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The solandelactones A—H comprise a novel class of oxygenated fatty acids bearing an eight-membered
lactone, trans cyclopropane, and a 2-ene-1,4-diol subunit. The relative stereochemistry of the 1,4-diol
subunit is anti in solandelactones A, C, E & G, and syn in solandelactones B, D, F & H. Having prepared
one member of the solandelactones bearing anti stereochemistry (solandelactone E), we have targeted the
syn series and developed methodology for the synthesis of enantioenriched syn-2-ene-1,4-diols. The
methodology comprises asymmetric deprotonation of an alkyl 2,4,6-triisopropylbenzoate using sBuLi/
sparteine, followed by addition of the a-lithiobenzoate to B-silyl vinyl boronic acid ethylene glycol ester.
The boron-ate complex generated undergoes a 1,2-metallate rearrangement furnishing an intermediate
allyl boronic ester which is trapped by an aldehyde in the presence of MgBr; to furnish anti-B-hydroxy
E-allylsilanes in good yields, high diastereoselectivity and high enantioselectivity. These sensitive
products were oxidized using mCPBA to the corresponding epoxides and subsequently treated with acid
to furnish syn-E-2-ene-1,4-diols (~4 : 1 d.r.). Application of the methodology to appropriately
functionalized aldehyde and w-alkenyl 2,4,6-triisopropylbenzoate coupling partners, led to a short, highly

selective route to solandelactone F (bearing a syn-E-2-ene-1,4-diol).

Introduction

The solandelactones comprise a novel class of oxygenated fatty
acids first isolated and characterised by Shin in 1996." (Fig. 1)
Their general structure features an eight-membered lactone, frans
cyclopropane, a 2-ene-1,4-diol subunit, and numerous stereo-
genic centers, making them challenging synthetic targets. Their
correct structure, however, has only recently been validated by
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R"=H, R? = OH: Solandelactone B; A19,20 Solandelactone D;
A4,5, Solandelactone F; A4,5, A19,20 Solandelactone H

R"=OH, R? = H: Solandelactone A; A19,20 Solandelactone C;
A4,5, Solandelactone E; A4,5, A19,20 Solandelactone G

Fig. 1

CsHiy

Martin through total synthesis, the original assignment having
incorrect stereochemistry at C11.2

The syntheses of all solandelactones A-H have been
reported.”> Martin completed the first synthesis of solandelac-
tone E in 2007, which was highly stereoselective, but linear and
therefore somewhat lengthy.> Syntheses of the remaining solan-
delactones were subsequently reported by White> and Pie-
truszka,* who both opted for disconnections at C11-C12 and
utilized a Nozaki—Hiyama—Kishi (NHK) reaction to complete
the syntheses. However, the NHK reaction between the required
vinyl organometallic reagent and cyclopropyl aldehyde
(Scheme 1) proceeded with poor stereocontrol, leading to a
~2:1 mixture of epimers at C11, in favour of the anti diol.>*
Thus, solandelactones A, C, E & G were prepared as the major
products but solandelactones B, D, F & H were only isolated as

halicholactone

constanolactone A R' = H, R?= OH
constanolactone BR' = OH, R2=H
constanolactone C A17,18 R' = H, R? = OH
constanolactone D A17,18 R" = OH, R2=H

Structure of the solandelactones, halicholactone and constanolactones.
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Scheme 1 Common bond construction (NHK reaction) in the synth-
eses of solandelactones, halicholactone and constanolactones.

Scheme 2 Retrosynthetic analysis of solandelactones E.

the minor components from the NHK reaction. Indeed, the same
selectivity issue has been observed in numerous syntheses of
related natural products including halicholactone® and the con-
stanolactones.” For example, there are currently five published
syntheses of halicholactone, four of which use the poorly selec-
tive NHK coupling reaction. The alternative route by Takemoto,
avoids this strategy, but is also the longest synthesis to date.®
Three of the four syntheses of constanolactones A—D also
involve a poorly selective NHK reaction as the key step.”

