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Abstract—The addition of 4 equiv of phenyl ethynyl dimethyl alane (formed by treatment of phenyl acetylene with n-BuLi followed by
Me,AlCl) to 2,3-epoxy geraniol results in the formation of the C-3 alkynyl addition product and the Yamamoto rearrangement/addition
product, in 53 and 18% yield, respectively. Replacing the alane reagent with an aluminate (formed by treatment of phenyl acetylene with
n-BuLi followed by Me;Al) and adding BF;- OEt, result in formation of the C-3 addition product in 73% yield.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxides are readily accessible important synthetic building
blocks for synthesis, and the development of new methods
for their functionalization remains important. Recently, we
reported a general method for opening unactivated tri-
substituted epoxides at the more sterically congested center
with alkynyl aluminates in the presence of BF;-OEt,
(Scheme 1).! With a few rare exceptions usually involving
activated propargylic>? or benzylic*> substrates, a general
method for the addition of carbanions to the more hindered
position of tri-substituted epoxides was previously un-
known.%® In this paper we describe the discovery pathway
and reaction optimization processes that lead to the opti-
mized alkynylation conditions, and report for the first time
the alkylation results from our preliminary work using
alkynyl alanes. These results illuminate differences in reac-
tivity between alanes and aluminates, and clearly show that
aluminates are superior to alanes for this transformation.

2. Results and discussion

2.1. Opening of tri-substituted epoxides using alkynyl
alanes

Our initial objective was to add an acetylide to the more
hindered carbon of a tri-substituted epoxide to provide
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a functionalized gem-methyl fragment that could potentially
be applied to the synthesis of natural products, such as the
epothilones or pelorusides. The prenyl alcohol derived epox-
ide 1 was one of the early model substrates examined, and it
was selected in part because the alcohol functionality (or
a protected version) is likely to facilitate the addition to
the distal carbon as it does in reactions of di-substituted ep-
oxides (Scheme 2).° Therefore, the alane reagent 2 prepared
in situ from trimethylsilyl acetylene, n-BuLi, and dialkyl
aluminum chloride was tested for the desired transformation.
The dimethyl aluminum reagent showed some promise by
providing the C-3 addition product 3 in 10% yield, whereas
the diethyl reagent gave no desired product. In addition to
the desired addition product 3, the Yamamoto rearrange-
ment/addition'® product 4 and C-2 addition product 5 were
isolated. The products were identified on the basis of their
"H NMR spectra and "H COSY analysis (see Supplementary
data). Further evidence for the C-3 addition product was
obtained by oxidation to the corresponding aldehyde with
sodium periodate. Once characterized, further experiments
to optimize the reaction were monitored by GC and NMR
in lieu of product isolation.'!

The addition reaction was optimized by testing various
solvents at different temperatures (Table 1). First, coordi-
nating solvents, such as THF and Et,0, shut down the reac-
tion completely (entries 1 and 2). The non-coordinating
solvents dichloromethane and toluene gave similar results
(entries 3 and 4).'> At lower temperatures, less amount of
the Yamamoto rearrangement product 4 was produced,
while the C-2 addition product S increased (entries 4-6).
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Scheme 1. Addition of alkynyl aluminates.
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Scheme 2. Initial results on the ring opening of prenyl epoxide by alane
complexes.

Table 1. Optimization of the epoxide ring opening employing alane reagents

Ivent
0 OH + MesSi—=—AMe, — " _ 34+4+5
. temperature
3 equivalents
1 2

Entry  Solvent T (°C) Percentage in GC analysis (%)

3 4 5
1 THF —78 0 0 0
2 Et,O —78 0 0 0
3 Toluene  —78 32 4 13
4 CH,Cl, —78 36 3 7
5 CH,Cl, -30 54 9 0
6 CH,Cl, 0 52 (33)* 16 0

# Isolated yield.

Using phenyl acetylene in the reaction at 0 °C gave im-
proved results (Scheme 3), and the C-3 addition product 7
was isolated in 45% yield along with 9% of the Yamamoto
rearrangement/addition product. None of the C-2 addition
product was observed. Increasing the equivalents of alane
6 from 3 to 4 resulted in an improvement in isolated yield
from 45 to 56%, but the yields were unchanged with 6 equiv
of alane.

