon bearing the
methoxy group of 20c.

Treatment of 20b with boron tribromide converted the methoxy
group to the hydroxy group, providing a handle for resolution of
24 with (1S5)-(—)-camphanoyl chloride (Scheme 6) [29]. It was
possible to achieve partial separation of a small fraction of the
two diastereomeric (15)-camphanates in a 5:1 ratio by silica gel

column chromatography.

Conclusion

In conclusion, the use of benzannulated enediynes as precur-
sors to 2,2'-disubstituted 1,1'-binaphthyls represents a new syn-
thetic approach to these sterically hindered molecules. The
assembly of the enediynyl precursors from three separate
aromatic fragments allows the possibility of placing a variety of
functional groups at various positions of the 1,1'-binaphthyl
system. Transformation of the methoxy group in 20b to a
hydroxy group provides a handle for resolution with optically
active reagents.

Experimental

General information

All organometallic reactions were conducted in oven-dried
(120 °C) glassware under a nitrogen atmosphere. Diethyl ether
and tetrahydrofuran (THF) were distilled from benzophenone
ketyl prior to use. 1-Ethynyl-2-methoxybenzene (4a), pivalo-
phenone (7), n-butyllithium (1.6 M) in hexanes, 1-bromo-2-[2-
(trimethylsilyl)ethynyl]benzene, triethylsilane, trifluoroacetic
acid, potassium fert-butoxide (1.0 M) in 2-methyl-2-propanol,
lithium diisopropylamide (LDA, 2.0 M) in heptane/THF/ethyl-
benzene, Pd(PPh3),Cl,, Pd(PPh3),, copper(l) iodide, triethyl-
amine, 1.0 M BH3-THF solution in THF, 1-ethynylnaphthalene
(18a), 2-methoxy-1-naphthaldehyde, 1-bromo-2-(methoxy-
methyl)naphthalene, (trimethylsilyl)acetylene, boron tribro-
mide, and (1S5)-(—)-camphanoyl chloride were purchased from
chemical suppliers and were used as received. 1-lodo-2-[2-
(trimethylsilyl)ethynyl]benzene was prepared by treatment of
1-bromo-2-[2-(trimethylsilyl)ethynyl]benzene in THF with
n-butyllithium at —78 °C followed by treatment with iodine [7].
1-Ethynyl-2-iodo-benzene (15) [30] was prepared in quantitat-
ive yield by desilylation of 1-iodo-2-[2-(trimethylsi-
lyl)ethynyl]benzene with sodium hydroxide in methanol.
1-Ethynyl-2-(methoxymethyl)benzene (4b) [31] and dimethyl
(1-diazo-2-oxopropyl)phosphonate [32] were prepared
according to the reported procedures.
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1-lIodo-2-(4,4-dimethyl-3-phenyl-1-pentynyl)benzene (17).
To 1.032 g (4.528 mmol) of 15 in 10 mL THF under a nitrogen
atmosphere at 0 °C, was added 3.77 mL of a 2.0 M solution of
LDA (7.55 mmol) in THF. After stirring for 30 min, a solution
0f 0.616 g of 7 (3.774 mmol) in 10 mL of THF was introduced
via cannula, and the reaction mixture allowed to warm to room
temperature. After an additional 3 h, 20 mL of water was intro-
duced, and the reaction mixture extracted with diethyl ether.
The combined organic extracts were washed successively with
brine and water, dried over sodium sulfate, and concentrated.
The residue was purified by flash chromatography (silica gel/
10% diethyl ether in hexanes) to afford 1.476 g of crude 16 as a
light yellow liquid. Crude 16 without any further purification
was treated with 0.810 g of triethylsilane (6.983 mmol) and
2.1 g of trifluoroacetic acid (18.4 mmol) to afford 1.382 g
(3.699 mmol, 86% for 2 steps) of 17 as a colorless liquid: IR
2966, 1463 cm™'; 'H NMR (CDCls, 270 MHz) § 7.83 (1H, dd,
J=179, 1.2 Hz), 7.47-7.41 (3H, m), 7.36-7.23 (4H, m), 6.96
(1H, td, J= 7.7, 1.7 Hz), 3.69 (1H, s), 1.09 (9H, s); '3C NMR
(CDCl3, 67.9 MHz) 6 138.9, 138.6, 132.9, 130.5, 129.9, 128.8,
127.6, 126.7, 100.5, 95.5, 85.5, 50.6, 35.7, 27.9.

Benzannulated enediyne 19b. To a mixture of 0.307 g of 17
(0.822 mmol), Pd(PPh3)4 (0.040 g, 0.035 mmol), and copper(I)
iodide (0.015 g, 0.080 mmol) in 10 mL of toluene, was added
via cannula a solution of 0.150 g of 18b (0.824 mmol) in 5 mL
of triethylamine. After stirring at 120 °C for 12 h, 15 mL of a
saturated ammonium chloride solution and 15 mL of diethyl
ether were added. The organic layer was separated and the
aqueous layer back extracted with diethyl ether. The combined
organic layers were washed successively with brine and water,
dried over sodium sulfate, and concentrated. Purification of the
residue by flash column chromatography (silica gel/30% meth-
ylene chloride in hexanes) afforded 0.331 g of 19b
(0.773 mmol, 94%) as a colorless liquid: IR 2207, 1271,
1078 cm™!; 'TH NMR (CDCl3, 270 MHz) & 8.43-8.39 (1H, m),
7.85(1H, d, J=9.2 Hz), 7.82-7.77 (1H, m), 7.70-7.65 (1H, m),
7.56-7.52 (1H, m), 7.43-7.25 (7H, m), 7.10-7.00 (3H, m), 4.00
(3H, s), 3.66 (1H, s), 0.95 (9H, s); '3C NMR (CDCls,
67.9 MHz) 6 158.9, 139.0, 134.5, 132.3, 130.2, 129.7, 128.4,
127.9, 127.8, 127.3, 127.2, 126.4, 126.3, 126.0, 125.7, 124.1,
112.6, 106.5, 97.8, 95.5, 87.3, 82.6, 56.6, 50.5, 35.5, 27.7;
HRMS m/z [M + H]" caled for C3yH,90, 429.2218; found,
429.2217.

Benzannulated enediyne 19¢. To a mixture of 0.242 g of 23
(0.812 mmol), Pd(PPh3),Cl, (0.030 g, 0.043 mmol), and
copper(I) iodide (0.015 g, 0.080 mmol) in 6 mL of triethyl-
amine, was added via cannula a solution of 0.265 g of 22
(0.974 mmol) in 2 mL of triethylamine. After stirring at 60 °C
for 12 h, 15 mL of a saturated ammonium chloride solution and
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15 mL of diethyl ether were added. The organic layer was sep-
arated and the aqueous layer back extracted with diethyl ether.
The combined organic layers were washed successively with
brine and water, dried over sodium sulfate, and concentrated.
Purification of the residue by flash column chromatography
(silica gel/5% methylene chloride in hexanes) afforded 0.255 g
of 19¢ (0.577 mmol, 71%) as a colorless liquid: 'H NMR
(CDCl3, 270 MHz) 6 8.51 (1H, d, J = 7.7 Hz), 7.88-7.83 (2H,
m), 7.67-7.57 (3H, m), 7.53-7.42 (2H, m), 7.38-7.32 (4H, m),
7.12-7.05 (3H, m), 4.92 (1H, d, J=13.1 Hz), 4.83 (1H, d, J =
12.9 Hz), 3.69 (2H, s), 3.41 (3H, s), 0.97 (9H, s); 13C NMR
(CDCls, 67.9 MHz) 6 139.1, 138.9, 133.2, 132.5, 132.1, 129.6,
128.7, 128.1, 128.0, 127.4, 126.8, 126.6, 126.3, 126.2, 125.5,
125.0, 119.0, 98.3, 96.0, 88.4, 82.7, 72.8, 58.3, 50.5, 35.5, 27.7.

5-(2-Methoxy-1-naphthyl)-10-(1,1-dimethylethyl)-11H-
benzo[b]fluorene (20b). To 0.295 g of 19b (0.689 mmol) in
10 mL of anhydrous toluene under a nitrogen atmosphere, was
added 0.77 mL of a 1.0 M solution of potassium fert-butoxide
(0.77 mmol) in 2-methyl-2-propanol. The reaction mixture was
then heated under reflux for 6 h. After the reaction mixture was
allowed to cool to room temperature, 10 mL of water and
40 mL of methylene chloride were introduced. The organic
layer was separated, dried over sodium sulfate and concen-
trated. The residue was purified by flash column chromatog-
raphy (silica gel/5% methylene chloride in hexanes) to provide
0.263 g of 20b (0.614 mmol, 89%) as a light yellow liquid: IR
1267, 1250, 766 cm™'; 'TH NMR (CDCl3, 600 MHz) 3 8.66 (1H,
d, J=9.0 Hz), 8.11 (1H, d, J = 9.6 Hz), 7.92 (1H, d, J =
8.4 Hz), 7.53 (1H, d, J=9.0 Hz), 7.44 (1H, d, J= 7.2 Hz), 7.40
(1H, ddd, J = 8.4, 6.6, 1.8 Hz), 7.35 (1H, d, /= 9.0 Hz), 7.31
(1H, td, J = 6.6, 1.2 Hz), 7.18 (1H, t, J = 7.8 Hz), 7.13-7.05
(3H, m), 6.77 (1H, t, J= 7.8 Hz), 6.08 (1H, d, J = 7.8 Hz), 4.55
(2H, s), 3.68 (3H, s), 1.97 (9H, s); 'H NMR (C¢Ds, 600 MHz) &
8.67 (1H, d, J=9.0 Hz), 7.90 (1H, d, /= 9.6 Hz), 7.79 (1H, d,
J=8.4Hz),7.70 (1H, d, J= 8.4 Hz), 7.42 (1H, d, J = 8.4 Hz),
7.29 (1H, t, J= 7.8 Hz), 7.23 (1H, d, /= 7.2 Hz), 7.17 (1H, d,
J=6.6 Hz), 7.12 (1H, t, J = 7.5 Hz), 7.06 (1H, t, J = 7.5 Hz),
6.98 (1H, t,J=7.2 Hz), 6.89 (1H, t,J=7.8 Hz), 6.72 (1H, t, J =
7.5 Hz), 6.53 (1H, d, J = 7.8 Hz), 4.25 (1H, d, J = 21.6 Hz),
4.19 (1H, d, J =21.6 Hz), 3.13 (3H, s), 1.77 (9H, s); 3C NMR
(CDCls, 150 MHz) § 154.8, 144.2, 141.0, 140.3, 139.3, 137.9,
134.7, 133.9, 131.8, 129.8, 129.5, 128.1, 127.8, 127.2, 127.0,
126.7, 126.6, 126.4, 125.2, 124.1, 123.9, 123.7, 123.3, 122.8,
122.2, 114.4, 56.9, 40.3, 38.9, 34.5; MS m/z 428 (M™"), 413,
400, 371; HRMS m/z calcd for C3,H;50, 428.2140; found,
428.2126.

