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Abstract: Substituted diazoalkanes react smoothly,
in the presence of catalytic amounts of Pd(OAc),,
with a range of vinyl- and dienylboronates, affording
in good to excellent yields, the corresponding
trisubstituted cyclopropanes. The reaction is remark-
ably regio-, chemo-, and diastereoselective. The
synthetic utility of this novel protocol is illustrated
by the efficient assembly of the middle fragment of
ambruticin.
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Ambruticin 1, isolated in the 1977 by scientists at
Warner-Lambert,['! is an interesting broad-spectrum
antifungal antibiotic.”?! Besides its intriguing pharmaco-
logical activities, ambruticin possesses also a rather
challenging architectural framework, embodying a
unique trisubstituted divinylcyclopropane subunit. The
unusual structure of 1 has aroused the interest of
numerous research groups, resulting in the develop-
ment of a wide range of elegant synthetic method-
ologies.’l These endeavours culminated in 1990 with the
first total synthesis of ambruticin by Kende and co-
workers."l Whilst sporadic efforts continued to appear
regularly, the fascination exerted by ambruticin slowly
faded away, until recently when three different groups
published almost simultaneously its total synthesis.?)

Our own interest in ambruticin 1 led us to envision its
disconnection into three fragments A, B, and C, as
illustrated in Figure 1.[°]

Cleavage of the Cy-C;y and C;4-C;; bonds revealed a
central subunit 2 that we envisaged to append onto the
left-hand part A by a Suzuki cross-coupling procedure
and to connect to the right-hand fragment C by a
modified Julia protocol.”! This middle portion 2 would
originate from the stereocontrolled cyclopropanation of
the dienylboronate precursor 3.
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At the onset of our work, we realised that this unique
transformation, in order to be successful, had to fulfil a
number of stringent criteria. Indeed, the cyclopropana-
tion of 3 had to be highly regioselective, affording
exclusively the proximal cyclopropane, completely
stereoselective as regards to the (F)-double bond
geometry, diastereoselective at the newly formed chiral
centre bearing the methyl substituent, chemoselective
(tolerant towards various protecting groups), and finally
facial selective, giving rise solely to the enantiomer 2 and
none of its optical antipode.

This large number of prerequisites prompted us to
study initially the Pd(OAc),-catalysed cyclopropana-
tion of model dienylboronates 4 in the presence of
diazomethane.®! We were gratified to find that 4 reacted
smoothly with CH,N,, under the usual conditions, to

Figure 1. Antithetic analysis of ambruticin.
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afford almost exclusively the desired proximal cyclo-
propane 5. In most cases, the regioselectivity proved to
be essentially complete, with only traces of the distal
cyclopropane being observed in some experiments. The
reaction was also highly stereoselective, affording solely
the trans-cyclopropane 5 from the (E)-dienylboronate
precursor 4 (Figure 2).%

With these exciting results in hand, we next turned our
attention to the use of diazoethane as the cyclopropa-
nating agent and focused on the stereocontrol at the
newly created chiral centre carrying the methyl sub-
stituent. Since, to the best of our knowledge, no
palladium-catalysed cyclopropanation of unsaturated
boronates, employing diazoalkanes other than diazo-
methane has been reported in the literature, we decided
to investigate this transformation using initially simple
vinylboronates (Figure 3).1'011]

Thus, addition of a freshly prepared ethereal solution
of CH;CHN, to a mixture of vinylboronate 6 and
Pd(OAC), resulted in the smooth formation of 7 which
was isolated in essentially quantitative yields as an 85:15
mixture of isomers. Careful 'H NMR analysis clearly
established that the major diastereoisomer possessed
the relative stereochemistry indicated by structure 7 in
which the methyl substituent is syn to the butyl side-
chain and anti to the boron residue.

The unexpectedly high diastereoselectivity observed
in this reaction prompted us to study its application to a
range of functionalised vinylboronates. A selection of
relevant examples is compiled in Table 1.

