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Reactions which allow for the selective deprotection of one silyl ether in the presence of another silyl ether are reviewed. This review covers
examples reported in the literature since 1996. Examples are categorized by the type of silylated alcohol that is deprotected in the presence of
the type of silyl ether that remains. A complete listing of examples in tabular form appears at the end of this manuscript.
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1. Introduction

As synthetic targets have grown more complex, protec-
tion/deprotection protocols have assumed prominent roles
in synthetic organic chemistry.! =3 The ability to efficiently
protect and then deprotect hydroxyl groups has become
increasingly important due to the abundance of these groups
in natural products and the variety of transformations
involving hydroxyl-containing intermediates. A number of
di- and trialkylsilyl groups have emerged as means of
temporarily rendering an alcohol inert; many of the more
common silyl protecting groups are shown in Figure 1.

Complex products and the synthetic intermediates leading
to their formation often contain multiple oxygen function-
alities. The ability to selectively deprotect one silyl ether
without affecting another silyl ether in the same molecule
can be a crucial step in a synthetic scheme* (Scheme 1).

RSI07 Y N0SIR; — R38i07 1 0H
Scheme 1.

Such selective deprotection reactions have played important
roles in, among others, the recently published syntheses of

leucascandrolide A,>¢ epothilone A7 and B,®° (+)-ambru-
ticin S,'° (4)-macbecin I,'! (—)-laulimalide,'>'? bafilomycin
V1,!4 gambierol'® briarellin diterpenes,'® (+)-spongistatin
1"7and (+)-zampanolide.'® In each of these examples, one
silyl protecting group was removed to expose an alcohol
while other silyl protected hydroxyl groups were left
intact, allowing manipulation of only the newly available
alcohol. The advantage of this approach is that different
alcohols may be protected with the same functional
group; but the reactivity of these functional groups can
be controlled by careful selection of reagents and
conditions.

Selective deprotection reactions of this nature were the
subject of a review of the literature through the middle of
1996.* The present review serves as an update and cites
examples published since the previous review through the
end of 2003. It is important to note that, while many
examples of selective desilylation reactions have been
published as studies of a new method of deprotection, many
more examples are found as one step in a multi-step
synthesis of a natural or unnatural product, complicating
systematic searches of the literature. Further, not all
methods of selective desilylation can be extended to every

Me Et Me Ph
I [ I 1
Me-?r%- Et—SI1-§' >_Sll_§' %—Slri-
Me Et Me Ph
trimethylsilyl triethylsilyl tert-butyldimethylsilyl tert-butyldiphenylsilyl
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Figure 1.



R. D. Crouch / Tetrahedron 60 (2004) 5833-5871 5835

system. For example, in studies toward the synthesis of the
serinolipid, (+)-didemniserinolipid B, removal of a 1° TBS
group in the presence of a 1° TBDPS group in a key
intermediate 1 failed using HF—pyr despite precedent that
such a selective desilylation was feasible,'® while TBAF
resulted in removal of both silyl protecting groups.

TBSO OMe
MOMO
O
e}
=7 i
TBDPSO OMe

Similar problems associated with cleaving 1° and 2° TBS
ethers in the presence of a 1° TBDPS ether have been
reported,?® when both the acidic reagent, PPTS, and the
nucleophilic reagent, TBAF, resulted in multiple partial
desilylation products with no evidence of the desired
selective deprotection. These examples highlight one of
the problems inherent in attempting selective deprotection
of silyl ethers: as the differences between the protecting
groups that are to be distinguished become smaller, the
molecule’s structural features and other functional groups
may interfere with the desired outcome.

This review is intended as a resource for organic chemists
interested in the use of selective desilylation reactions and is
organized according to the type of silyl-protected alcohol
(1°, 2°, phenolic, etc.) that is released in the presence of
another silyl-protected alcohol (1°, 2°, phenolic, etc.)
that remains intact. The text includes selected examples
of selective deprotection reactions with the tables at the
end providing a more complete overview of methods
(Tables 4—14).

2. Mechanistic effects on selectivity

The mechanisms of desilylation have been reviewed
elsewhere.* The steric and electronic environment of both
the silicon and alcoholic carbon affect the rate of hydrolysis
of the Si—O bond and these play critical roles in allowing
the removal of one silyl group in the presence of another. In
general, larger substituents around silicon or oxygen will
slow the rate of reaction. Under acid conditions, substituent
size on silicon is more important; under basic conditions, the
effects of substituent size on silicon and oxygen are
approximately the same.?!

Electronic effects have been exploited in selective desilyla-
tion reactions. Electron-donating substituents on either the
alcoholic carbon or the silicon accelerate the rate of acidic
hydrolysis while electron-withdrawing groups accelerate
base-mediated hydrolysis.>! Although the effect is more
significant when the electronic effect occurs through the
oxygen,?! manipulation of substituents on silicon has been
used to overcome steric hindrance and allow the removal of
bulkier silyl ethers in the presence of smaller and generally
more labile silyl groups. Since electronic effects exert more
influence on rates of acidic hydrolysis than steric effects,??
discrimination between a TBS and TBDPS ether is

relatively facile.* Under basic conditions, these groups
react similarly.