Recrystallization from a mixture of isopropyl alcohol and meth-

ylene chloride produced a crystal for X-ray structure analysis.

Although the weakly diffracting crystal limited the amount of
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observed data, the analysis of these data supports the structural

assignment of 20b.

5-[2-(Methoxymethyl)-1-naphthyl]-10-(1,1-dimethylethyl)-
11H-benzo[b]fluorene (20c). The same procedure as described
for 20b was repeated except that 0.142 g of 19¢ (0.321 mmol)
was treated with 0.48 mL of a 1.0 M solution of potassium terz-
butoxide (0.48 mmol) in 2-methyl-2-propanol to afford 0.102 g
of 20c (0.231 mmol, 72%) as a light yellow liquid: IR 2943,
1273, 1248, 774 cm™!; 'TH NMR (CDCl3, 270 MHz) & 8.67 (1H,
d, J =89 Hz), 8.12 (1H, d, J = 8.7 Hz), 797 (1H, d, J =
8.2 Hz), 7.91 (1H, d, J = 8.6 Hz), 7.47-7.39 (3H, m), 7.28-7.08
(5H, m), 6.75 (1H, t, J="7.7 Hz), 5.89 (1H, d, /= 7.9 Hz), 4.56
(2H, s), 4.16 (1H, d, J = 13.4 Hz), 4.10 (1H, d, J = 13.3 Hz),
3.09 (3H, s), 1.98 (9H, s); 13C NMR (CDCls, 67.9 MHz) &
144.1, 141.5, 139.7, 139.2, 137.7, 135.3, 134.3, 134.0, 133.2,
132.7, 131.6, 128.4, 128.1, 127.9, 126.95, 126.91, 126.6, 126.4,
126.0, 125.9, 124.9, 124.5, 123.8, 123.6, 122.9, 71.9, 58.4, 40.3,
39.0, 34.5; MS m/z 442 (M"), 427, 395; HRMS m/z calcd for
C33H300, 442.2297; found, 442.2283.

Supporting Information

Supporting Information File 1

Experimental procedures, spectroscopic data, and 'H and/or
13C NMR spectra of 5a,b, 6a,b, 8a,b, 9a,b, 13a,b, 17, 18b,
19a—c, 20a—c, 21-24, and the (15)-camphanates of 24.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-58-S1.pdf]
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A rhodium(I)/dppe catalyst promoted dimerization of monosubstituted allenes in a stereoselective manner to give cross-conjugated

trienes, which are different from those obtained by a palladium catalyst.

Introduction

Cross-conjugated trienes, known as [3]dendralenes [1], are
attractive synthetic precursors used for consecutive double
[4 + 2] cycloaddition reactions [2-4] to provide a rapid access to
polycyclic carbon frameworks. Thus, a number of methods for
the preparation of the parent 3-methylenepenta-1,4-diene [5]
and its substituted derivatives [6-17] has been developed.
Among these, transition-metal-catalyzed dimerization of allenes
presents a unique entry to substituted cross-conjugated trienes.
For example, a nickel(0)/triphenylphosphine complex catalyzes
a dimerization reaction of 3-methylbuta-1,2-diene to afford 2,5-
dimethyl-3,4-bismethylenehex-1-ene [18,19]. The nickel-
catalyzed reaction, however, leads to a complex mixture of
products when monosubstituted allenes such as penta-1,2-diene

and 1-phenylpropa-1,2-diene are employed [20]. On the other

hand, a palladium-catalyzed dimerization reaction of monosub-
stituted allenes produces substituted cross-conjugated trienes 2
in high yield (Scheme 1) [21]. We report here that dimerization
of monosubstituted allenes is also catalyzed by a rhodium(I)/
dppe complex to form cross-conjugated trienes 3, which are
different from those obtained with the palladium catalyst.

Results and Discussion

We initiated our study using undeca-1,2-diene (1a) as the model
substrate and a rhodium(I) complex as the catalyst (Table 1).
When 1a was treated with a catalytic amount of [RhCl(cod)],
(2.5 mol %, cod = cycloocta-1,5-diene) in toluene at 130 °C for
12 h, 2a was formed in 40% NMR yield along with another
minor dimerized product (13% NMR yield) and unidentified
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Scheme 1: A new entry to substituted cross-conjugated trienes.

compounds (Table 1, entry 1). The structure of the minor dimer-
ized product was determined to be (E)-10,11-dimethyleneicos-
8-ene (3a) by 'H and '3C NMR spectroscopy. Thus, the two
isomeric dimers, one identical to the isomer obtained by the
palladium-catalyzed reaction and the other a different isomer,
were produced by the rhodium-catalyzed reaction. Next, several
phosphine ligands were examined (Table 1, entries 2—5). To our
delight, the use of the dppe ligand suppressed the formation of
2a and the unidentified compounds, and increased the NMR
yield of 3a to 96% (86% isolated yield, Table 1, entry 4). A
complex mixture of products was obtained when the reaction
temperature was lowered from 130 °C to 90 °C (Table 1,
entry 6). Moreover, the use of [Rh(OH)(cod)], and
Rh(acac)(cod) as the precatalyst resulted in a decrease of the

reaction rate (Table 1, entries 7 and 8).

Table 1: Optimization of reaction conditions?@.

CrHis C7Hss C7His
2.5 mol % [RhX(cod)],
2 | 5.0 mol % ligand %ﬁ*_ %/7
” toluene, temp, 12 h _\C H ot

1a 2a 75 3a 75
Enty X  Ligand® T(°C) ;{;ezd/o‘)’(f ;(;ezd/o‘;ﬁ
1 Cl none 130 40 13
2 Cl PPh3d 130 24 18
3 Cl dppm 130 24 37
4 cl dppe 130 <5 96 (86)
5 Cl dppp 130 17 50
6 cl dppe 90 38 24
7 OH dppe 130 40 10
8 acac® dppe 130 44 <5

@Reactions conducted on a 0.4 mmol scale.

bdppm = 1,1-bis(diphenylphosphino)methane, dppe = 1,2-
bis(diphenylphosphino)ethane, dppp = 1,3-
bis(diphenylphosphino)propane.

°NMR yield using mesitylene as an internal standard. Isolated yield
given in parenthesis.

dUsing 10 mol % of PPhs.

€Using 5.0 mol % of Rh(acac)(cod).

Beilstein J. Org. Chem. 2011, 7, 578-581.

We propose that the dimerization reaction proceeds through the
pathway outlined in Scheme 2. Initially, two molecules of 1a
coordinate to a thodium(I) center at the terminal carbon—carbon
double bonds from their sterically less-hindered sides. Oxida-
tive cyclization occurs in a head-to-head manner to form the
five-membered rhodacyclic intermediate A [22-25], which is in
equilibrium with another rhodacyclic intermediate B via c—n1—c
isomerization. Then, B-hydride elimination takes place with B
to form rhodium hydride C stereoselectively. Finally, reductive
elimination from C yields 3a together with the catalytically
active rhodium(I) complex. It is also conceivable, however, that
oxidative cyclization of two molecules of 1a occurs in a tail-to-
tail manner to directly furnish B. The other isomer 2a could be
formed through allylic 1,3-migration of rhodium from C and

subsequent reductive elimination.

3}/ o &
C7H15 C7H15
7115
CrHys H/Rh(”')'-n RA(IINL,
c A
RH
CsHqis (L, C7His
B

Scheme 2: A proposed reaction pathway.

Under the optimized reaction conditions using dppe as the
ligand, various monosubstituted allenes 1b—j were subjected to
the catalytic dimerization reaction (Table 2). In most cases,
essentially one isomer 3 was formed, and the other isomer 2
was barely detectable in the 'H NMR spectrum of the crude
reaction mixture (<5%). Allenes 1b—i possessing a primary
alkyl group reacted well to afford the corresponding products
3b-i in yields ranging from 63% to 90% (Table 2, entries 1-8).
Functional groups such as benzyloxy, siloxy, hydroxy and
cyano groups were tolerated in the alkyl chain under the reac-
tion conditions. Cyclohexylpropa-1,2-diene (1j) possessing a
secondary alkyl group also participated in the dimerization reac-
tion (Table 2, entry 9). On the other hand, 1,1-disubstituted
allenes such as 3-methylbuta-1,2-diene and 3-pentylocta-1,2-
diene failed to undergo the dimerization reaction, in contrast to

the nickel-catalyzed reaction [18,19].
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Table 2: Synthesis of cross-conjugated trienes by the allene dimeriza-
tion reaction@.