The above reactions suffered from poor mass recovery of
about 75%, and it was suspected that water-soluble products
might be getting lost during the workup, so the more hydro-
phobic (and sterically hindered) epoxide 10 was examined
(Scheme 4). The result was an increase in total mass recov-
ery to around 95%. Accompanying the desired C-3 alkyl-
ation product 11 and expected rearrangement by-product
12, additional compounds from other side reactions were
discovered in trace amounts, including the C-3 methylation

AlMeslLi oH
3Ll !
WOR
// Me
Ph
Q OH + Ph———AIMe,
CH,Cly, 0 °C
1 6
HO
Ph “ OH
N o4 HO A
Ph
7 8
3 equivalents of 6:  45% 9%
4 equivalents of 6:  56% 10%
6 equivalents of 6:  54% 10%
Ph
N\
HO OH

9 (not observed)

Scheme 3. Addition of phenyl acetylene to prenyl epoxide.

product 13, the elimination product 14 and the C-3 chlorina-
tion product 15. These by-products were also observed with
the trimethylsilyl acetylene addition to the geraniol epoxide.

(e}

OH Ph——=—AMe, ———— >
= + 2 -
Y\/\T>\/ 4 equiv CH.Clz, 0°C

10 6
OH _ on
// A\
Ph Ph
11 (53%) 12 (18%)
OH OH
WOH WOH
13 14
OH
MOH
Cl

15

Scheme 4. Addition of phenyl acetylene to geraniol epoxide.

While we found these results informative and encouraging,
one clear detraction from the method at this point in its de-
velopment was the requirement for 4 equiv of the acetylene,
which is inefficient and potentially problematic with syn-
thetic intermediates or expensive alkynes. To abrogate the
demand for excess alkyne, the epoxy alcohol 10 was treated
with 1 equiv of MesAl or Et;Al prior to addition of the
alkynyl alane 6 (2 equiv) (Scheme 5); however, with either
additive the isolated yields of the desired product 11 was
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inferior to the previous results, and with Et;Al the reaction
required 5 h for completion instead of 2.5 h.

\K\/\({NOH 1) 1 equiv R3Al, =78 °C to 0 °C
2) 2 equiv Ph—=—AIMe, (6)
CH,Cl,, 0 °C
10
OH
OH =z OH
W HO
// N\
Ph Ph
11 12
33% R =Me 14%
39% R = Et 15%

Scheme 5. Pretreatment with Me;Al or Et;Al

The increase in reaction time required with the Et;Al addi-
tive prompted us to explore the effect of the alkyl substitu-
ents on the alkynyl alane reagent itself (Scheme 6). After
efforts at optimization similar to those described above,
the best conditions identified for C-3 alkylation with diethyl
alane 16 was the use of 8 equiv in CH,Cl, solvent at 20 °C.
The 43% yield of C-3 alkylation product 11 is lower than
that from the dimethyl alane reagent (Scheme 4, 53%),
and more rearrangement product was observed (28 vs 18%).

(@)

OH | ph——AEt, —
= + 2 "
W 8 equiv CHaClz, 20°C
10 16

OH _ o
WOH HO
Ph/ Ph
11 (43%) 12 (28%)

Scheme 6. Reactions with diethyl alkynyl alane.

Having settled on the dimethyl alane as the best available re-
agent for this transformation, additions of trimethylsilyl
acetylene and 1-pentyne were screened under the standard
reaction conditions of 4 equiv of the dimethyl alane at
0 °C in CH,Cl, (Scheme 7). The result from addition of
the silyl acetylene was a disappointing 1:1 mixture of diaste-
reomers in 23% isolated yield (average of two runs) along

O
\K\/\T>\/OH + R—=—AMe, ——~
4 equiv CHyCl,, 0 °C
10 17, R = SiMe3
18, R= (CH2)20H3
OH
OH Z OH
=

\(\//\,(y HO

R R

19 (23%) R =SiMe3 20 (23%)

21(35%) R=(CHy),CH; 22 (18%)

Scheme 7. Additional examples of epoxide alkylation with alane reagents.

with an equal amount of the rearrangement product (20),
also as a 1:1 mixture of diastereomers. The lack of selectivity
is likely due to steric hindrance, and reactivity problems en-
countered with bulky aluminates are described in the next
section. Addition of 1-pentyne was comparably uninspiring
at 35 and 18% for the addition and rearrangement products,
respectively, but as single diastereomers. Further work on
these alane additions was abandoned in favor of reactions
with aluminates.