3. Selective deprotection of silyl-protected 1° alcohols
3.1. In the presence of a 1° silyl ether

Selective removal of a silyl group from a 1° alcohol in the
presence of another 1° silyl ether has been effected most
commonly by taking advantage of differences in reactivity
due to electronic and steric effects of substituents on the
silicon.

3.1.1. Under acidic conditions. Acid hydrolysis of silyl
ethers is accelerated by electron-donating substituents and
slowed by electron-withdrawing groups. This allows a
TBDPS group to remain unaffected while silyl groups such a
TES and TBS undergo hydrolysis elsewhere in the same
molecule. Thus, the well-established methods of removal of
TES or TBS groups from protected 1° alcohols in the
presence of 1° TBDPS ethers include HOAc/THF/H,0,%3*
mineral acids such as HCI* and H,S04%® PPTS,*’
CSA,28-3031 TSOH,32 and TFA.33 Acetyl chloride in dry
methanol has been reported to generate dry HCI in situ,
allowing the selective deprotection of a 1°TBS ether in the
presence of a 1° TBDPS ether (Scheme 2).34

TBDPSO™ ™13°0TBS -~ 15pPSO™ 13 0H
MeOH

2 3, 86%

Scheme 2.

Preservation of a 1° silyl ether in the presence of another
does not require the use of TBDPS groups. TIPS-protected
1° alcohols have been shown to survive acidic hydrolysis
while a 1° TBS ether is cleaved with PPTS,3> CSA,3%37 and
aqueous H,SO,4.3® TFA cleaves a 1° TES ether.?®

Polymer-supported acids have been shown to be useful in
the deprotection of 1° TBS ethers without affecting 1°
TBDPS ethers. A recent report describes the use of ‘low-
loading and alkylated polystyrene-supported sulfonic acid’
(or LL-ALPS—SO;H) to effect the selective deprotection of
TBS-protected 1° alcohols in the presence of 1° TBDPS
ethers (Scheme 3).4 The temperature dependence of this
reaction is noteworthy: at 40°, the reaction is selective but at
100°, the TBDPS group is also cleaved (Scheme 3).

In a similar fashion, montmorillonite K-10 has been shown
to remove 1° TBS ethers without affecting 1° TBDPS
ethers.*!

LL-ALPS-SO3H
TBDPSO™ *~1, 0TBS 2% TBDPSO” VT, OH

H,0, 40°
4 5, 76%
Scheme 3.
TBSO_~_~ IBX TBSO_~_~
OTES "Dwmso, 20° o
6 7,73%
Scheme 4.
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Scheme 6.

The use of o-iodoxybenzoic acid (IBX) as an acid in the
selective cleavage of 1° TES ethers in the presence of TBS-
protected 1° alcohols has been described (Scheme 4).4?
Although normally thought of as an oxidant, IBX in DMSO
is sufficiently acidic to direct the hydrolysis of TES ethers
without affecting benzyl ethers or ketals. The corresponding
aldehyde was observed in small quantities, leading to the
conclusion that deprotection of 1° TES ethers proceeds at a
faster rate than oxidation.

Steric differences near the alcoholic carbons can also be
exploited to allow selective desilylation of alcohols
protected with the same silyl group. PPTS was used
to deprotect two 1° TBS ethers in the presence of a
more hindered 1° TBS ether in the total synthesis of
(+)-lasonolide (Scheme 5).43

A similar scenario occurred in the HOAc-mediated selective
removal of the less hindered TBS-protected 1° alcohol in the
presence of another 1° TBS ether.**

Acidic fluoride-mediated selective deprotection of 1° silyl
ethers is less common. Fluorosilicic acid (H,SiFg) was
introduced as an agent in silyl deprotection in 1991446 and
its use in selective desilylations continues to grow. For
example, a 1° TBS ether has been deprotected in the
presence of a 1° TIPS ether using H,SiF¢ in #-butanol and
acetonitrile (Scheme 6).47

Similarly, HF—pyridine was used in the deprotection of a 1°
TBS ether in the presence of a 1° TBDPS ether.*

An unusual example of the selective deprotection of
TBDPS-protected 1° alcohol in the presence of a 1° TBS
ether has been reported to occur upon stirring with a mixture
of TBAF and HOAc in DMF or THF.*° (Scheme 7) The
effect of acid is important; without HOAc, TBS groups
undergo more rapid hydrolysis.*> No mechanism has been

TBSO” ~J6OTBDPS _TBAFHOA¢  TBSO
12 DMF

13, 82%

Scheme 7.

proposed to explain this selectivity. But, it seems likely that
hypervalent silicon species are involved.*°