Our strategy for the synthesis of solandelactone E addressed
both the issue of stereocontrol and convergence simultaneously.
Through disconnection of solandelactone E at the C11-C12 and

C13—C14 bonds we were able to use our novel stereocontrolled
methodology for the synthesis of anti-2-ene-1,4-diols
(Scheme 2).° Thus, treatment of lithiated carbamate 1 with vinyl
borane 2 and aldehyde 3 led to anti-B-hydroxy Z-allylsilane 4
via 6-membered chair TS1 with high stereoselectivity, which
was subsequently converted into the required anti-1,4-diol
(Scheme 3).°

In order to specifically target the other series of solandelac-
tones we needed a method that would deliver syn-1,4-diols.
These could possibly be prepared from oxidation of either syn-
B-hydroxy Z-allylsilanes or anti-B-hydroxy E-allylsilanes, com-
pounds which are potentially accessible from the allylboration
reaction.'® Stereocontrol in the allylboration reaction is ulti-
mately dictated by the geometry of the allyl boron reagent and
by the nature of the ligands on boron.'" However, all the possible
isomers of syn-B-hydroxy Z-allylsilanes are not accessible from
any boron reagent, but anti-B-hydroxy E-allylsilanes are.”®!?
These could potentially be obtained from the reaction of the
allylboron reagent 7 bearing small substituents on boron,” so
that upon reaction with an aldehyde, the R' substituent would
occupy a pseudoequatorial position in the 6-membered chair
TS2 (Scheme 3). Allylboron reagent 7 could in turn be obtained
from reaction of the same lithiated carbamate 1 with vinyl
boronic ester 6. Although this appears to represent a small
modification, there were a number of major challenges inherent
in the realization of this plan. Ultimately, we were able to over-
come these hurdles and thus develop a new protocol for the syn-
thesis of syn 2-ene-1,4-diols which enabled us to craft a
stereocontrolled synthesis of solandelactone F.

Results & Discussion
Synthesis of anti E/Z-alkyl-substituted p-hydroxy allylsilanes

The synthesis of syn or anti E/Z-alkyl-substituted B-hydroxy
allylsilanes, key components in our targeted synthesis of

SnBus Li MesSi n, RN TS1
/=\)\ H")\ OR | - // g B
CsHq OCb —= ¥ ~OCb —— KB . L
5 H'J\o(:b RN sivtes
1
Cb = CONGPr), Cé’ _ RU 7
- ’ ! H
O7ENF N siMe, this work ! 1% g QH
s T e - AR Rl O R Ao ,
rcHo | 97N TN\ sive A
oo \os- 3
H R2
TS2

solandelactone F

Scheme 3  Synthesis of solandelactone E and proposed synthesis of solandelactone F.
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Table 1 Optimization of the allylboration reaction
OH
1) nBuLi (1.1 equiv) PhWSiMea
Et,0,-78°C, 1h 15
N MesSi \7\8\/0 NaOH/H,0,
] o I\
gﬁg\ QP 13equiv)-78°C—= rt,1h O5°
Ph o
- )5@\3) Et,O—>CH,Cl, reflux, 1 h PhWSiM%
iPr iPr 14
[>—cro
Lewis acid
temperature
SiMe,
acid NP
Ph/\A\/\vﬁ ~— — rn
16 (+/)-12c  OH
Entry Lewis acid (equiv.) T/°C Time/h Yield 15 (%) Yield 16 (%) Yield 12¢ (%)
1“ MgBry Et,O (1 equiv.) =20 18 50 — 29
2 MgBry Et,O (1 equiv.) =20 18 — 75 —
3 MgBr, E6O (1 equiv.) =30 24 — 12 75
4 MgBry-Et,O (1 equiv.) —40 18 26 — 43
5 MgBry Et,O (1 equiv.) —40 36 28 — 58
6 MgBry Et,O (2 equiv.) —-60 19 46 9 30