R’
. 2.5 mol % [RhCl(cod)], R
5.0 mol % dppe
2 R
R' toluene, 130 °C, 6 h
1 3 R
Entry 1 R R' 3 Yield
(%)b
1 1b CsHqq H 3b 85
2 1c CHyPh H 3c 78¢
3 1d Cy H 3d 83d
4 1e CH,0Bn H 3e 70
5 1f  (CH)30Bn H 3f 78
6 1g (CH,)30SiMest-Bu  H 3g 90
7 1h  (CH,)30H H 3h 63
8 1i  (CH)3CN H 3i 75
9 1j —(CHo)s— 3 60d

@Reactions conducted on a 0.4 mmol scale.

bisolated yield unless otherwise noted.

®The product was accompanied by a small amount of an unidentified
impurity.

dNMR yield using mesitylene as an internal standard.

Next, we examined the consecutive double [4 + 2] cyclo-
addition reaction of the cross-conjugated trienes obtained in the
present study. Triene 3a was treated with 4-phenyl-1,2,4-triazo-
line-3,5-dione (4, PTAD), a highly reactive dienophile, in
toluene at 0 °C (Scheme 3). The conversion of 3a was complete
within 1 h, and after chromatographic isolation, bisadducts Sa

IIDh
o N
<"p°

4 (2.4 equiv)

C7H4s

toluene

C7H4s 0°C,1h

5a 75%

CsH1s
NC
NC

NC

NC
6 (2.7 equiv)

C7H4s

toluene

CrH1s 60 °C, 24 h NC

CN C7Hys5

3a 7a 62%

Scheme 3: [4 + 2] cycloaddition reaction of 3a with PTAD and TCNE.

Beilstein J. Org. Chem. 2011, 7, 578-581.

and 5a’ were obtained in 75% and 6% yields, respectively. The
major bisadduct 5a resulted from initial addition to the more
congested diene moiety of 3a (site ). When tetracyanoethylene
(6, TCNE), which was a less reactive dienophile than 4, was
used, [4 + 2] cycloaddition also occurred preferentially at site 3,
but only once on heating at 60 °C for 24 h.

Conclusion

In summary, we have developed a new dimerization reaction of
monosubstituted allenes catalyzed by a rhodium(I)/dppe com-
plex, allowing the stereoselective formation of substituted
cross-conjugated trienes. It is interesting that the rhodium cata-
lyst and the palladium catalyst gave different types of cross-

conjugated trienes.

Experimental
General procedure for rhodium-catalyzed

dimerization of monosubstituted allenes

To a side-arm tube equipped with a stirrer bar, was added
[RhCl(cod)]; (4.9 mg, 2.5 mol %) and dppe (7.7 mg, 5 mol %).
The tube was evacuated and refilled with argon three times.
Then, toluene (4 mL) and substrate 1 (0.4 mmol) were added
via syringe and the tube was closed. After heating at 130 °C for
6 h, the reaction mixture was cooled to room temperature,
passed through a pad of Florisil® and eluted with ethyl acetate
(= 90-100 mL). The filtrate was concentrated under reduced
pressure and the residue purified by preparative thin-layer chro-
matography to give product 3. Although the isolated 3 was rela-
tively labile, it could be kept at =30 °C for days without any
detectable decomposition or polymerization.

7a' 19%

580



Supporting Information

Supporting Information File 1

Experimental details and spectroscopic data for new
compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-67-S1.pdf]

Acknowledgements
This work was supported in part by MEXT (Grant-in-Aid for
Challenging Exploratory Research, No. 21656033). T. T. is

gr

ateful for Research Fellowship from JSPS for Young Scien-

tists.

References

1.
2.

10.

1

-

12.

13.

14.

15.

16.

17.

18.

19

Hopf, H. Nature 2009, 460, 183—184. doi:10.1038/460183a
Tsuge, O.; Wada, E.; Kanemasa, S. Chem. Lett. 1983, 12, 239-242.
doi:10.1246/cl.1983.239

. Kwon, O.; Park, S. B.; Schreiber, S. L. J. Am. Chem. Soc. 2002, 124,

13402-13404. doi:10.1021/ja028086e

. Brummond, K. M.; You, L. Tetrahedron 2005, 61, 6180-6185.

doi:10.1016/j.tet.2005.03.141

. Bradford, T. A.; Payne, A. D.; Willis, A. C.; Paddon-Row, M. N.;

Sherburn, M. S. J. Org. Chem. 2010, 75, 491-494.
doi:10.1021/j09024557

. Woo, S,; Squires, N.; Fallis, A. G. Org. Lett. 1999, 1, 573-576.

doi:10.1021/0l990695¢

. Chang, H.-M.; Cheng, C.-H. J. Org. Chem. 2000, 65, 1767-1773.

doi:10.1021/j0991651k

. Brummond, K. M.; Chen, H.; Sill, P.; You, L. J. Am. Chem. Soc. 2002,

124, 15186-15187. doi:10.1021/ja027588p

. Chin, C. S;; Lee, H.; Park, H.; Kim, M. Organometallics 2002, 21,

3889-3896. doi:10.1021/om020410r

Kang, B.; Kim, D.-H.; Do, Y.; Chang, S. Org. Lett. 2003, 5, 3041-3043.
doi:10.1021/01035014z

.Shi, M.; Shao, L.-X. Synlett 2004, 807-810.
doi:10.1055/s-2004-820017

Brése, S.; Wertal, H.; Frank, D.; Vidovi¢, D.; de Meijere, A.

Eur. J. Org. Chem. 2005, 4167—4178. doi:10.1002/ejoc.200500330
Bradford, T. A.; Payne, A. D.; Willis, A. C.; Paddon-Row, M. N;
Sherburn, M. S. Org. Lett. 2007, 9, 4861-4864. doi:10.1021/017021998
Miller, N. A.; Willis, A. C.; Paddon-Row, M. N.; Sherburn, M. S.
Angew. Chem., Int. Ed. 2007, 46, 937-940.
doi:10.1002/anie.200603335

Shimp, H. L.; Hare, A.; McLaughlin, M.; Micalizio, G. C. Tetrahedron
2008, 64, 3437-3445. doi:10.1016/j.tet.2008.02.015

Kim, S.; Seomoon, D.; Lee, P. H. Chem. Commun. 2009, 1873-1875.
doi:10.1039/b823037d

Beydoun, K.; Zhang, H.-J.; Sundararaju, B.; Demerseman, B.;
Achard, M.; Xi, Z.; Bruneau, C. Chem. Commun. 2009, 6580-6582.
doi:10.1039/b913595b

Englert, M.; Jolly, P. W.; Wilke, G. Angew. Chem., Int. Ed. Engl. 1972,
11, 136-137. doi:10.1002/anie. 197201361

.Pasto, D. J.; Huang, N.-Z. Organometallics 1985, 4, 1386—1395.
doi:10.1021/om00127a014

Beilstein J. Org. Chem. 2011, 7, 578-581.

20.Pasto, D. J.; Huang, N.-Z.; Eigenbrot, C. W. J. Am. Chem. Soc. 1985,
107, 3160-3172. doi:10.1021/ja00297a022

21. Arisawa, M.; Sugihara, T.; Yamaguchi, M. Chem. Commun. 1998,
2615-2616. doi:10.1039/a807527a

22.0sakada, K.; Choi, J.-C.; Sarai, S.; Koizumi, T.; Yamamoto, T.
Chem. Commun. 1997, 1313-1314. doi:10.1039/a701859b

23.Lu, P.; Ma, S. Org. Lett. 2007, 9, 2095-2097. doi:10.1021/0l070632r

24.Park, J. H.; Kim, E.; Kim, H.-M.; Choi, S. Y.; Chung, Y. K.
Chem. Commun. 2008, 2388-2390. doi:10.1039/b718107h

25.Kawamura, T.; Inagaki, F.; Narita, S.; Takahashi, Y.; Hirata, S.;
Kitagaki, S.; Mukai, C. Chem.—Eur. J. 2010, 16, 5173-5183.
doi:10.1002/chem.200903568

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.7.67

581


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-7-67-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-7-67-S1.pdf
http://dx.doi.org/10.1038%2F460183a
http://dx.doi.org/10.1246%2Fcl.1983.239
http://dx.doi.org/10.1021%2Fja028086e
http://dx.doi.org/10.1016%2Fj.tet.2005.03.141
http://dx.doi.org/10.1021%2Fjo9024557
http://dx.doi.org/10.1021%2Fol990695c
http://dx.doi.org/10.1021%2Fjo991651k
http://dx.doi.org/10.1021%2Fja027588p
http://dx.doi.org/10.1021%2Fom020410r
http://dx.doi.org/10.1021%2Fol035014z
http://dx.doi.org/10.1055%2Fs-2004-820017
http://dx.doi.org/10.1002%2Fejoc.200500330
http://dx.doi.org/10.1021%2Fol7021998
http://dx.doi.org/10.1002%2Fanie.200603335
http://dx.doi.org/10.1016%2Fj.tet.2008.02.015
http://dx.doi.org/10.1039%2Fb823037d
http://dx.doi.org/10.1039%2Fb913595b
http://dx.doi.org/10.1002%2Fanie.197201361
http://dx.doi.org/10.1021%2Fom00127a014
http://dx.doi.org/10.1021%2Fja00297a022
http://dx.doi.org/10.1039%2Fa807527a
http://dx.doi.org/10.1039%2Fa701859b
http://dx.doi.org/10.1021%2Fol070632r
http://dx.doi.org/10.1039%2Fb718107h
http://dx.doi.org/10.1002%2Fchem.200903568
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.7.67

Beilstein Journal
of Organic Chemistry

Gold-catalyzed regioselective oxidation of
terminal allenes: formation of a-methane-

sulfonyloxy methyl ketones

Yingdong Luo, Guozhu Zhang, Erik S. Hwang, Thomas A. Wilcoxon

Full Research Paper

Address:
Department of Chemistry and Biochemistry, University of California,
Santa Barbara, California, 93106, USA

Email:
Liming Zhang" - zhang@chem.ucsb.edu

* Corresponding author

Keywords:
allene; catalysis; gold; oxidation; regioselectivity

Abstract

and Liming Zhang

Beilstein J. Org. Chem. 2011, 7, 596-600.
doi:10.3762/bjoc.7.69

Received: 16 March 2011

Accepted: 15 April 2011

Published: 11 May 2011

This article is part of the Thematic Series "Allene chemistry".