In recent years, Lewis acids have emerged as alternatives to
the more traditional use of protic acids in selective
deprotection reactions. For example, catalytic decaborane
in MeOH/THF has been shown to cleave 1° TBS and TPS
ethers without affecting TBDPS- or TIPS-protected 1°
alcohols.”® Trimethylsilyl triflate (TMS-OTTY) has been used
to deprotect a TBS-protected alcohol in the presence of a 1°
TIPS ether.>! TMS-OTI has also been used to catalyze the
conversion of silyl ethers into diphenylmethyl ethers.?? In
this protocol, diphenylmethyl formate and catalytic TMS-
OTf generate diphenylmethyl cations which rapidly effect
deprotection of 1° TES, TBS and TIPS ethers. The rate of
reaction is much slower for 1° TBDPS ethers, pointing to the
possibility of selective deprotection.

Transition metal salts have also proven useful in selectively
removing silyl groups. Table 1 summarizes some of these
results.

Table 1. Deprotection of 1°TBS ethers in the presence of 1°TBDPS ethers
with Lewis Acids

TBDPSO” 17 ~OTBS —= TBDPSO” ™ “OR

Reagent n R Yield (%)
CeCls7H,0/Nal, CH;CN 1 H 9433:54
Ce(OTf),, THF/MeOH 3 H 80%
Cu(OTf),, Ac,0O, CH,Cl, 6 Ac 90%¢
InCl;, CH;CN 3 H 89%7
ZrCly, Ac,0O, CH;CN 4 Ac 888
ZnBr,, H,0, CH,Cl, 3 H 84%°

Other Lewis acids that have been employed to cleave a 1°
TBS ether in the presence of a 1° TBDPS ether include
Zn(BF,),% and CeCl-7H,0.°! A series of bismuth(III) salts
have been shown to effect deprotection of 1° TMS ethers in
the presence of 1° TBS ethers.? TMS-and TBS-protected 1°
benzylic alcohols undergo deprotection and oxidation with
MnO, and AICl; to the corresponding aldehyde without
cleaving 1° TBS ethers.%



R. D. Crouch / Tetrahedron 60 (2004) 5833-5871 5837

H

OTPS

Scheme 8.

A heterogenous system of mesoporous MCM-41 in
methanol has been shown to effect the removal of TMS
and TES groups from 1° alcohols without affecting 1° TBS
or TIPS ethers.%*

3.1.2. Under basic/nucleophilic conditions. Base-
mediated removal of silyl protecting groups is one of the
oldest methods for the deprotection of silyl ethers.®> As with
acid-mediated deprotections, removal of the less-sterically
hindered silyl group is a common strategy. For example,
TMS-protected 1° alcohols have been desilylated in the
presence of 1° TBS ethers using catalytic K,CO;z in
MeOH.% A more challenging selective deprotection was
reported in which a 1° TMS ether was hydrolyzed in the
presence of a 1° TES ether as well as 2° TPS and a 3° TES
ethers using NaHCO; in MeOH at room temperature
(Scheme 8).¢7

Hydroxide bases mediate the deprotection of 1° TBDPS
ethers in the presence of 1° trialkylsilyl ethers. For example,
NaOH has also been used as a reagent to remove TBDPS-
groups from protected 1° alcohols in the presence of 1° TBS
ethers (Scheme 9).%%°° Aqueous KOH in THF/MeOH was
used to remove a TBDPS group from a protected 1° alcohol
in the presence of a 1° TIPS ether.'®

= OTBDPS = OH

NaOH
—_—
DMPU/H,0 o)

o
j ~o OTBS j ~o OTBS
16

17, 91%
Scheme 9.

Similarly, a solution of 40% BuyNOH in H,O and THF
showed excellent selectivity (>99%) in removing TBDPS-
protecting groups from 1° alcohols without affecting 1° TBS
ethers.*

Verkade’s non-ionic base, P(MeNHCH,CH,);N, has been
shown to be more reactive in the desilylation of 1° TBS
ethers than of 1° TBDPS ethers.”®

Fluoride sources such as TBAF can deliver F~ to the silyl
group, causing deprotection to occur. TBAF, used in slightly
less than stoichiometric quantities, allowed the selective
removal of a TBDPS group from a 1° alcohol in the presence
of another 1° TBDPS ether.”! (Scheme 10) When an excess
of reagent was employed, both silyl groups were removed.

TBAF was also used to selectively remove one 1° TBS

NaH003 -

MeOH, rt TES OTES N
o i
o)

MeO

15, 80%

OTBDPS OTBDPS
4 B —— 4

THF
18 19, 72%

Scheme 10.

group in the presence of another on a self-assembled layer in
which the monolayer is believed to have rendered two
otherwise identical 1° TBS ethers non-equivalent.”?