As can be seen from Table 1, the Pd(OAc),-catalysed
cyclopropanation of substituted vinylboronates pro-
ceeds in all cases with good to excellent yields. The
reaction is highly chemoselective, tolerating a variety of
functions, including ester and silyl protecting groups.
Whilst a remote ester substituent has no effect on the
diastereoisomeric ratio (Entry 1, d.r.=86:14), the na-
ture of the silyloxy residue strongly influences the
diastereoselectivity of the cyclopropanation reaction.
Thus, whereas an allylic t-butyldimethylsilyloxy residue

CH,NL/EL,O

R A l R?
(RO)ZBM/ - (RO),B R \/
5% Pd(OAC),

4 5

R, R = alkyl, aryl, heteroalkyl,... Yields: 61 — 70% ]

Figure 2. Palladium-catalysed cyclopropanation of dienylbor-
onates.

appears to act as an innocent bystander (Entry 2, d.r. =
83:17), the corresponding t-butyldiphenylsilyl ether
leads to an increase in the diastereoisomeric ratio
(Entry 3, d.r.=93:7). The position of the silyloxy
substituent with regards to the C-C double bond of the
starting vinylboronate also impacts strongly on the
diastereoselectivity of the reaction. For example, cyclo-
propanation of vinylboronates possessing an homoal-
lylic t-butyldimethylsilyloxy substituent results in a
much improved d.r. of 92:8 as compared to its allylic
homologue (d.r. = 83:17; compare Entries 2 and 4). The
combined, matched effects of position and nature of the
silicon protecting group results in an exquisite diaster-
eocontrol, affording the diastereoisomerically pure
cyclopropane adduct (Entry 5). Whilst the intimate
nature of the interactions governing such a high
diastereocontrol is not yet fully understood, this novel
methodology allows the rapid and stereoselective
assembly of functionalised, trisubstituted cyclopro-
panes, of synthetic relevance.l'” Finally, the reaction is
not limited to diazoethane and other diazo derivatives
could be used with equal success. For example,
Pd(OAc),-catalysed cyclopropanation of model sub-
strate 6 using diazobutane also afforded smoothly the
desired adduct, in essentially quantitative yield, and
with a d.r. of 93:7 (Entry 6).

With these results in hand, attention was next devoted
to the more complex problem of the cyclopropanation
of dienylboronates. The starting substrates were readily
prepared by hydroboration of the corresponding
enynes, followed by ligand exchange, as described pre-
viously.”) Some selected examples of the Pd(OAc),-
catalysed cyclopropanation of dienylboronates with
diazoethane are collected in Table 2.

As can be seen from Table 2, the cyclopropanation
proceeds efficiently, affording the desired adducts in
good yields. It is noteworthy that, in all cases, only the
proximal cyclopropane is obtained implying that the
extra methyl substituent does not alter the high
regioselectivity previously observed using diazome-
thane. More remarkable is the uniformly high level of
diastereocontrol exerted by the palladium catalyst on
the newly created chiral centres, encompassing the one
bearing the methyl residue (d.r. = 89:11 to 94:6). Finally,
the reaction tolerates a range of functional groups,
including a highly reactive (Z)-alkene (Entry 4).

The synthetic potential of this novel methodology was
further illustrated by the efficient and concise assembly,
in diastereomerically pure form, of the middle fragment
10 of ambruticin 1 (Figure 4).

O B/\/\/\ CHLCHN/EL0 O~ B/4 \\\ I N
_ >
I
é/é 6 5% Pd(OAC), o 7
(>98%) (d.r. = 85:15)

Figure 3. Palladium-catalysed cyclopropanation of vinylboronates.
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Table 1. Diastereoselective cyclopropanation of vinylboronates.

Entry Substrate Product Yield!@ dr.
O. /\/\/\
B COOMe O
1 é \',3/<]“ "ScooMe 79wl gei4
(o]
e} N~
\B/\/\OTBS O.. /Q “““ ~
2 d ?/53 OTBS 55%F  83:17
64%d  93:7

O /\/\/OTBS o
B (0] - OTBS
¢ A Ay
O

76% >99:1

99%lel 937

[al All yields are for pure, isolated product. Unless otherwise mentioned, all the reactions were carried out

using 5 mol % Pd(OAc), and 12 equivs of N-ethyl-N-nitrosourea.
1] |n this case, 24 equivs of N-ethyl-N-nitrosourea were employed.
(120 mol % Pd(OAc), were used.

[d1'In this case, 20 mol % Pd(OAc), and 24 equivs N-ethyl-N-nitrosourea were employed.

[l N-Butyl-N-nitrosourea was employed in this case.