“ Complete reaction conducted in Et,O, without solvent exchange

solandelactone F, is not straightforward and usually requires mul-
tiple steps.'> Whilst routes have been developed for the synthesis
of B-hydroxy allylsilanes bearing terminal alkenes,'** *** those
bearing substituted alkenes have scarcely been documented. !>/

In our synthesis of solandelactone E, the key step in the for-
mation of the anti-B-hydroxy Z-allylsilane was achieved by reac-
tion of the required Hoppe-type lithiated carbamate'* with vinyl
borane 2 followed by addition of an aldehyde (Scheme 3). The
key allylborane intermediate was formed after 1,2-metallate
rearrangement of the intermediate boron-ate complex, a reaction
pioneered by Matteson'> and subsequently developed by
Kocienski,'® Blakemore!” and ourselves.”” This furnished the
anti-B-hydroxy Z-allylsilane 4 in high yield and very high dia-
stereo- and enantioselectivity. Subsequent epoxidation and acid
catalyzed rearrangement gave the anti-1,4-diol, again with very
high selectivity. In order to target the syn-1,4-diol, we needed
the anti-B-hydroxy FE-allylsilane which could potentially be
obtained from reaction of allylboronic ester 7 with a suitable
aldehyde. In turn, allylboronic ester 7 could be obtained from
reaction of a lithiated carbamate with vinyl boronic ester 6.%*
However, compared to the anti-1,4-diols, the preparation of the
syn-1,4-diol series suffers from the following significant
challenges:

(1) The diastereoselectivity in epoxidation of E-allylsilanes is
considerably lower than for Z-allylsilanes.'*'’

(i) The 1,2-metallate rearrangement is much slower with
boronic esters compared to boranes.”°

(ii1) The allylic boronic ester is also much slower at allylbora-
tion compared to the allyl borane.>'*¢

(iv) Although both the 1,2-metallate rearrangement’”>* and
allylboration reaction®® can both be accelerated by Lewis acids,

Lewis acids can also promote Peterson elimination of B-hydroxy
allylsilanes to give dienes.

These challenges proved insurmountable when we employed
vinyl boronic ester 6 in the lithiation—borylation reaction with
carbamate 5 (Scheme 4).>° Although the boronate complex 9
casily formed, we were unable to effect both the 1,2-migration
and subsequent allylboration reactions cleanly. The use of Lewis
acids (e.g. MgBr;,) to promote 1,2-migration resulted in Peterson
elimination of the B-hydroxy E-allylsilane 11. In contrast, the use
of thermal conditions to promote the 1,2-migration resulted in a
subsequent 1,3-borotropic shift of the intermediate allyl boronic
ester 10 (for a full discussion of this investigation see ESI{).2
We therefore sought a better leaving group than the carbamate
for the 1,2-metallate rearrangement and focused on the 2,4,6-trii-
sopropyl benzoyl group, which we had found to be effective in

lithiation—borylation  reactions involving slow migrating
substituents.?’
i) nBuLi (1.1 equiv) -
Bu;Sn O Et,0, 78 °C,5h MesSi \/\é’(/)?
CoHir™ 707 NP, i )\
. i MeSSl\y\B\/O E OCb
MgBr, 6 O 9 i
°N /O i
B SiMe;
/\/K Wemene WWA
MezSi” ™ wﬁ ---------- T CeHy T T :
10 " OH

Scheme 4 Attempted synthesis of anti-E-allylsilanes.