3.1.3. Miscellaneous conditions. Elemental Br,”> or 1,74 in
methanol have been used to selectively deprotect 1° TBS
ethers in the presence of 1° TBDPS ethers. Interestingly,
TBDPS ethers are cleaved using Br, in refluxing methanol
but remain intact at room temperature.”> When I is used
in refluxing methanol, TBDPS ethers are unaffected.”*
Alternatives to elemental halogens include IBr in CH,Cl,"°
and tetrabutylammonium bromide (TBAB) in methanol,”’
both of which effect the selective cleavage of 1° TBS ethers
in the presence of 1° TBDPS ethers.

I, in methanolic KOH has been used at 0°C to achieve
deprotection of a TBS-protected 1° alcohol in the presence
of a 1° TBDPS ether with concomitant aldehyde oxidation
and esterification.”®

DDQ has been used to cleave TES- and TBS-protected 1°
allylic alcohols in the presence of a 1° TIPS ether with
oxidation of the resulting alcohol to an aldehyde under
neutral conditions.” This reaction is specific for allylic
and benzylic silyl ethers. But DDQ has been reported to
allow two 1° benzylic TBS ethers to be distinguished
from one another based on their different oxidation
potentials resulting in selective deprotection and oxidation
(Scheme 11).89

BnO  OMe OTBS BnO OMeO
MeO DDQ MeO H
OO CH,Cly, MeOH OO
BnO BnO OTBS BnO BnO OTBS
20 21, 80%
Scheme 11.

A polymer supported m-acid catalyst has been described as
an alternative to DDQ that is less sensitive to degradation in
aqueous media. Polymeric dicyano ketene acetal (DCKA)
has been used in the selective deprotection of 1° TMS and
TBS ethers in the presence of 1° TBDPS ethers.?!
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Catalytic hydrogenation on Pd/C in methanol has been
shown to effect the deprotection of TES-protected 1° allylic
alcohols without removing TBDPS or TIPS groups from
other 1° allylic alcohols.®? The solvent effect is significant;
while the conversion of TES ether to alcohol was near 100%
in MeOH, the same TES ether was virtually inert when the
reaction was performed in acetonitrile. A more recent study
shows TES, TPS and tributylsilyl groups can be removed
from protected 1° alcohols in the presence of 1° TBS, TIPS
or TBDPS ethers using catalytic hydrogenation over Pd/C.%3
And, 1° TBS ethers undergo selective hydrogenolysis in the
presence of 1° TIPS and TBDPS ethers under these
conditions. Interestingly, TES and TPS groups were also
cleaved upon stirring with Pd/C in the absence of H, while
TBS, TIPS and TBDPS groups were inert.3?

Quinolinium fluorochromate (QFC) has been used to
convert a 1° TBS ether into an aldehyde without affecting
a 1° TBDPS ether.?

The phosphonium salt generated by the In situ reaction of
triphenylphosphine and 2.,4.4,6-tetrabromo-2,5-cyclohexa-
dienone converts TMS-, TES- and TBS-protected 1°
alcohols into alkyl bromides while leaving 1° TBDPS
ethers unreacted.®> A large excess of LiCl and water in DMF
has been reported to effect the selective removal of TBS
groups from protected 1° alcohols without affecting 1°
TBDPS ethers.?¢

3.2. In the presence of a 2° silyl ether

Removal of a silyl protecting groups from a protected 1°
alcohol in the presence of a 2° silyl ether is the oldest and
perhaps most widely used form of selective silyl deprotec-
tion.% Typically, the ease of these reactions is largely due to
the influence of steric bulk around the alcoholic carbon. In
many synthetic schemes, though, a smaller, less sterically
hindered silyl group is strategically placed on the 1° alcohol,
enhancing the chances of selectivity in desilylation.

3.2.1. Under acidic conditions. The number of examples in
which a 1° silyl ether is deprotected in the presence of a 2°
silyl ether is enormous. So, in this section, only a few of
those examples will be highlighted; a more complete listing
is included in the tables at the end of this review.

Acidic conditions are often used to promote the selective
removal of smaller silyl groups from protected 1° alcohols
in the presence of 2° alcohols protected with bulkier silyl
groups. Typically, TES or TBS groups protecting a 1°
alcohol are cleaved without affecting a 2° TIPS or TBDPS
ether. Acids used for such reactions include HOAc/THF/
H,0,87-92 citric acid,®3 PPTS,%4-100 CSA,536.37.101-103

TBSO.,

Scheme 13.

TBSO.,

TBSH
25
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TsOH,%9-104-107 TEA!08 and mineral acids such as
H,S0,.'° Ammonium chloride in MeOH at room
temperature has been reported to remove a TBS group
from a protected 1° alcohol in the presence of a 2° TIPS
ether (Scheme 12).''° The reaction conditions were
sufficiently mild to allow survival of a ketal.

TIPSO™

23,

Scheme 12.

The less-common diphenyl-zert-butoxysilyl (DPTBS) group
has been used to protect a 2° alcohol in the synthesis of the
pectenotoxin skeleton and survives the use of CSA in
MeOH/CH,Cl, in the removal of a TBS group from a
protected 1° alcohol.!!!