Guest Editor: K. M. Brummond

© 2011 Luo et al; licensee Beilstein-Institut.
License and terms: see end of document.

Synthetically useful a-methanesulfonyloxy methyl ketones are readily prepared in one-step from terminal allenes in fair to good

yields. The chemistry relies on a gold-catalyzed intermolecular oxidation of the 1,2-diene unit using 3,5-dichloropyridine N-oxide

as the oxidant. The reaction tolerates a range of functional groups and shows excellent regioselectivity.

Introduction

While alkynes are the most studied substrates in homogeneous
gold catalysis [1-9], allenes [10] occupy a not-so-distant second
place, and many versatile transformations have been developed
either using allenes as substrates [11-17] or via allenes gener-
ated in situ [18-21]. We have recently shown that highly reac-
tive gold carbenes can be generated from alkynes via gold-
promoted intermolecular oxidation by pyridine/quinoline
N-oxides [22-25], making benign alkynes effective surrogates
of toxic and potentially explosive a-diazo ketones (Scheme 1A).
Synthetically useful structures such as oxetan-3-ones [22], dihy-
drofuran-3-ones [23], azetidin-3-ones [24] and o,B-unsaturated

ketones [25] are readily accessed via these gold carbene inter-

mediates. This led us to consider whether or not allenes could
also be oxidized by these N-oxides in the presence of gold cata-
lysts. As shown in Scheme 1B, intermediate C, likely formed
via an initial nucleophilic attack of a gold-activated allene,
cannot undergo elimination in the same way as intermediate A,
hence gold carbene intermediate B would not be formed. While
C may revert back to the allene substrate, we suspect that a
Sn2'-type reaction by an external nucleophile could facilitate
the fragmentation of the O—Y bond, ultimately leading to useful
products via intermediate D. Herein we report our preliminary
studies, which led to a facile synthesis of a-methanesulfony-

loxy methyl ketones.
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A. Alkynes as substrates (Y = pyridine, quinoline)
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Scheme 1: Gold-catalyzed intermolecular oxidation of alkynes and allenes.

Results and Discussion

Initially, trideca-1,2-diene (1a) was treated with commercially
available pyridine N-oxide in the presence of MsOH (5 equiv)
and Ph3PAuNTf, (5 mol %) in DCE at room temperature.
Consumption of 1a was initially observed and was complete in
two days. A relatively polar compound was detected and subse-
quently isolated (Table 1, entry 1). NMR and MS analysis
showed it to be the a-methanesulfonyloxy ketone 2a. Interest-
ingly, its regioisomer (i.e., 3) was not observed, suggesting
excellent regioselectivity in terms of the MsO delivery. The
reaction time was shortened to 8 h by increasing the reaction
temperature (entry 2). Attempts to increase the reaction effi-
ciency by varying the N-oxide (entries 3—5) revealed that 3,5-
dichloropyridine N-oxide was a superior oxidant, and 2a was
formed in 75% NMR yield. While less reactive but bulky gold

Table 1: Initial studies and condition optimization?@.
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B. Allenes as substrates?
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catalysts, such as IPrAuNTf, (entry 6) and Cy-John-
PhosAuNTY, (entry 7), did not fare as well as Ph3PAuNTY,, the
more Lewis acidic (4-CF3Ph);PAuNTY, was better, and 2a was
formed in 77% isolated yield (entry 8). A decrease in the
amount of MsOH was counterproductive (entry 9), whilst no

desired product was observed in the absence of a gold catalyst
(entry 10).

With the optimized reaction conditions established (Table 1,
entry 8), the scope of this chemistry was studied. As shown in
Table 2, remote functional groups were readily tolerated. For
example, good yields were obtained in the presence of a distal
acetoxy (entry 1) or benzoyloxy (entry 2) group; moreover,
reactive tosyloxy and mesyloxy groups were also tolerated
(entries 3 and 4). A chloro (entry 5), a benzyloxy (entry 6), a

X OMs Me
Me\ﬁg\_\ N R_K’,L\l/ - MsOH c;tglést Me 9 \ﬁg/\g/\OMs
) (5 equiv)
o~ (0] 3
1a 2a not observed
Entry Catalyst (5 mol %) N-Oxide (2 equiv) Reaction conditions Yield® (%)
1 Ph3PAuNTf, pyridine N-oxide rt,2d 46
2 Ph3PAuNTf, pyridine N-oxide 40°C,8h 52
3 Ph3PAuNTf, quinoline N-oxide 40°C,8h 51/6¢
4 Ph3PAuNTf, 2-bromopyridine N-oxide 40°C,8h 44/10¢
5 Ph3PAuUNTf, 3,5-dichloropyridine N-oxide 40°C,8h 75
6 IPrAuNTf, 3,5-dichloropyridine N-oxide 40°C,8h 10/53°
7 Cy-JohnPhosAuNTf, 3,5-dichloropyridine N-oxide 40°C,8h 47/7¢
8 (4-CF3Ph)3PAUNTf, 3,5-dichloropyridine N-oxide 40°C,8h 80(779)
9¢ (4-CF3Ph)3PAUNTf, 3,5-dichloropyridine N-oxide 40°C,8h 55/13¢
10 — 3,5-dichloropyridine N-oxide 40°C,8h —
a[1a] = 0.05 M; Pdetermined by 'H NMR using diethyl phthalate as the external standard; Sunreacted starting material; Jisolated yield; €2.5 equiv of
MsOH.
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Table 2: Reaction scope?.

Beilstein J. Org. Chem. 2011, 7, 596-600.

OMs

(4-CF3Ph)3PAUNTf, (5 mol %)

P
R k
1
Entry Allene
X
.\/\/\/O
1 N
0
2 \'\/\/\/O
(0]
3 \'\/\/\/OTS
4 \-\/\/\/OMS
5 %'\/\/\/CI
6 N ~_0Bn
N P
; WN
(@)
X,

\VO
SN
X

a[1] = 0.05 M; Pisolated yield.

Cli

+ 2

(')_
(2 equiv)

1b

1c

1d

1e

1f

19

1i

1j

1k

MsOH (5 equiv)
DCE, 40 °C, 8 h o

Products

OMs

OMs

OMs

2b

2c

2d

2e

2f

2g

2i

2j

2k

Yield®

79%

75%

80%

73%

63%

61%

76%

60%

72%

59%
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protected amino (entry 7) and a phenyl group (entry 8) were
also allowed, and the corresponding a-functionalized ketones
were isolated in useful yields. Besides linear allenes, exocyclic
allenes such as 1j and 1k were also suitable substrates and gave
mesylates 2j and 2k in 72% and 59% yield, respectively (entries
9 and 10).

Some substrates, however, did not participate in this reaction
effectively. For example, allenes derived by replacing the
acetoxy group of 1b with a free OH or an OTBS group did not
lead to the desired products. Presumably, the nucleophilic OH
group in the substrate, or one generated via acidic desilylation,
interfered with the reaction. This reasoning was supported by
the isolation of piperidine 4 upon subjecting 11 to the optimized
reaction conditions (Scheme 2). In addition, allenylbenzene was
not a good substrate, and <10% of the desired ketone was
detected by NMR. Somewhat surprisingly, pentadeca-7,8-diene
[26], an internal allene, did not participate in the reaction.

Ts
TsHN g (4-CF3Ph)3PAUNTH, N
A NN
\EJ MsOH (5 equiv)
11 N DCE, 40°C,8h 4 (56%)
o-
(2 equiv)

Scheme 2: A side reaction from 1I.

It is of note that a-methanesulfonyloxy ketones are versatile
synthetic intermediates that can undergo various reactions [27],
including substitution [28], elimination [29], the formation of
zinc homoenolates [30], the formation of cyclopropane rings
under photo-irradiation [31-33], the formation of aminoimida-
zoles [34], the generation of cyclopropanone—oxyallyl inter-
mediates [35], and ring contraction [36]. Their direct synthesis
from corresponding ketones can be realized via oxidation by
using either CuO/MsOH [37,38] or PhI(OH)OMs [39].

However, the former method uses stoichiometric amounts of

Beilstein J. Org. Chem. 2011, 7, 596-600.

copper, whilst the latter suffers from low regioselectivities. This
gold-catalyzed approach offers an attractive alternative that is
highly regioselective, catalytic on gold and takes place under
relatively mild reaction conditions.

The mechanism of this highly regioselective gold-catalyzed oxi-
dation of allenes is proposed in Scheme 3. The first step, as in
the case of alkyne oxidation [22,23,25], is probably an attack by
the pyridine N-oxide on the gold-activated allene. Selective
reaction at the terminal C—C double bond should occur due to
steric preference. The allyl gold intermediate E can then
undergo protonation to form intermediate F with MsO™ as the
counter anion. An Sy2'-type substitution by the anion would
afford the observed product. This substitution is facilitated by
the fragmentation of the weak N—O bond and the annihilation of
the charges.

Conclusion

We have successfully realized the first gold-catalyzed intermol-
ecular oxidation of allenes. With 3,5-dichloropyridine N-oxide
as the oxidant and in the presence of MsOH, a-methanesulfony-
loxy methyl ketones are formed in one step in fair to good yield
with excellent regioselectivities under relatively mild reaction
conditions. The reaction tolerates a wide range of functional
groups. Studies to explore the synthetic potential of this allene

oxidation strategy are currently underway.
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Experimental procedures and characterization data.
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Scheme 3: A proposed reaction mechanism.
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A thermal [2 + 2] cycloaddition reaction of allene-ynes has been used to transform chiral non-racemic allenyl oxindoles into chiral

non-racemic spirooxindoles containing an alkylidene cyclobutene moiety. The enantiomeric excesses were determined by chiral

lanthanide shift NMR analysis and the transfer of chiral information from the allene to the spirooxindole was found to be greater

than 95%.