Beak first showed that the position o to an alkyl 2,4,6-triiso-
propylbenzoate could be deprotonated and trapped with

This journal is © The Royal Society of Chemistry 2012
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Table 2 Synthesis of E-allyl silanes

1) nBuLi (1.1 equiv)

Et,0,-78°C, 1h
N Me3Si\%\B\ /\o>
6
o
SnBu. i
2NBts (1.3 equiv) =78 °C—=rt, 1 h SiMes ,
PN
R'™ ~OTIB

3) Et;,O—=CH,Cl, reflux, 1 h
13 0r 17 OH

4) R?CHO (2 equiv), 12a-f

MgBr,+Et,0 (1 equiv)

-30°C,5-24 h
Entry R' R>  Product Yield (%)* dur er?
1 Ph(CH,),(13) Ph 12a 61 >20:1 95:5
2 Ph(CH,)»(13) nBu 12b 70 >20:1 95:5
3 Ph(CH,),(13) c¢Pr 12¢ 75 >20:1 95:5
4 Me (17) Ph 12d 88 20:1 91:9
5 Me(17) nBu 12e 64 19:1 91:9
6 Me(17) cPr  12f 64 10:1 91:9

“Tsolated yield. ® The e.r. of the product was identical to the e.r. of the
starting stannane. cPr = cyclopropyl

electrophiles.”® Hammerschmidt demonstrated that this reaction
could be performed enantioselectively, through a tin-lithium
exchange and that the lithiated benzoate was configurationally
stable at —78 °C.%° Work within our group has shown that this
lithiated species, formed by transmetallation of the stannane with
n-BuLi, or by deprotonation with s-BuLi/sparteine, undergoes a
lithiation—borylation reaction with a broad range of especially
challenging boronic esters.?’”

Thus, the benzoate ester 13 was prepared, lithiated and reacted
with boronic ester 6 at —78 °C. Heating the ate complex for just
1 h at 40 °C effected a much more rapid 1,2-metallate rearrange-
ment. Subsequent addition of cyclopropylaldehyde and
MgBr,'OEt, at —20 °C gave the anti-B-hydroxy E-allylsilane
12¢ as a single diastereoisomer in 29% yield. However, large
amounts of alcohol 15 were also isolated indicating that the allyl-
boration step had not gone to completion (Table 1, entry 1). We
therefore decided to carry out a solvent exchange from Et,O to
the less coordinating CH,Cl, in order to maximize the effect of
the Lewis acid.’ Thus, after the boron-ate complex formation,
Et,O was removed and CH,Cl, added, the reaction was heated at
reflux for 1 h, followed by the aldehyde and MgBr, OEt, at
—20 °C, but this now led to the Peterson elimination product 16
in 75% yield (Table 1, Entry 2). This indicated that essentially
complete conversion of 13—14—12¢ had been achieved, but
that under the reaction conditions the Lewis acid was also pro-
moting elimination. Careful control of temperature and time was
required to produce optimum results (Table 1). Lower tempera-
tures reduced the amount of the elimination side-product 16 but
also led to increased amounts of alcohol 15. Optimum conditions
were the use of just one equivalent of MgBr-Et,O at —30 °C
which gave the anti B-hydroxy E-allylsilane 12¢ in excellent
yield and with complete diastereoselectivity (Entry 3).

These conditions were applied to a range of aliphatic and aro-
matic aldehydes and to several unhindered benzoates to explore
the generality and selectivity of the reaction (Table 2). In
general, the anti B-hydroxy FE-allylsilanes 12 were formed in
excellent yield and high diastereoselectivity (via TS2, Scheme 3)

SiMe, OH
2
R R2 2) ACOH, R1/V\KR
?iMe3 » 20 On MeOH 18 OH
X Rz 1) Conditions 0°C,12h A
R /V\r _— —_—
. 2
. OH X ?lMe3 , = R
N R
. o R’ ; OH
R =Ph(CHy), , R*= cPr 2 R Son

mCPBA (2 equiv), NaHCO; (4 equiv), CH,Cl,, -20 °C 4:1(18:19)
{BUOOH, Ti(OiPr)y, CH,Cly, -50 °C 1:2 (18:19)
OH
2
R1/k/\rR
18 OH

v T

H
0\ ?\ H o , AcOH R!
0<H-q RZ _, gt 27 077 R MeOH_ |R(HOMHC H “H
5 SiMe, T SiMeg =
! ! M H SiMe
TS3 0
(mCPBA)
H
tBu’O\\
/ 0:M~g R?
RO : fr———
SiMeg
H H H
TS5
Ts4 (Ti(OIP1)y) i
1(OIPT,
(Ti(OIPr),) ¢ ‘ | |
R2 Me;Si R AcoH SiMe;
= " ‘H MeOH Y R2
1 OH H H R! -
R OH CH(OH)R? 21 OH