Another widely used means of deprotecting a 1° silyl ether
in the presence of a 2° silyl ether involves the use of a TES
group to protect the 1° alcohol and a TBS group to protect
the 2° alcohol. Acidic reagents that have been shown to
effect this transformation include CSA,*7-112 TFA,10.113
triphenylphosphonium bromide (Ph;P-HBr)''* and HCL.'!®

Selective deprotection of 1° silyl ethers in the presence of 2°
silyl ethers in which the silyl groups are the same has also
been described and illustrates the importance of steric
demands around the alcohol’s carbon. The selective
deprotection of a 1° TES ether in the presence of a 2° TES
ether has been effected using HOAc/THF/H,0,''® CSA,¥
PPTS,!'!"” and Ph;P-HBr.!'* However, a more frequently
used strategy uses TBS groups to protect both the 1° and
the 2° alcohol and reagents that have been shown to
effect deprotection of 1° TBS ethers in the presence
of 2° TBS ethers include HOAc/THF/H,0,'!8-120
CSA,36:37.103.121-123  ppTg 14.124-129  T¢OH 32.130
TFA,131-136 gd HC].137.138

CSA has also been shown to be useful in the deprotection of
a 1° TIPS ether in the presence of a 2° TIPS ether!3® and the
deprotection of a 1° TBDPS ether in the presence of a 2°
TBDPS ether.!4°

The choice of reagent in these reactions can be especially
important.

OH HOw ~om
Os_O
+
TBSO
, 30% 26, 5%
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For example, when PPTS in acetonitrile was used in the
deprotection of a 1° TBS ether in the presence of a 2° TBS
ether, the yield of monodeprotected product (25) was
considerably diminished (Scheme 13).!2*> However,
attempts to use CSA or TsOH resulted in doubly
deprotected product, 26.

When two protecting groups are similar in size, care must
also be taken to avoid over deprotection. The deprotection
of a 1° TBS ether in the presence of a 2° TBS ether using
TsOH has been reported (Scheme 14).'4! But to achieve
high yields without desilylating the 2° position, the reaction
was stopped and the recovered starting material was
recycled.

0O-Rham 0O-Rham
TBSO™ ™ TSOH_ HO™ ™ A
oTBS MeOH oTBS
27 28, 88%
Scheme 14.

Phase-transfer catalysts have been useful in the deprotection
of a 1° TBS ether in the presence of a 2° TBS ether.!*?
Treatment of bis-silyl ether 29 with a 1:4 mixture of pTsOH
and n-BuyNHSO, in MeOH led to the formation mono-
protected product 30 in 89% yield (Scheme 15).'4?
O OTBS

MeO,

\ |

Me 0TBS

29
Scheme 15.

‘Acidic chloroform’” was prepared by shaking CHCl; with
concentrated HCI and separating the layers.!*> When tris-
silylated substrate 31 was stirred at room temperature in this
solvent, deprotection of the 1° TBS ether without hydrolysis
of two 2° TBS ethers was observed (Scheme 16).!43

OTBS OTBS
CHClz-HCI
_— >

OTBS
OTBS

x

O OH

OTBS
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31 32,97%

Scheme 16.

OMe

Scheme 17.

TsOH/Bu;NHSO, MeO<
MeOH, 0°C

pyridine
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Interestingly, despite its widespread use as an oxidant,
Oxone® (2 KHSOs-KHSO,-K,SO,4) has been reported to
promote the deprotection of 1° TBS ethers in the presence of
2° TBS ethers but without oxidation of the newly released
alcohol 144

Examples of HF-mediated desilylation reactions of 1° silyl
ethers in the presence of 2° silyl ethers appear in the
literature in abundance. For example, in the synthesis of
(+)-mycotrienin I, a 1° TBS ether was deprotected in the
presence of 2° TBS and TIPS ethers using HF-pyr in
pyridine (Scheme 17).145

Typically, HF-mediated selective deprotection reactions
rely upon the removal of a silyl group that is the same size as
or smaller than the silyl group that is retained. Other
examples of the use of HF-pyr in pyridine include
deprotection of a 1° TES ether in the presence of a 2°
TBS ether,'#%147 3 1° TBS ether in the presence of a 2° TBS
ether,!3148-150 5 1° TBS ether in the presence of a 2°
TBDPS ether,'>! a 1° TBDPS ether in the presence of a
2° TBDPS ether,'? and a 1° TBS ether in the presence of 2°
TBS and TIPS ethers.'>3

Other solvents may also be used with HF-pyr complex to
effect selective desilylation. THF and pyridine/THF mix-
tures have been used in the HF-pyr-mediated deprotection of

O OTBS

4

OH
30, 89%

a 1° TBS ether in the presence of a 2° TBS ether, 34161 3 1°
TBDPS ether in the presence of a 2° TBDPS ether,!%? a 1°
TBDPS ether in the presence of a 2° TIPS ether, ! a 1° TBS
ether in the presence of a 2° TBS and a 3° TES ether,'®* and
a 1° TBS ether in the presence of 2° TBS and TIPS
ethers,103:166

On occasion, it is advantageous to stop desilylation
reactions prior to completion and resubmit the recovered
starting material to deprotection conditions. For example, a
74% yield has been reported in the removal of a TBS group
from a protected 1° alcohol in the presence of 2° TBS
ethers using HF—pyr in THF—pyridine.'®” But when the
recovered, fully protected compounds was re-treated with
HF—pyr, the total yield increased to 87% (Scheme 18).'68

OMe

HF-pyr -

34, 95%
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Scheme 18.