Introduction

The [2 + 2] cycloaddition reaction of allenes and alkynes
provides rapid entry into synthetically challenging alkylidene
cyclobutene ring systems. We, along with others, have demon-
strated the intramolecular variant of this reaction under thermal
conditions [1,2]. This thermally forbidden process is believed to
proceed via a biradical intermediate mechanism, a conclusion
supported by both computational and experimental studies [3].
Recently, the scope of this method has been expanded to the
synthesis of spirooxindole-containing skeletons 2 in a two-step
one-pot process from propargyl acetates 1 [4] (Scheme 1).
Inspired by this rapid entry into the molecularly complex

substructure 2, and the structural similarity to welwitindolinone

A isonitrile (3), we became interested in the synthesis of chiral
non-racemic spirooxindoles for application to natural product
synthesis [5-7]. Herein, we disclose preliminary results demon-
strating a complete transfer of chiral information from a chiral
non-racemic allene-yne to form an enantiomerically enriched

spirooxindole in a [2 + 2] cycloaddition reaction.

Findings

This study commenced with the preparation of the enantiopure
propargyl acetate 7 [8]. Treatment of racemic propargyl alcohol
4 with the (R)-acid chloride 5, DMAP, and pyridine resulted in
propargyl ester 6 as a separable 4:1 mixture of diastereomers.
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welwitindolinone A
isonitrile (3)

Scheme 1: Conversion of propargyl acetate 1 to spirooxindole 2 containing the core framework of welwitindolinone A isonitrile (3).
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Ph DMAP, NEt; Ph
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CH,ClI, N
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MOM 100%, >95% ee MOM

chiral non-racemic
4

Scheme 2: Preparation of enantiopure propargyl acetate 7 (R = Ac).

Saponification of the major diastercomer of 6, followed by
acylation provided the propargyl acetate 7 in quantitative yield
(Scheme 2).

The enantiomeric purity of propargyl acetate 7 was determined
based on treatment of the compound with the chiral shift
reagent (+)-Eu(hfc)s. Figure 1 shows the 'H NMR of the
racemic as well as the enantiomerically enriched propargyl
acetate upon treatment with the chiral shift reagent. Treating
racemic acetate 7 with the chiral shift reagent enabled resolu-
tion of the resulting diastereomeric complexes, which was evi-
denced by the resonances for the aromatic proton labeled H, in
the spectrum shown below. The spectrum of racemic acetate 7
contains two doublets at § 7.54 and 7.52, while the spectrum of
enantiomerically enriched 7 shows only a single doublet at 6
7.54. Based on this result, the enantiomeric excess of enan-

tiomerically enriched acetate 7 is greater than 95%.

7 (R = Ac)

Next, the focus turned to the conversion of enantiomerically
enriched propargyl acetate 7 to an enantiomerically enriched
allene 8. It has been previously shown that delivery of an alkyl
group from an organocuprate in an SN2’ fashion occurs with
retention of chiral information in the resulting allene [9]; thus
we began by screening cuprate conditions to form the desired
allenyloxindole 8 (Table 1). In order to generate the allene, we
examined various leaving groups (OMs, OMe, OAc), solvents
(THF, Et,0), and cuprates (lower and higher order
cyanocuprates). The reaction incorporating a mesylate as a
leaving group was problematic due to substrate instability
issues, even at low temperatures (Table 1, entry 1) and the
substrates containing -OMe and —OAc leaving groups were
unreactive toward the lower order cuprates (Table 1, entries
2-5). The optimal conditions were found using the propargylic
acetate and the higher order cuprate, #~-Bu,Cu(CN)Li, at =78 °C
which gave compound 8 (R’ = tert-butyl) in 49% yield (Table 1,
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Figure 1: Chiral NMR shift analysis of propargyl acetate 7.

Table 1: Screening conditions for the formation of allenyloxindole 8.

RO =
(¢}
N
MOM
7
Entry R Solvent

1 Ms THF
2 Me Et,0
3 Ac Et,0
4 Ac THF
5 Ac Et,0
6 Ac THF

X
Ph

Temp

-45°C
0to35°C
0°C
-78°Cto
-78 °C
-78°C
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entry 6). As a prelude to this proposed synthetic route, our
attempts to thermally rearrange the chiral non-racemic
propargyl acetate to form an enantiomerically enriched allenyl
acetate followed by tandem [2 + 2] cycloaddition to provide
directly a structure resembling compound 2, gave the racemic
spirooxindole product. This finding will be discussed in detail
in a full account of this work.

To examine the chiral transfer from the propargylic acetate 7 to
the allenyloxindole 8, a chiral '"H NMR shift analysis was
performed using (+)-Eu(hfc);. The NMR spectra of the racemic
compound 8 as well as the enantiomerically enriched com-
pound 8 are shown in Figure 2. In the case of the racemic com-
pound, the resonances for the zerz-butyl groups of the diastereo-
meric complexes are split into two distinct signals in the pres-
ence of the shift reagent; one singlet at 6 1.23 ppm and a second
singlet at & 1.20 ppm. The enantiomerically enriched com-
pound 8 shows one singlet, corresponding to the resonance for
the tert-butyl group at & 1.22 ppm; thus the enantiomeric excess
of allenyloxindole 8 is greater than 95%.

With the enantiomerically enriched allene-yne 8 in hand, we
were poised to test the transfer of chiral information under
thermal [2 + 2] reaction conditions. Irradiation of 8 in
o-dichlorobenzene with microwaves for 5 min at 225 °C
provided the desired spirooxindole 9 in 44% yield (Scheme 3).
Despite the somewhat low yield, the reaction is clean as judged
by TLC with the exception of some baseline material.

R’
organocuprate 7/\/\
CE@:O Ph
N

MOM
8
Cuprate R’ Yield
MeCu(CN)Li Me 0%2
MeCu(CN)Li Me 0%
MeCu(CN)Li Me 0%®
rt MeCu(CN)Li Me 0%°
t-BuCu(CN)Li t-Bu 0%
t-BupsCu(CN)Li,  t-Bu 49%4

aComplete decomposition of the mesylate (generated in situ) was observed prior to cuprate addition. PComplete recovery of starting material.
CStarting material was recovered in addition to the deacylation product. 9The product of a second addition of the tert-butyl group to the central carbon

of the allene was also isolated in 21% vyield.
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) t-Bu I ‘ g 8
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o Ph Ph
N O o
o N\\ CHy =2
racemic - 8 o
0.2 equiv (+)-Eu(hfc), 1.20 ppm racemic 9
0.75 equiv (+)-Eu(hfc); 40 ppm
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Figure 2: Chiral NMR shift analysis of allenyloxindole 8.

Spirooxindole 9 was purified by column chromatography and
the transfer of chiral information was determined using chiral
IH NMR shift analysis.

t-Bu
N 9
\ MWI t-Bu ‘
o Ph 225°C, 5 min Ph
NL / o-dichlorobenzene N 0
¢} 44%, >95% ee
5
enantiopure 8 9

Scheme 3: Microwave irradiation of allenyloxindole 8.

Spirooxindole 9 was treated with 0.75 equiv of (+)-Eu(hfc)z in
CDClI3. The resulting diastereomeric complexes were resolved
based upon the resonances at § 3.98 and & 3.87 ppm, which are
peaks that correspond to the methyl in the MOM group on the
oxindole nitrogen. For the enantiomerically enriched com-
pound 9, only a single resonance is observed at 4 4.05 ppm in
the presence of the chiral shift reagent. Based on this analysis,
the product was formed with greater than 95% enantiomeric

excess (Figure 3).

Figure 3: Chiral NMR shift analysis of spirooxindole 9.

Our working hypothesis for the mechanism for transfer of chiral
information from the allene to the spirooxindole-containing
cyclobutene is that the reaction still proceeds through the ther-
mally generated biradical intermediate, but the ters-butyl group
hinders rotation around the carbon—carbon bond as shown in
Figure 4, thus slowing racemization of the resulting radical
containing carbon. This hypothesis is supported by a report by
Pasto, where transfer of chiral information was incomplete in a
thermal, intermolecular [2 + 2] cycloaddition reaction between
2,3-pentadiene and methyl propiolate [10].

/' . \
— Ph
e} Ph
N .
N / restricted
L O/ (0] rotation
8 10

Figure 4: Thermally generated biradical intermediate 10.

In summary, there are only a few general methods to prepare
carbocyclic spirooxindoles non-racemically [11-14]; we have
demonstrated the first thermal, intramolecular [2 + 2] cycload-
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dition reaction of an allene-yne that generates a chiral non-
racemic spirooxindole from a chiral non-racemic allene.
Furthermore, this reaction could also be applicable in the
enantioselective synthesis of natural products that contain a
spirooxindole core, such as welwitindolinone A isonitrile. We
are currently working to expand the scope of this chirality
transfer to other allenyl systems possessing less bulky and/or

traceless groups.

Supporting Information

Supporting Information File 1

General methods, experimental and spectral data for all
new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-70-S1.pdf]
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The one-pot hydrozirconation of allenes and nitriles followed by an in situ transmetalation of the allylzirconocene with

dimethylzinc or zinc chloride provides functionalized homoallylic amines. An intramolecular version of this process leads to

3-aminotetrahydrofurans and 3-aminotetrahydropyrans.