Scheme 5 Selectivity
B-hydroxy E-allylsilanes.

in the epoxidation/elimination reaction of

even when a small Me group (R') was present (entries 4-6). The
enantiomeric excess of the product reflected the e.r. of the start-
ing stannane, which in turn was a reflection of the selectivity in
deprotonation by s-BuLi/sparteine.

Epoxidation of p-hydroxy allylsilanes and conversion to 1,4-diols

B-Hydroxy allylsilanes are versatile building blocks in organic
synthesis, undergoing a range of transformations, including
Fleming—Tamao oxidation,>*3°  fluorination,>! addition to
acetals,? [3+2] annulations®® and [4+2] annulations.>*

Of particular interest to us was epoxidation followed by acid
catalyzed elimination'**” leading to 1,4-syn diols for application
in the synthesis of the solandelactones. The facial selectivity of
epoxidation of B-hydroxy E-allylsilanes can be influenced by the
oxidizing reagent employed, but the diastereoselectivity is
usually low, in contrast to related Z-allylsilanes which invariably
lead to very high stereoselectivity.'>'®*3 As expected, moderate-
low diastereoselectivity was observed with 12d: using mCPBA a
~4:1 ratio E-1,4-diol 18:Z-1,4-diol 19 was obtained, whilst
using Ti(OiPr)4/fBuOOH the Z-1,4-diol was favored (2:1)
(Scheme 5).%°

Landais'® has accounted for the stereochemical outcome of
this type of reaction by invoking a chair-like transition-state,
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with the bulky silyl group adopting a pseudoequatorial position
to minimize A"+ strain (Scheme 5). With mCPBA there is little
steric interaction between R' and mCPBA, so the reaction goes
through the hydrogen bonded TS3 leading to epoxide 20 as the
major product. However, with Ti(OiPr), and BuOOH there is
significant steric repulsion between R' and the bulky oxidizing
reagent in TS4 which is alleviated by placing the olefin in a
pseudoaxial position (TS5), resulting in epoxidation on the
opposite face and leading to 21 as the major product.

Completion of the synthesis of solandelactone F

Finally, we turned our attention to the application of this method-
ology to the synthesis of solandelactone F. Disconnection of the
syn-E-2-ene-1,4-diol according to the methodology described
above gives aldehyde 3 (as used in the synthesis of solandelac-
tone E°), vinyl boronic ester 6 and stannane 22 (Scheme 6).

solandelactone F
M Lithiation-boroylation-allylation
epoxidation-olefination

o

T
B~
07N siMe,

2 Y— 6
Scheme 6 Retrosynthesis of solandelactone F.

Aldehyde 3 was synthesized in ten steps from propargylic
alcohol as previously described (Scheme 7).° The key steps
included a Sharpless epoxidation,®” Taber cyclopropanation,®®
Yamaguchi lactonization and chemoselective RANEY® nickel
reduction of the nitrile in the presence of the lactone.*”

Taber

HO\/// 3 steps PhOQSOW cyclopropanation
(@)
H H [¢] Yamaguchi
NC 3 ~ 4steps s lactonisation
P e gy e
H OH H OH

Ra Ni reduction

Scheme 7  Synthesis of aldehyde 3.