HF has also been used in the absence of pyridine to
desilylate 1° silyl ethers in the presence of 2° silyl ethers.
The solvent of choice for these reactions is acetonitrile
although CH3;CN/THF mixtures have also been used.'®®
Removal of a TBS group from a protected 1° alcohol in the
presence of a 2° TBS ether was reported using 5% HF in
CH;CN (Scheme 19).179

fj‘“\OTBS . fj\‘\\OTBS
w, OTBS > u
(0] O n MeCN o) O "//OH

37 38, 90%

Scheme 19.

Other examples of HF-mediated selective deprotection
include 1° TBS ethers in the presence of 2° TBDPS
ethers'’1172 and a 1° TBS ether in the presence of a
TPS-protected 2° alcohol.!”?

TBAF buffered with HOAc allows the selective deprotec-
tion of phenyl-substituted silyl groups and, thus, provides a
means to reverse the usual trend of removing the less
sterically demanding group from the protected 1° alcohol.

39
Scheme 20.

Scheme 21.

Ac
TBAF, HOAc
DMF

36, 87%

For example, the selective cleavage of a 1° TBDPS ether in
the presence of 2° TES and TBS ethers is typical of the use
of HOAc-buffered TBAF in DMF (Scheme 20).!74

Other examples of this transformation using TBAF and
HOACc in DMF have been reported.!4%175:176 THF has also
been used as solvent in TBAF-HOAc mediated cleavage of
1° TBDPS ethers in the presence of 2° TBS ethers’-13%:177
and in the deprotection of a 1° TBDPS ether in the presence
of 2° TES and TBS ethers.!”® Cleavage of two 1° TBDPS
ethers and a 1° TIPS ether in the presence of a 2° TBS ether,
a dithiane and a ketal was effected using a 20-fold excess of
1:1 TBAF:HOACc in THF.!7° And, a 1° DMPS ether has been
cleaved in the presence of a 2° TBS ether using TBAF,
HOAc and THF (Scheme 21).180

The combination of TBAF and HOAc also allows selective
removal of like silyl group as evidenced by the selective
deprotection of a 1° TBS ether in the presence of a 2° TBS
ether'8:182 and a 1° TES ether in the presence of 2° TES and
TBS ethers.'83

Deprotection of 1° TBS ethers has been effected using
H,SiFg in -amyl alcohol without cleaving 2° TIPS and TBS

(0] OMe

40, 80%
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42, 90%
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ethers.!®* Similarly, a 1° TBS ether was deprotected in

the presence of a 2° TIPS ether using H,SiFg in a 4:1
mixture of CH;CN and #-butyl alcohol.'8* Another example
of the use of H,SiFg to deprotect a 1° TBS ether in the
presence of a 2° TBDPS ether employed CH;CN and H,O as
solvent.!8>

Few examples of the use of Lewis acids for selective
deprotection of 1° silyl ether in the presence of silyl-
protected 2° alcohols have been reported. Removal of a
TBS-group from a protected 1° alcohol in the presence of a
2° TBS ether occurs upon treatment with BClz in THF.!86
ZnBr, and H,O in refluxing CH,Cl, has been shown to
remove TES, TBS and TIPS groups from protected 1°
alcohols but not TBDPS-protected 2° alcohols.>® Cu(OTf),
in acetic anhydride converts 1° TBS ethers into acetates
without affecting 2° TBDPS ethers.”® TBS-protected 1°
alcohols have been deprotected in the presence of 2° TBDPS
ethers using catalytic InCl; in CH;CN/H,0.%’

TMS-OTf has been reported to effect the deprotection of 1°
TBS ethers in the presence of 2° TBDPS ethers.”! TMS-OTf
in the presence of diisopropylethylamine allowed the
selective removal-at low temperature-of a TES group from
a protected 1° alcohol followed by the rearrangement of an
epoxide without affecting 2° TBS, TIPS or TBDPS ethers'®’
(Scheme 22).

3.2.2. Under basic/nucleophilic conditions. In the absence
of acid, fluoride-containing reagents can selectively remove
a TBDPS group from a protected 1° alcohol in the presence
of a 2° TBS ether. Under nucleophilic conditions, the

stability of TBDPS and TBS ethers are approximately the
188

same,'®® allowing the 1° TBDPS ether to undergo selective
OR ) OTES
P & TMS-OTf, PrNEt
e
CHoCly, - 50°
43
Scheme 22.
45

Scheme 23.