Introduction

The reversible addition of zirconocene hydrochloride
(CpaZr(H)Cl, Schwartz’s reagent) to n-bonds usually leads
predominantly to o-complexes, and the resulting organozir-
conocene complexes are valuable reactive intermediates for the
formation of carbon—halogen and carbon—carbon bonds [1-6].
The reaction of Schwartz’s reagent with allenes occurs at low
temperature and provides a ready access to o-bound allylzir-
conocenes [7]. These species can be added diastereoselectively
to aldehydes and ketones to yield homoallylic alcohols, but they
are generally not sufficiently reactive towards many other elec-
trophiles [8,9]. Similar to the related alkyl- and alkenyl-
zirconocenes [1-3,6], this limitation of sterically hindered
allylzirconocene complexes can be overcome by selective trans-
metalation of zirconium to other metals. Suzuki and co-workers

treated allylzirconocenes with methylaluminoxane (MAO) in

order to achieve the carbalumination of 1-alkynes [10], internal
alkynes [11], conjugated enynes [12], and 1-iodoalkynes [13].
Huang and Pi found that allylzirconocenes underwent conju-
gated addition to enones in the presence of CuBr-SMe; [14].
Wipf and Pierce demonstrated that, upon the addition of a zinc
reagent to allylzirconocenes, transient allylzinc intermediates
can be successfully added to phosphoryl- and sulfonylimines to
provide homoallylic amines in good yields and diastereoselec-
tivities [15]. Of particular interest was the reaction of tin- or
silicon-substituted allenes that furnish bis-metallic reagents that
could potentially serve as dianion equivalents and provide (E)-
vinylsilanes and (E)-vinylstannanes in good yields [15].

N-Metalloimines are reactive intermediates that represent

masked imine derivatives of ammonia, which are often unstable
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and difficult to prepare. A common method for the preparation
of these species is the addition of various metal hydrides to
nitriles [16-20], including aluminium [21-24], niobium [25],
samarium [26] and iron hydrides [27]. Zirconocene hydrochlo-
ride can also be added to nitriles to provide N-zirconoimines,
which can be trapped with a range of electrophiles to form
imine derivatives [28-30]. Floreancig and co-workers devel-
oped a method for the preparation of a-functionalized amides
by trapping N-zirconoimines with acyl chlorides, followed by
the addition of nucleophiles to the intermediate acyl imines [31-
33]. Furthermore, the utility of the hydrozirconation of nitriles
can be enhanced by using Lewis acids to engage nitrile-derived
acylimines in Friedel-Crafts reactions, generating indanyl or
tetrahydronaphthyl derivatives [34,35].

Previous work in our group had concentrated on the transmeta-
lation of alkenyl- and allylzirconium species to give zinc
organometallics, which were added to phosphoryl- and
sulfonylimines to obtain homoallylic amines [15,36]. The
preparation of phosphoryl- and sulfonylimines as well as the
subsequent removal of these activating groups was often low-
yielding. Because of that, as well as limited functional group
compatibility in this methodology, we sought to develop a new
approach for the protective group-free synthesis of homoallylic
amines. The ease of synthesis of N-metalloimines by hydromet-
alation of nitriles could potentially provide suitable intermedi-

ates for this synthetic strategy. In this article, we report a one-

Beilstein J. Org. Chem. 2011, 7, 824-830.

pot hydrozirconation of allenes and nitriles that facilitates the

reductive coupling to yield N-unprotected homoallylic amines.

Results and Discussion

We first investigated the addition of allylzirconocenes to
N-aluminoimines. N-aluminoisobutyroimine 1 was prepared in
situ by the reduction of nitrile 3 with DIBAL (1 equiv) in
toluene. The resulting mixture was cannulated at —78 °C into a
solution of allylzirconocene (1.4 equiv), prepared by the
hydrozirconation of 3-methyl-1,2-butadiene (2). After stirring
for 30 min, the desired product 4 was isolated in 76% yield as a
single regioisomer. Other aliphatic nitriles were also good
substrates for this reaction; however, N-aluminoimines obtained
from aromatic nitriles were unreactive towards allylzir-
conocenes, and the desired product was not detected from these
substrates (Table 1).

We also investigated the one-pot hydrozirconation of allenes
and nitriles, aiming to explore the in situ formation-addition of
allylzirconocenes to N-zirconoimines (Scheme 1). Exposure of
benzonitrile (7) and 3-methyl-1,2-butadiene (2) to an excess of
Schwartz’s reagent in CH,Cl, at =78 °C led to the formation of
a bright red solution after gradual warming to room tempera-
ture. However, upon aqueous work-up, none of the desired
amine was obtained, even when the more Lewis acidic
Cp,Zr(H)CI prepared in situ by the Negishi protocol [37] was
used. In contrast, adding 1.4 equiv of ZnCl, to the hydrozir-

Table 1: Reaction of N-aluminoimines with allylzirconocene derived from allene 2.

DIBAL, toluene N BUz
RCN
-78°Ctort R
Entry Nitrile
N
1 TIPSO ™>C
3
) Ph/\/CN
5
PhCN
3
7

—78 °C, 30 min

NH,
R
CpZZr
CH,Cly, —78 °Ctort

Product Yield (%)

TIPSO/\)><\ 6
4

NH,

@None of the desired product was detected in this reaction; instead, a mixture of high molecular weight byproducts was observed.
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1. Cp,Zr(H)CI (3.6 equiv),

CN CH,Cl,, =78 °C to rt NH,
o +
> ©/ 2.ZnCl, (1.4 equiv), Ph =
CH,Cl,,0°Ctort
2 7 8
1 equiv 1.4 equiv

Scheme 1: One-pot hydrozirconation-reductive coupling of allene 2 and nitrile 7.

conation reaction mixture, according to Suzuki’s protocol for
the reductive coupling of allenes and alkynes [38], led to the
formation of homoallylic amine 8 in 75% yield after stirring at
room temperature for 3 h.

Under the optimized conditions for the reaction of benzonitrile
(7), we further explored the scope of the reaction of nitriles with
2 (Table 2). Both aromatic (Table 2, entries 1 and 2) and ali-
phatic (Table 2, entries 3 and 4) N-zirconoimines derived from
the corresponding nitriles reacted smoothly with allylzir-
conocene in the presence of a slight excess of ZnCl, (1.4 equiv)
to give homoallylic amines in moderate to good yields. The
phenylallene 13 yielded exclusively the terminal alkene pro-

duct 15 in good yield as a single diastereoisomer. In all of these
examples, the y-adduct was isolated as the sole regioisomer, and
no internal alkene was detected. This regioselectivity is consis-
tent with the allylzincation of imines [15] and opposite to that
of the zinca-Claisen reaction observed by Suzuki and
co-workers [38]. Analogous to the previous work in our group
[15], the silyl-substituted allene 16 produced the (£)-vinylsi-
lane 17 as the sole product in this reaction.

Given the success of the one-pot intermolecular reductive
coupling of allenes and nitriles, we sought to expand our
methodology to an intramolecular variant. For this purpose, we

synthesized substrate 18 by O-alkylation of allenylmethanol

Table 2: Reductive coupling of allenes and nitriles in the presence of CpoZr(H)Cl and ZnCl,.2

Entry Allene Nitrile

PhCN

R 7

9

L
0" CN
1

Ph CN
4 - Y
13 14
cl
TBS
5 == \©\ N
16 0~ “CN
1

Product Yield (%)
NH,
Ph)><\ 75 (78)P
8
NH,
o)
X
W 55 (67)°
10
cl
\Q\OW 80 (81)°
12 NH;
NH,
\ﬁ\(\ 65 (71 )b,c
Ph
15
NH,
67 (70)Pd

SRt
Cl 17

aAll reactions were carried out by hydrozirconation of a mixture of allene (1.4 equiv) and nitrile (1 equiv) in CH,Cl, at -78 °C, followed by the addition
of a 1 M solution of ZnCls, in ether (1.4 equiv) at 0 °C. PYields in parentheses correspond to the reaction in which transmetalation was performed using
MesZn (1.4 equiv) in toluene. Only one diasterecisomer was observed by 'H NMR analysis of the crude reaction mixture. 9Alkene geometry was

assigned by coupling constant analysis.
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[39] with bromoacetonitrile (Supporting Information File 1).
We were pleased to see that treatment of substrate 18 with 3.6
equiv of Schwartz’s reagent in CH,Cl, followed by the addi-
tion of 1.4 equiv of ZnCl, led to the formation of the desired
tetrahydrofuran product 19 as a single diastercoisomer in 60%
yield (Scheme 2). Surprisingly, however, we found that
repeating this reaction gave variable yields. Because the reac-
tion mixture was heterogeneous after the addition of the zinc
salt, we argued that decreasing the amount of Cp,Zr(H)Cl or a
lower substrate concentration might help to address this
problem. Unfortunately, these studies were inconclusive, and
3.6 equiv of Schwartz’s reagent were generally needed for a
satisfactory reaction progress.

1. CpoZrHCI (3.6 equiv), XX
CH2C|2, —-78°Ctort

:o:\_ /—CN

0 2.ZnCly, (1.4 equiv),
18 0°C to rt, 60%

NH,

19

Scheme 2: Cyclization of allenylnitrile 18.

To address the reproducibility issue, we also investigated
different zinc sources (Table 3). The presence of zinc halides
and triflates (ZnCl,, Zn(OTf);) in a range of solvents always
resulted in the formation of a precipitate. Therefore, we turned
our attention to dialkylzincs. We were pleased to see that the
addition of a 1 M solution of diethylzinc to the hydrozirconated
18 at —78 °C produced a homogeneous red solution; however,
only traces of the desired product 19 were detected. Switching
the solvent from CH,Cl, to toluene before the addition of the

dialkylzinc reagent resulted in the desired product formation in
Table 3: Optimization of the intramolecular reductive coupling of allene
and nitrile to give tetrahydrofuran 19.