Thus, enyne 8, readily available in optically pure form
from B-hydroxybutyric acid, was chemo- and regiose-
lectively hydroborated with catecholborane, generating
the corresponding dienylboronate. Ligand exchange
with the chiral auxiliary reported by Nakayamal'* and
extensively employed by Pietruszkal''>!'e-¢l afforded in
70% overall yield the desired substrate 9. Cyclopropa-
nation of 9, using 5 mol % Pd(OAc), in the presence of
diazoethane, in ether, at 0 °C, smoothly produced the
coveted proximal, trisubstituted cyclopropane 10 in
95% isolated yield. Most gratifyingly, both the facial
selectivity (under the control of the chiral auxiliary) and
the diastereoselectivity at the methyl-bearing centre
proved to be almost perfect.['4]
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In summary, we have shown for the first time that
vinyl- and dienylboronates reacted smoothly with sub-
stituted diazoalkanes, in the presence of catalytic amounts
of Pd(OAc),, to generate the corresponding trisubstituted,
boron-containing, cyclopropane derivatives. The reaction
tolerates a variety of functional groups and displays high
chemo-, regio-, diastereo-, and facial selectivity. The power
of this novel methodology has been illustrated by the
efficient and concise synthesis of the diastereoisomerically
pure middle fragment 10 of ambruticin. Further work is
directed at exploring the full scope of this new protocol,
completing the total synthesis of ambruticin 1 and applying
this unique approach to the assembly of other relevant
natural products.
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Table 2. Diastereoselective cyclopropanation of dienylboronates.

Entry Substrate Product Yield® ..
O. /\/\/\
B CsH O /< BN
1 3 o "B NGy esw sl
(0]
O X ~-Ph
B o <] Ph
2 3 TBT N NN 66%  94:6
(e]
O\B/\/\Msocoph /4 ‘‘‘‘ w
(O RO
3 3 B OCOPh 6506 92:8
(0]
O NN T
64% 92:8

[al All yields are for pure, isolated product and all the reactions were carried out using 5 mol % Pd(OAc), and

12 equivs of N-ethyl-N-nitrosourea.

X2
1] B—H/A
/ o,

/\)\/OTBPS
V4 Phy Ph
8 , Meo” OH
MeO OH

X )\/OTBPS
O\P/\/\
O

9
(70%)

PH Ph
Ph
CH3CHN,/Et,O PhJ
—_— '
5% Pd(OAC), MeO
(95%) MeO
Ph

Ph

10 d.r. ¢yclopr = >98:2
d.r. methy = >98:2

Figure 4. Diastereoselective Pd-catalysed cyclopropanation using diazoethane.

Experimental Section

Representative Procedure: Synthesis of rac-tert-
Butyldiphenylsilyl-2-[ (15,25, 3R)-2-methyl-3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl]-1-
ethyl Ether (Table 1, Entry 5)

To a suspension of N-ethyl-N-nitrosourea (322 mg, 2.75 mmol,
12 equivs) in anhydrous Et,0 (5 mL), at 0 °C, was added a 50%
KOH solution (1 mL) within 30 seconds and the mixture was

1066

stirred for 15 minutes at 0 °C. The orange organic layer was
transferred to a suspension of the vinylboronate (100 mg,
0.23 mmol) and Pd(OAc), (5.2 mg, 0.023 mmol, 10 mol %) in
ether (3 mL), at 0 °C, within 3 minutes and the mixture was
stirred for 30 minutes at 0 °C. The solvent was removed under
vacuum and the residue was purified by column chromatog-
raphy (silica 5 g, petroleum ether-ether 10:1, 1% Et;N) to give
the title product as a colourless oil; yield: 81 mg (76%).
'THNMR (300 MHz, CDCly): 8=-0.73 (1H, dd, J=5.1,
5.1Hz), 1.01-1.28 (19H, m), 3.72 (2H, t, J=6.6 Hz), 7.36-
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7.43 (6H, m), 7.67-7.71 (4H, m); *C NMR (75 MHz, CDCl;):
0=13.87,16.67, 19.26, 19.97, 24.46, 24.76, 26.90, 32.00, 64.20,
82.68,127.36,129.36, 134.00, 135.47; high resolution MS: calcd.
for C,yH,,BO;Si: 463.2840; found: 463.2836.
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