OTBMPS

Scheme 24.

TBAF PO
CICH,CH,Cl I\

deprotection in the presence of a 2° TBS ether upon
treatment with TBAF,”® NH,F in MeOH!'®?° or tris-
(dimethylamino)sulfur (trimethylsilyl)difluoride (TAS-F).!°
For example, TBAF was used to effect the high-yield,
selective desilylation of a 1° TBDPS ether in the presence of
a 2° TBS ether as part of the total synthesis of oleandolide
(Scheme 23).158

Fluoride-mediated deprotection reactions are not limited to
the removal of TBDPS protecting groups. The deprotection
of a 1° TBS ether in the presence of a 2° TIPS ether has been
reported using TBAF-3H,0 in THF.#” A similar transform-
ation was effected using anhydrous TBAF in THF.'!

Alkoxysilyl groups are known to be especially sensitive to
TBAF and this lability has been exploited in one step of
the synthesis of phorboxazole in which a 1° TBMPS
ether was cleaved in the presence of a 2° TBDPS ether
(Scheme 24).192

More common, however, is the deprotection of 1° silyl
ethers in the presence of 2° silyl ethers in which both
alcohols are protected with the same silyl group. TBAF has
been used to mediate the cleavage of 1° TES ethers in the
presence of 2° TES ethers,'?3-19% 1° TBS ethers in the
presence of 2° TBS ethers'*®=2%3 and 1° TBDPS ethers in
the presence of 2° TBDPS ethers.20420

Other fluoride sources have proven useful in selective
desilylation reactions. NH4F in MeOH/H,0 has also been
used in the selective desilylation of a 1° TBS ether in the
presence of a 2° TBS ether.??° KF in a mixed solvent of
MeOH and THF was used to effect the deprotection of a 1°
TES ether in the presence of 2° TES and TBS ethers.!” This

\O O
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44a R =TBS 85%
44b R =TIPS 88%
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reaction was not, however, entirely selective as a less
sterically encumbered 2° TES ether and a very labile 2°
TMS ether were also converted to alcohols.

Bronsted bases such as hydroxides, carbonates and hydrides
have been used to effect selective deprotection reactions. A
1° TBDPS ether was deprotected in the presence of 2° TES
and TBS ethers using NaOH, DMPU and H,O (Scheme
25).2°7 However, two less-sterically encumbered 2° TES
ethers were hydrolyzed. The use of aqueous KOH in the
presence of 18-crown-6 to remove a TBDPS group from a 1°
alcohol without affecting a 2° TBS ether has been
reported.?°® By contrast, NaOH left a 1° TBDPS ether
intact when used to deprotect a 1° TBS ether in the presence
of a 2° TBS ether (Scheme 26).2%°

A mixture of NaH and propargyl alcohol in HMPA/THF at
0°C has been reported to effect the deprotection of a 1°
TBDPS ether in the presence of a 2° TBS ether.?'? In the
synthesis of (+)-milbemycin D, K,CO; in MeOH was
utilized to selectively remove a TBS group from a protected
1° alcohol in the presence of a 2° TBDPS ether. A 3° TMS
ether was also cleaved under these conditions.?!!

3.2.3. Miscellaneous conditions. Carefully chosen oxi-
dative conditions allow for the selective removal of a silyl

QTBS

NaOH

OTBDPS

OTES DMPU/H,0

group from a 1° alcohol in the presence of a 2° silyl
ether with the resulting free carbinol undergoing oxidation.
Swern conditions have been employed for the conversion
of 1° TES ethers into aldehydes without desilylation of
TES-protected 2° alcohols.!9%212.213  Ag part of the
synthesis of antiglaucoma compounds, a 1° TES ether
was deprotected and oxidized to the aldehyde without
affecting a 2° TES ether or two THP-protected alcohols
(Scheme 27).213

Swern conditions have also been used to deprotect and
oxidize a 1° TMS ether in the presence of a 2° TMS ether?!?
and a 1° TES ether in the presence of a 2° TBS ether.?'4

CrO5-2 pyr in CH,Cl, has been reported to selectively
convert a 1° TES ether into an aldehyde without affecting a
2° TES ether.?!3 Selective oxidative deprotection of 1° TBS
ethers in the presence of 2° TBS ethers has been effected
using quinolinium fluorochromate .8

Vilsmeier—Haack conditions have been reported to convert
1° TBS ethers to formate esters in the presence of 2° TBS
ethers.?!%217 This methodology was extended to the
preparation of formate esters from TIPS- and TBDPS-
protected 1° alcohols in the presence of similarly protected
2° alcohols.?!” A more electrophilic reagent formed

QTBS

49 50, 60%
Scheme 25.
TIPSO OH OH OH
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Scheme 26.
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Scheme 27.
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TBS CHO
TBSOn MTBSOIIII /
DMF
TBSO TBSO
55 56
reagents yield
POCI; - DMF, 0 -20°C 80%

(CF3S0,),0-DMF, 0 - 20°C 78%
Scheme 28.

from (CF350,),0 and DMF proved useful as well?!”
(Scheme 28).