1. CpoZrHCI (3.6 equiv), X
CH,Cly, 78 °C to rt

=-=_ /N NH,
0 2.[Zn], -780r0°Ctort &
18 19
Entry Zinc source Solvent Yield (%)
1 ZI“IC|2a CH2C|2 53
2 ZnClzb CHJCl, 50
3 Zn(OTf)P CH,Cl, 17
4 ZnCl2 DCE 55
5 Et,Zn® CH,Cl, <5
6 EtyZnd CH,Cly/Toluene 68
7 MeyZnd CHyCly/Toluene 69

a1 M solution in Et,O. PNeat salt was added. 1 M solution in CH,Cls.
d1 M solution in toluene.

Beilstein J. Org. Chem. 2011, 7, 824-830.

good yield and provided a single diastereoisomer. This observa-
tion is in agreement with previous work in our group that
showed the transmetalation from zirconium to zinc to occur
faster in toluene than in CH,Cl, [15]. Furthermore, we also
repeated some earlier examples of the intermolecular reaction
using dimethylzinc in toluene for the transmetalation step.
These new experiments produced results similar to the reac-

tions in the presence of zinc chloride (Table 2).

Next, we investigated the scope of the intramolecular reaction
(Table 4). Both tetrahydrofuran and tetrahydropyran products
were obtained in moderate to good yields as single diastereo-
mers, as determined by 'H NMR analysis. The conversion of
substrate 22 was good, but met with difficulties in isolating the
free amine product. Accordingly, treatment of the crude reac-
tion mixture with Boc,O and Et3N for 2 h at room temperature
improved the reaction workup and provided compound 23 in
60% yield.

Table 4: Cyclative reductive couplings.?

Entry Substrate Product Yield
X
prmmm— u—
/—CN
1 5 NHz  ggoe
18 o}
19
AN
NN NH,
2 7 o" CN 53%¢
2
0 O
21
CN NHBoc
7 A X
3 oA | 60%0-4
=
O
22 23

8All reactions were carried out by hydrozirconation of a mixture of
allene (1.4 equiv) and nitrile (1 equiv) in CH,Cl, at =78 °C, followed by
a solvent switch to toluene and addition of 1 M ZnMe; (entries 1 and 2)
or 1 M ZnEt, (entry 3) in toluene (1.4 equiv) at 78 °C. PRelative con-
figuration was assigned in analogy to 21. °Relative configuration was
determined by coupling constant analysis (Figure 1). 9Compound 23
was isolated as a Boc-protected amine upon treatment of the crude
reaction mixture with BocoO (1 equiv) and Et3N (6 equiv) in THF/
CHCly.

In order to determine the relative configuration of pyran 21, the
amine was protected as the #-butyl carbamate (Supporting Infor-
mation File 1). Signals for both hydrogen atoms Hy and H,
were doublets of doublets with one large and one small
coupling constant. The large coupling constant, J,. = 11.4 Hz,

corresponds to the geminal coupling between Hy, and H, while
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2.7 Hz,

correspond to the coupling between Hy,. and H,. This analysis

the small coupling constants, J,, = 1.8 Hz and J,. =

implies that hydrogen atom H, is in the equatorial position,
placing the electronegative carbamate substituent and the C-O
bond in the tetrahydropyran ring into a gauche orientation

(Figure 1).
H 8 Hy 3.94-3.91 ppm
Hp 8 Hp 3.19 ppm
N ~ 8 H, 3.77 ppm
Ha g mmmmmmem-----
He Jpe = 11.4 Hz
NHBoc Jap = 1.8 Hz
Jao = 2.7 Hz

Figure 1: Coupling constant analysis of the Boc-protected aminopyran
ring in 21.

Beilstein J. Org. Chem. 2011, 7, 824-830.

We propose a chelated transition state for the formation of 19,
21, and 23 (Scheme 3). After the initial hydrozirconation and
transmetallation with dimethylzinc, both (E)- and (Z)-allylzinc
species can exist in the solution. The chelation of the
zirconocene to the ether oxygen and the imine nitrogen leads to
a preference for the (£)-TS species, paving the way for the for-
mation of the observed cis-product.

To further elaborate on the utility of this methodology, we
demonstrated that the homoallylic amine products could be
readily converted to synthetically useful building blocks, such
as f-amino acids (Scheme 4). N-Boc-protection of the primary
amine 12 followed by ozonolysis under Marshall’s conditions
[40] yielded the B-amino acid derivative 24. The cyclic amine
19 was subjected to analogous reaction conditions to form the
tetrahydrofuran f-amino acid derivative 26.

MeZn—__
N\ UH
B ] sz(Cl)Zr“—~O
ZI’szcl (Z)-TS N
(é CpaZr(HIC | ¢ - MeyZn l \H
0] (On 2
N | ;
ZrCp,Cl
— -~ MeZn\/
/KN//@”
Cpg(CI)Zr
(E)-TS
Scheme 3: Proposed chelated transition state model.
Cl

CI\@ 1. Boc,0O, CH,Cl, | N
= = =

0% 2. 03 NaOH/MeOH S CO:Me

12 NHz 58% (2 steps) 24 NHBoc
o B06.0 = MeO,C  NHBoc
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Scheme 4: Conversion of homoallylic amines to B-amino acid derivatives.
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Conclusion

We have developed a method for the one-pot simultaneous
hydrozirconation of allenes and nitriles to yield allylic
zirconocenes and N-zirconoimines, respectively. These inter-
mediates can be transmetalated in situ with dimethylzinc or zinc
chloride, which facilities the cross-coupling process to give
N-unprotected homoallylic amines after aqueous workup. All
products were isolated as single regio- and diastereoisomers,
and the regioselectivity of the allylation step was shown to
depend on the allene substitution. The intramolecular variant of
this reaction was used to prepare 3-aminotetrahydrofurans and
3-aminotetrahydropyrans, and these addition products can
subsequently be transformed into synthetically valuable

B-amino acid building blocks.

Supporting Information

Supporting Information File 1

Experimental procedures and characterization details of
synthesized compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-94-S1.pdf]
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The synthesis of a model endocyclic allene related to the vernonia allenes is described. Fragmentation of a suitable decalin deriva-

tive gave the simplified germacrane scaffold. Computational analysis of this and related substrates provides insight into the stereo-

electronic requirements of C—C fragmentation. The overall strategy to access these and other sesquiterpenes and the key steps in the

present sequence are also discussed.

Introduction

Well over 150 allene-containing natural products are known
[1-5]. Among these, intriguing complex structures were
assigned by Bohlmann and co-workers to isolates from the
aerial parts of Vernonia species collected mainly from northern
Brazil about 30 years ago (1-3, Figure 1) [6-8]. These bicyclic
germacranolides are the only known endocyclic allene-
containing natural products. Interestingly, no synthetic studies
of these complex natural products have been reported, perhaps
in part due to the limited number of routes for cyclic allene
construction that are sufficiently mild to effect allene formation
in complex settings [9-16].

Our interest in the vernonia allenes was motivated in part by a

desire to identify, and to simplify access to, useful bioactive

compounds with these sequiterpenoid structures, examples of
which are given in Figure 1 (4-12) [17-23]. Although many of
these isolates have not been characterized with regard to their
biological function, there is a rich variety of germacranes from
terrestrial plants, algae, and insect pheromones that purportedly
have anticancer, antifungal, and antibiotic activity, among
others. For example, parthenolide (6) has anti-inflammatory and
anti-hyperalgesic effects and induces apoptosis of human acute
myelogenous leukemia stem and progenitor cells [24]; eupahe-
liangolide A (7) is cytotoxic to human oral epidermoid (KB),
cervical epitheloid (Hela), and liver (hepaS9T/VGH) carcinoma
cells [21]; sinugibberodiol (10) exhibits beneficial multidrug
resistance properties in mammalian tumor cells [25];
eleganolactone B (11) inhibits the proliferation of the HL-60

937
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vernonia allenes (1-3)

parthenolide
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OH
spicatolide G sinugibberodiol
9 10

Figure 1: Known natural endocyclic allenes and related germacranes.

human promyelocytic leukemia cell line in a dose-dependent
manner [26], and ester derivatives of salonitenolide 12 show
promising antibacterial activity [27].

We have initiated a study that aims to integrate the chemical
syntheses of compounds in this structure space into a single,
late-stage-divergent, route [28]. A pluripotent route that would
enable direct access to a broad range of these targets would be
useful and would offer advantages over single-target routes,
especially in terms of overall step economy. Given the difficul-
ties associated with the stereoselective preparation of endo-
cyclic allenes, and the fact that such structures are largely unex-
plored, we focused on the vernonia allenes. Moreover, we
expected that such allenes contain the coded reactivity to access
many sesquiterpenoid variants, especially in light of new
methods of transforming allenes to diverse motifs [29-37].
Herein we report our efforts toward this goal with a short syn-

oTf

i 4
COoH Y
WX
13

Scheme 1: C-C fragmentation strategy to yield endocyclic allenes.

—-————

Beilstein J. Org. Chem. 2011, 7, 937-943.

eupaheliangolide A potamopholide
7 8

«~OH

PMPCOO

0]

salonitenolide ester

eleganolactone B
11 12

thesis of a model 10-membered endocyclic allene of type 14
(Scheme 1).

Results and Discussion

Advanced intermediates with a high degree of unsaturation have
greater potential use in an integrated routing strategy than more
highly oxidized products, since not all targets in the group of
compounds of interest share identical oxidation states or
patterns. Recently, we reported the synthesis of 9- and
10-membered cyclopolyenes [28,38], including a new stereo-
specific allene synthesis via C—C fragmentation. This transfor-
mation appears well-suited for access to the vernonia targets
and related compounds [15]. The method relies on suitably
functionalized vinyl triflates [39-41]. In general, C—C fragmen-
tation reactions appear to be sensitive to the precise structure of
the cyclic system involved, and small, apparently minor, struc-
tural changes may severely retard the reaction [38]. For

endocyclic allene gemacranes (e.g. 1, 2, 3)
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R = OH
Wieland—Miescher R =0TMS
ketone 15 16 17

Scheme 2: Endocyclic allene 17.

example, in our original disclosure, endocyclic allene 17 was
formed from trans-decalin derivative 16 by way of the known
compound 15 (Scheme 2) [42]. However, the vinyl triflate (16,
R = OH) resisted fragmentation under standard basic condi-
tions, whereas, the silyl ether (16, R = OTMS) underwent
smooth fragmentation upon exposure to TBAF.