2.2. Opening of tri-substituted epoxides using
aluminates

The ability of the alkynyl alanes to alkylate at the more hin-
dered carbon of a tri-substituted epoxide was interesting,
but the requirements for excess alkyne coupled with poor
yields rendered the technique unsuitable as a general method-
ology. It had been reported that weakly nucleophilic alkenyl
and alkynyl aluminates can be coaxed to react with di-
substituted epoxides when activated by BF5-Et,0.!3 This ap-
proach was then examined with phenyl acetylene and epoxide
10 (Scheme 8). The aluminate was simply generated in situ by
deprotonation of the alkyne with n-BuL.i followed by addition
of MesAl. It should be noted that no experimental evidence
has been obtained to help to ascertain the exact nature of
the nucleophile, specifically whether it is an aluminate or
not, and that the description of the nucleophile as an aluminate
is based on stoichiometry and the propensities of migration of
unsaturated groups over aliphatic ones under ‘aluminate con-
ditions’.'* None the less, this reagent combination was un-
reactive toward epoxide 10 at 0 °C, but underwent addition
at —50 °C in the presence of BF;-Et,0 to give the desired
C-3 addition product 11 in 55% yield. For an initial experi-
ment these results were quite promising in that only 2 equiv
of the aluminate was employed, the yield matched the best re-
sults ever obtained under the optimized alane conditions and
none of the rearrangement product 12 was observed.

n-BuLi;

Ph—=—H
MesAl
(@) .
\(\/\T>\/OH + Ph—=——AIMesLi ﬂ,
(2 equiv) CH,Cly, —50 °C

10 23
OH
OH = OH
Y\/\:e\/ HO
Vi N\
Ph Ph
11 (55%) 12, not observed

Scheme 8. Preliminary reaction with an aluminate.

A benzyl ether protected geraniol epoxide was then evalu-
ated to determine whether the reaction would succeed with
only 1 equiv of aluminate (Table 2), and in the reaction
with the phenyl acetylene derived reagent, a 61% isolated
yield of C-3 addition product was obtained.'> The alumi-
nates from 1-pentyne (entry 2) and a propargyl ether (entry
3) also performed well, affording the C-3 addition products
in 54 and 57% yield, respectively. Curiously, reaction with
the trimethylsilyl acetylene derived aluminate gave only
trace amounts of addition product (entry 4).



H. Zhao et al. / Tetrahedron 63 (2007) 8774-8780

Table 2. Preliminary reactions with 1 equiv of aluminate
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OH
O. . OBn
_ OBn + R—=AMesli _ Or3OFt _ W
CH,Cl,, 0 °C //

24 R
Entry R Yield (%)
1 Ph 61
2 CH}CHchZ 54
3 TBSOCH, 57
4 SiMe; <10
Table 3. Optimization of the epoxide ring opening reaction using aluminates

TBSO
o N OH
Y\/\T>\/0Bn 1.2eq AlMesLi WOBn
BF3°Et,O (equivalents) / /
2 —78 °C, CHyCl, 25
TBSO(CHg)s

Entry BF;-Et,0 (equiv) Concentration (M in epoxide) Yield (%)
1 1 0.04 52
2 2 0.04 54
3 4 0.04 55
4 1 0.12 66
5 2 0.12 78

Under these unoptimized reaction conditions, conversion
was low and other Lewis acids such as Ti(OPr), and
(MeO);B were screened. However, these acids gave less sat-
isfactory results, and attention was given to optimizing the
reaction using BF3-Et,O (Table 3). It was found that in
0.04 molar solution, the reaction was insensitive to the equiv-
alents of BF5-Et,O (entries 1-3), but at higher concentration

OH OH
WOBH M/OBH
£
26 27
Chart 1. By-products in the aluminate reaction.

Table 4. Ring opening of geraniol epoxide with different terminal alkynes

(01.12 M) 2 equiv was found to be ideal, giving the desired
productin areproducible 78% isolated yield (entries 4 and 5).

Under the best reaction conditions identified in Table 3
(entry 5), the only by-products formed in suitable quantity
(<5%) for characterization were the C-3 fluorination and
elimination products 26 and 27 (Chart 1). In strong contrast
to the alane reactions, Yamamoto rearrangement products
were only observed in rare cases and in negligible amounts.