Stannane 22 was prepared as shown in Scheme 8. Following
conversion of the commercially available alcohol 23 into benzo-
ate 24, substrate-directed lithiation and trapping with Bu;SnCl
(as described by Hoppe®) furnished stannane 25 with 11:1 d.r.
(inseparable). Installation of the required aliphatic chain was

triisopropyl benzoyl chloride,

NaH, THF, reflux, 70% OJ(
/\/k/ © /\/k/ °

HO TIBO

23 24

sBulLi, Et,0 -78 °C
then BusSnCl, 70%, d.r. 11:1 SnBus OJ(
/:\/k/o
TIBO
25
1.1 M aq HCI, MeOH, rt
2. NaHCOg, NalOy, rt
3. CgH13PPh3Br, NaHMDS, THF, —78 °C - rt ?”8”3
/\/:
56% over 3 steps TIBO CsH1qq
22

Scheme 8 Synthesis of the required stannane for the synthesis of
solandelactone F.

achieved by a sequence of acetal deprotection, oxidative clea-
vage and Wittig olefination to give stannane 22 (Scheme 8).

Application of our optimized conditions for lithiation—boryla-
tion—allylation with stannane 22, aldehyde 3 and B-silyl vinyl-
boronic ester 6, gave our desired E-allylsilane 8 in 50% yield
and with the same d.r. as the e.r. of the stannane. It should be
noted that stannane 22 was required in this process to ensure
specific lithiation o to the benzoate. Direct deprotonation of the
corresponding carbamate or benzoate with s-BuLi/sparteine
resulted in substantial deprotonation at the allylic position fol-
lowed by elimination. Epoxidation with one equivalent of
mCPBA effected chemoselective epoxidation and, following
acid catalyzed elimination, gave solandelactone F as the major
stereoisomer (Scheme 9). Although the epoxidation/rearrange-
ment only occurred in 34% yield, the yield based on recovered
SM was 64% as we found it best to ensure that the reaction did
not go to completion as otherwise side-products were formed.
Synthetic solandelactone F was identical in all respects to the
data reported in the literature.'>*

1. nBuLi (1.1 equiv)
Et,0,-78°C,1h
SnBu 2.6 (1.3 equiv)
T Z78°C—=rt, 1h
/\/:
TIBO CsHyq 3. Et;O—=CH,Cl,

22 reflux, 1 h SiMes H
4.3 (1.3 equiv),
MgBry*Et,O (1 equiv)

-20°C,24h

50%d.r. 11:18

1. mCPBA, NaHCO3, CH,Cl,

2. AcOH, MeOH CeHis

34% (64% brsm) d.r. 4:1 (separable)
solandelactone F

Scheme 9 Completion of the synthesis of solandelactone F.

Conclusion

In conclusion, we have developed a selective method for the syn-
thesis of enantioenriched anti-B-hydroxy E-allylsilanes. The

This journal is © The Royal Society of Chemistry 2012
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components used to assemble such motifs comprise an a-alkyl
lithiated hindered benzoate, B-silyl vinyl ethylene glycol boronic
ester, and an aldehyde. Thus, reaction of the lithiated benzoate
with the boronic ester gave an intermediate allyl boronic ester
which was trapped with an aldehyde in the presence of the
Lewis acid, MgBr, to give the anti B-hydroxy E-allylsilane in
high yield and high d.r. Key to the success of this one pot trans-
formation is the use of the alkyl 2,4,6-triisopropylbenzoate
which enables the 1,2-metallate rearrangement to proceed under
milder conditions and leads to the formation of the intermediate
allyl boronic ester without interference from side reactions.
Through complex-induced proximity effects it also directs the
initial lithiation. The use of a small group on boron (ethylene
glycol) is key to controlling the relative stereochemistry in the
aldehyde-allylboration step. The optimized conditions and
reagents employed have now considerably increased the range of
both the alkyl benzoates and the aldehydes that can participate in
the reaction.

The methodology has enabled us to complete a short, highly

selective route to solandelactone F. Previously this compound
and the series in general had been isolated as minor components
from a mixture. However, now we can target either solandelac-
tones A, C, E & G using our previously described methodology
comprising a lithiated carbamate, B-silyl vinyl-9BBN 2 and an
aldehyde, or the remaining solandelactones B, D, F, & H using
the methodology described herein.
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