The ideal orientation for the two bonds that cleave in a C—C
fragmentation reaction is antiperiplanar [43-46]. However, to
our knowledge, the minimum torsion angle required for frag-
mentation is not known, and no computational mechanistic
study on these reactions has appeared as a guide in this regard.
Admittedly, there are distinct differences between fragmenta-
tion and substitution; nevertheless, by analogy to Sy2 reactions,
C—C fragmentation substrates with angles significantly less than
180° may fail due to inadequate relative orientation [47,48]. For
our purposes, we aimed to identify a scaffold that would readily
adopt the ideal, or near-ideal, stereoelectronic arrangement
necessary for C—C fragmentation, and yet, would have the
potential to accept further structural modification without

intrinsic change, should that become necessary or desirable.

Table 1 summarizes the ground state computational modeling of
several C—C fragmentation substrates. The Gaussian suite of
programs, with the B3LYP functional and the 6-31G(d,p) basis
set, was used to generate these data [49-60]. The hydroxy
derivatives (R/R’ = OH) and the corresponding alkoxides in
vacuum were taken together to approximate the torsion angle of
the anion fragmentation precursors. The trans-decalin system of
entry 1 (c.f. Scheme 2) is highly constrained. The relevant
torsion angles are around 155°, thus deviate significantly from
180°. This is true for the mono anions II and III as well as the
diol I. Interestingly however, the dianion does not represent a
stable structure, and instead gives the endocyclic allene via
fragmentation, as observed experimentally. Entry 2 shows a cis-
decalin system. Low energy conformers were identified for
these species [59]. The lowest energy conformer gave the
greatest torsion angles (~175°) for both the alcohol V and the
alkoxide VI, and these approach 180°. For comparison

purposes, the cis-hydrindane derivative in entry 3 was also

studied [38]. Analogous to entry 2, this system contains an
unsaturated site adjacent to the hydroxy/alkoxide. The torsion
angles of the scissile bonds for this entry are approximately

163°. Importantly, this compound is known to undergo base-

Table 1: Computed torsion angles for potential C—C fragmentation
substrates.?

ideal
torsion = 180°
angle
entry Substrate R (R) torsion angle
OTf
i I: OH (OH) 153°
1 II: OH (O7)  155°
ll: 0" (OH)  156°
R i IV:O™ (O7) seetext
R'
2 V: OH 175°
VI: O~ 176°
3 VIIi: OH 164°
VIIIl: O~ 162°
4 IX: OH 174°
X: O™ 177°
R COOMe
5 XI: OH 171°
Xll: O~ 170°

R coome

aDFT: B3LYP functional, 6-31G(d,p) basis set.

939



induced fragmentation to give the (£)-alkene in excellent yield
[61]. Among the substituted variants we considered, we were
intrigued by the cis-decalin derivative of entry 4. The ester
functionality was taken as a prototype for substitution at this
position and represents the potential for both steric and elec-
tronic effects. In this case, although both compounds exhibit
similar torsion angles (~175°), there appears to be a significant
difference between the orientation of the ester relative to the
adjacent C—C double bond. For the neutral (R = OH) com-
pound, the ester is coplanar with the double bond, whereas the
ester is twisted out of planarity for the alkoxide (R = O7). This
appears to be an electrostatic influence. The behavior noted in
entry 4 was not unique to the cis-decalin system and the analo-
gous cis-hydrindane exhibits similar behavior (entry 5): The
ester group of the hydroxy entry 5 is coplanar with the alkene,
whereas the ester is twisted out of planarity for the alkoxide (R
=0") [62].

In light of the above data, we targeted compound 24 (c.f. 14,
Scheme 1) to extend the C—C fragmentation to cis-decalins and

to provide an important model for our synthetic studies. This

Beilstein J. Org. Chem. 2011, 7, 937-943.

substrate should be able to adopt conformers with the proper
orientation for fragmentation and may well tolerate substitution.
Given the uncertainties associated with the computational
analysis and the precise requirements for fragmentation, it was
not clear that even this model compound would undergo C—C
fragmentation to give the corresponding endocyclic allene.
Consequently, we aimed to prepare 24 by a direct and modular
route.

Scheme 3 depicts a concise route to 24 and 25. Beginning with
the commercially available diketone 18, acid promoted Michael
addition with acrolein gave aldehyde 19. A two step procedure,
via 20, was employed to obtain the (Z)-bromoolefin 21.
Initially, we examined the direct formation of 21 via
bromomethyltriphenylphosphonium bromide (Scheme 4). This
reaction was inefficient and gave both the (£)- and (2)-
bromoolefins as well as dibromoolefin 20. Bromo group scram-
bling under basic Wittig reaction conditions is known [63], and
the usual procedure for Wittig reagent formation with slow ad-
dition of 19 (1 h) gave 21 with the desired olefin geometry but
with low selectivity and yield (see below). Rapid addition of 19

Q acrolein, cat. HOAc, o : DCM, 0°C,0.5h Q
H,0, tt, 18 h ! then 19, 2 h B
i\ PPhy+CBry, ——————
o Qquant o o | 72% o Br
18 19 l 20
O
n-Bu3SnH, Pd(PPhs)s, CrCly, NiCly, TMSIm, cat. TBAF,
toluene, rt, 2 h A DMF, rt, 12 h THF, rt, 2 h
67% o Br 66% 66%
21
22
NaHMDS, PhNTf,, OTf .
THF, -78 °C to 0 °C, H TBAF, THF, rt, -
15h 10 min
0 i
79% OTMS 64%
23 24 25
Scheme 3: Preparation of endocyclic allene 25.
o PhsP*CH,BrBr 0 Q
NaHMDS Br
THF, -78 °C N ' \B
o Yo o 0 Br 0 '
19 36% 20 21

(20:21Z:21E 2:2:1)

Scheme 4: Bromo-olefination products from diketone aldehyde 19.
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(1 min), gave the desired product in 26% yield. The use of
HMPA and/or iodomethyltriphenylphosphorane [64,65] was
examined and failed to improve the reaction profile, as did
varying the ratio of Wittig reagent relative to aldehyde (1-3
equiv), solvent (THF and toluene), and aldehyde concentration
(0.035-0.09 M). The yield of the reaction was low under all the
conditions examined (13-26%) [66]. The known behavior of
bromomethyltriphenylphosphonium bromide under these
strongly basic conditions, and the poor solubility of reactive
species in THF, account for these results [63].

Alternatively, the Z-vinyl bromide 21 was readily obtained via
dibromo-olefination of the aldehyde followed by selective
removal of the (E)-bromide with n-Bu3SnH and catalytic Pd(0)
(19—21, Scheme 3). A simple sequence was utilized to furnish
allene precursor 24: Thus 21 was converted to bicycle 22 under
Nozaki—-Hiyama—Kishi conditions [67,68], followed by silyl
ether formation (—23) [69] and triflation to produce the desired
decalin 24. There is little precedent for Nozaki—Hiyama—Kishi
addition to ketones [67,68], but the reaction proceeded without
problems in serviceable yield. Brief exposure of 24 to anhy-
drous fluoride conditions effected clean C—C fragmentation to
give the functionalized 10-membered endocyclic allene 25 in
good yield.

Conclusion

These studies demonstrate a concise modular preparation of
endocyclic allene 25 under mild reaction conditions. This seven
step route gives access to a model system for a synthetic
strategy that aims to access the structure space represented by a
variety of germacrane natural products, including the vernonia
isolates. Computational studies suggest that the diene scaffold
may be suitable for further structural modification and adopt the
stereoelectronic arrangement necessary for C—C fragmentation.

Further studies will be reported in due course.

Experimental

Preparation of endocyclic allene 25: In a 25 mL flame-dried
flask, vinyl triflate 24 (157 mg, 0.408 mmol, azeotroped with
toluene) was suspended in dry THF (13 mL). TBAF (0.4 mL,
0.4 mmol, 1.0 M in THF, stored over molecular sieves for >24
h) was added dropwise. After 10 min, the reaction was
quenched by satd. NH4Cl (aq) (15 mL) and partitioned against
and washed with ethyl acetate (3 x 15 mL). The organic frac-
tions were combined, washed with satd. NaCl (aq) (15 mL),
dried (NaySOy), filtered, concentrated in vacuo, and purified by
FCC (5% ethyl acetate/hexane) to give 25 (43 mg, 64%) as a
colorless oil. R¢ 0.08 (1% ethyl acetate/hexane); IR (neat) vpay:
2975, 2903, 2851, 1964, 1693, 1440, 1400 cm™'; 'H NMR (400
MHz, CDCl3) 8 6.25 (dd, J = 11.9, 2.2 Hz, 1H), 5.70 (td, J =
11.7, 4.2 Hz, 1H), 4.95-4.85 (m, 1H), 2.70-2.57 (m, 2H),

Beilstein J. Org. Chem. 2011, 7, 937-943.

2.42-2.15 (m, 5H), 1.76 (ddt, J = 14.7, 12.1, 2.2 Hz, 1H), 1.63
(d, J = 2.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) & 205.90,
202.06, 140.21, 132.05, 97.82, 89.33, 41.94, 32.71, 26.71,
26.05, 19.93; ESIMS m/z: [M + Na]*calcd for C;1H4NaO,
185.1; found, 185.0.

Supporting Information

Supporting Information File 1

General experimental methods and analytical data, 'H and
13C NMR spectra of compounds 18-25 and computed
structural coordinates for entries 1-5 in Table 1.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-104-S1.pdf]
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