The current protocol is quite tolerant to variations in both the
nucleophilic acetylene and the protecting groups on the
epoxy alcohol (Table 4). For example, the benzyl and TBS
ethers as well as substrates with free alcohols give similar

OH
(@) o i
Y\/\TNOR + R—=—AMe,Li oroEO@equy) WOR
-78°C, 2 hr 3
1.2 equiv //
R
Entry R R’ Yield (%)
1 Bn Ph 89
2 TBS Ph 76
3 H Ph 61
4 Bn TBSO(CH,),4 81
5 TBS TBSOCH, 67
6 Bn CH;CH,CH, 72
7 Bn p-MeO-CeH, 71
8 Bn Me-CgHy 74
9 Bn p-F-C¢Hy 67
10 Bn SiMes 35
11 Bn H 45

? Aluminate of 2.2 equiv was used.
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results (entry 1-3). Terminal alkynes with ethereal func-
tional groups can be used as nucleophile (entries 4 and 5).
The pentyne-derived reagent opened the epoxide in 72%
yield (entry 6). Entries 7-9 show that the efficiency of the re-
action is unaffected by the electronic properties of the in-
coming nucleophiles. However, apart from these promising
results, it was found that trimethylsilyl acetylene cannot be
added efficiently (entry 10), and the isolated yield for the
C-3 addition product was only 35%. This is disappointing
in that desilylation of the alkyne gives access to a new ter-
minal acetylene for further functionalization. In another
approach to gain access to free alkyne product, acetylene
itself was employed'® and this successfully gave the product
in 45% isolated yield (entry 11).!7 The lack of reactivity for
trimethylsilyl acetylene in both alane and aluminate reac-
tions is ascribed to the size of the trimethylsilyl group, and
in this regard triisopropylsilyl acetylene and 2-methyl-3-
butyn-1-ol failed to react at all. The incompatibility with
bulky alkynyl nucleophiles appears to be the main limitation
of this synthetic method.

It was found that MesAl can be used in sub-stoichiometric
quantities, but the yield is diminished (Scheme 9). Specifi-
cally, under the standard reaction conditions (employing
1.2 molar equivalents of Me3Al), the aluminate derived
from enyne 28 afforded the C-3 alkylation product in
85% isolated yield. Decreasing the amount of MesAl to
0.1 equiv, while keeping the other conditions the same,
gave a 55% yield of 28. In the absence of Me3Al there is
no reaction.

1) n-BuLi

2) 0.1 or 1.1 equiv MezAl
or No MesAl

——H
28

(0)

OBn 4+  "Nucleophile"

24 2 equiv BF3°OEt,

85% yield with 1.1 equiv MezAl //
55% yield with 0.1 equiv Me3Al
No reaction in the absence of Me3Al 29

Scheme 9. Epoxide ring opening by aluminates using catalytic amount of
MC3A1.

This alkynylation reaction has proven to be remarkably gen-
eral in regard to epoxide substrates (Table 5). The reaction
performs equally well with epoxides derived from allylic
alcohols (entries 1-3), including cyclohexenols (entry 3),
as it does with epoxides prepared from non-functionalized
olefins (entries 4-6).

Because both 2,3-epoxy ethers and non-activated epoxides
react with the alkynyl aluminate reagents with comparable
efficiency, a competition study was performed to see which
class of substrates will react faster (Scheme 10). In the event,
epoxides 30 and 31 were treated with aluminate 23 under the
standard reaction conditions (except that 0.9 equiv of alumi-
nate were employed instead of 1.2 equiv). A 75% yield of 33

Table 5. Additional scope of the epoxide opening reaction
2.0 equiv BF3°Et,0

Epoxide + Ph—=——AIMesLi
poxi 3 78°C.2h Product
1.2 equiv
Entry Epoxide Product Yield (%)
OH
OBn
1 \T)\/OBI’] 92
Y4
Ph
o OH
OBn OBn
2 50
Y4
Ph
o Ph OH
3 ‘©/0Bn \\\,,,,b,osn 39
o F‘h\ OH
4 b ) 93
OH

BnO.
(@)
6 Bn0><\/\T>\ M 70

from preferential addition to the non-functionalized epoxide
was obtained and 90% of epoxide 32 was recovered from the
reaction.

O,
ll“"(i)i)/OBn @
30 (1.0 equiv) 31 (1.0 equiv)
1)Ph—=——AIMejLi

23 (0.9 equiv)

2) BF3*Et,0 (2 equiv)
~78°C,2h

32, not detected
O.

‘ i ,OBn

31, 90% recovered

33 (75%)

Scheme 10. Competing reaction of 2,3-epoxy alcohols and non-activated
epoxides.

The stereochemistry of the reaction is an obvious concern,
and evidence for clean inversion of stereochemistry (imply-
ing SN2 like backside attack) at the epoxide was described
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in the initial communication. As there is no new information
available on this topic, those results will not be repeated
here.!

3. Conclusion

A protocol for the stereospecific addition of terminal alkynes
at the more hindered carbon of tri-substituted epoxides using
aluminates was developed that provides a practical solution
to a long standing problem in epoxide chemistry. The reac-
tion provides products with regiochemistry complimentary
to that obtained by steric control.'® This full report provides
additional insight into the reactivity of tri-substituted epox-
ides with alkynyl alanes and aluminates and highlights
important reactivity differences.

4. Experimental section
4.1. General procedure for the addition of alanes

3,3-Dimethyl-5-trimethylsilanyl-pent-4-yne-1,2-diol ~ (3):°
to a 0°C solution of trimethylsilyl acetylene (0.18 mL,
1.2 mmol) in hexanes (3 mL) was added n-BuLi (0.41 mL,
1.1 mmol, 2.54 M solution in hexanes) dropwise followed
by Me,AICl (0.83 mL, 0.83 mmol, 1.0 M solution in hex-
anes) 30 min later. After 30 min, the resulting mixture was
allowed to warm to room temperature and stirred for an
additional 30 min. To a 0°C solution of epoxy prenol
(0.03 mL, 0.28 mmol) in CH,Cl, (3 mL) was added the
thus obtained alane solution. When the reaction was com-
plete (TLC, 2.5 h), 10% v/v HCl solution (10 mL) was added
at 0 °C. The organic phase was separated and the aqueous
solution was extracted with EtOAc (2x 10 mL). Concentra-
tion of the combined organic layers and purification of the
residual yellow oil by chromatography on silica gel (30%
EtOAc/hexanes for elution) afforded a white solid (18 mg,
33%): Ry 0.41 (50% EtOAc/hexanes); '"H NMR (600 MHz,
CDCl3): 6 3.82-3.79 (m, 1H), 3.65 (dd, J=11.4, 7.8 Hz,
1H), 3.42-3.40 (m, 1H), 2.33 (br, 2H), 1.25 (s, 3H), 1.20
(s, 3H), 0.14 (s, 9H); '3C NMR (75 MHz, CDCls):
o 110.8, 86.9, 77.5, 63.5, 35.8, 25.5, 0.1. HRMS m/z:
201.1309 (calcd for C,oH,;0,Si [M+H]*: 201.1311).

4.2. General procedure for the addition of aluminates

(28,35)-1-Benzyloxy-3,7-dimethyl-3-phenylethynyl-oct-6-
en-2-ol (Table 4, entry 1):' to a 0°C solution of alkyne
(1.2 mmol) in Et,O (5 mL) were added n-BuLi (1.2 mmol,
2.6 M in hexane) and MesAl (1.1 mmol, 2.0 M in toluene).
The resultant mixture was allowed to warm to room temper-
ature, the epoxide was added, the solution was cooled to
—78 °C, and BF;5-Et,O (2.0 mmol) was added dropwise.
When the reaction was complete (TLC, 1.5 h), dry MeOH
(1.0 mL) was added and after 15 min, the resulting mixture
was poured into 0 °C pH 10 NaHCO53/NaOH buffer (20 mL).
Purification by flash chromatography on SiO, with 12%
EtOAc/hexanes for elution gave the desired product as a yel-
low oil (163 mg, 89%): Ry 0.33 (15% EtOAc/hexanes); IR
(thin film): » 3700-3150, 2976, 2933, 2871, 2338 cm™';
"H NMR (400 MHz, CDCl3): 6 7.35-7.25 (m, 10H), 5.15
(t, J=7.2 Hz, 1H), 4.58 (s, 2H), 3.82 (dd, J=9.6, 2.8 Hz,

1H), 3.77 (dd, J=8.8, 2.4 Hz, 1H), 3.63 (dd, J=8.0,
8.0 Hz, 1H), 2.25-2.10 (m, 2H), 1.67 (s, 3H), 1.62 (s, 3H),
1.73-1.51 (m, 2H), 1.27 (s, 3H); '*C NMR (100 MHz,
CDCls): 6 138.0, 131.7, 131.6, 128.4, 128.1, 127.7, 124.2,
123.5, 93.1, 83.5, 75.8, 73.4, 71.6, 39.4, 37.1, 25.7, 23.5,
22.7, 17.6; HRMS m/z: 363.2316 (calcd for C,sH3;0,
[M+H]*: 363.2324).
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