Ceric ammonium nitrate (CAN) in isopropanol has been
reported to deprotect 1° TBS ethers in the presence of 2°
TBS ethers.'>?'® When CAN was adsorbed onto silica gel
and used at 65°C in a 1:1 mixture of CCl, and isopropyl
alcohol, TIPS-protected 1° alcohols also underwent desilyl-
ation in the presence of 2° TIPS ethers.?'® The mechanism
for these reactions is believed to involve single electron
transfers.?!8

DDQ and other m-acids have been used in silyl deprotec-
tions reactions and a single electron transfer mechanism
has been proposed for these reactions.?'® A polymer-
supported T-acid catalyst, polymeric dicyanoketene acetal
(DCKA), has been shown to remove TBS groups from
protected 1° alcohols in the presence of 2° TIPS and TBDPS
ethers.8!

CBr,4 in alcohol solvents has been used to effect the selective
desilylation of 1° TBS ethers in the presence of 2° TBS
ethers??® and 1° TIPS ethers in the presence of 2° TIPS
ethers.??! Both reactions are catalytic in CBr, and proceed
at reflux®?! or under photochemical conditions.?%°

A five-fold excess of LiBr with 18-crown-6 in acetone has
been used to deprotect a 1° TBS ether in the presence of a 2°
TBS ether.??? Similarly, a 1° alcohol protected with a
diphenyl-#-butoxysilyl group underwent deprotection in the
presence of a 2° TBDPS ether using Na,$ in ethanol.??? SiF,
was used to deprotect a 1° TIPS ether in the presence of 2°
TIPS and 3° TBS ethers in a total synthesis of hemi-

Scheme 29.

Scheme 30.

0.1 equivCSA

brevitoxin B.??* And, a commercially available uronium
salt, O-(benzotriazol-1-yl)-N,N,N', N'-tetramethyl-uronium
tetrafluoroborate (or TBTU), mediated the selective
removal of a TBS group from a protected 1° alcohol
without affecting a 2° TBDPS ether.??

3.3. In the presence of a 3° silyl ether

Although not as common, deprotections of 1° silyl ethers in
the presence of 3° silyl ethers occur in a similar manner as
the more common removal of silyl groups from protected 1°
alcohols in the presence of 2° silyl ethers.

3.3.1. Under acidic conditions. CSA has proven useful for
removing silyl protecting groups from protected 1° alcohols
without affecting the more hindered 3° silyl ether. Catalytic
CSA in CH,Cl,/MeOH at room temperature mediated the
deprotection of 1° TBS ethers in the presence of 3° TBS
ethers in high yield (Scheme 29).226

Similarly high yielding desilylations of 1° TES ethers in
the presence of 3° TES ethers using CSA in MeOH/THF
have been reported.??”-2?® CSA-mediated removal of a TBS
group from a protected 1° alcohol without affecting a 3° TES
alcohol was slightly less successful.??8:229

Amberlyst-15, an acidic resin, has been used in the synthesis
of a portion of gambierol to remove a TES group from a
protected 1° alcohol without deprotecting a 3° TBS ether or
an acetal.?3?

Fluoride has also been used in acidic conditions to effect the
deprotection of 1° silyl ethers in the presence of 3° silyl
ethers. For example, HF in CH3;CN was used to remove
TBS groups from protected 1° alcohols without affecting 3°
TMS ethers.231232 HF—pyr in pyridine/THF effected the
deprotection of a 1° TBS ether in the presence of a 3° TES
ether.%+233

Likewise, TBAF buffered with HOAc has been used to
selectively deprotect a 1° TBS ether in the presence of a 3°
TBS ether in a step of Martin’s asymmetric synthesis of
erythromycin B?** and to cleave a 1° TBDPS ether in the

presence of 2° TBS and 3° TES ethers as a step in the
178

synthesis of spongistatin 2.
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3.3.2. Under basic/nucleophilic conditions. TBAF has
been used to deprotect a 1° TIPS ether in the presence of a 3°
TBS ether in the preparation of precursors for the formation
of macrocycles (Scheme 30).23>

Tris(dimethylamino)sulfonium difluorotrimethylsilicate
(or TAS-F) has been used in greater than stoichiometric
quantities to deprotect a 1° TBDPS ether in the presence of a
3° TBS ether.?3¢

3.3.3. Under miscellaneous conditions. SiF, in a 1:1
CH,Cl,/CH3CN mixture at room temperature has been used
to remove a TIPS group from a protected 1° alcohol in the
presence of 2° TIPS and 3° TBS ethers.??*

4. Selective deprotection of silyl-protected 2° alcohols
4.1. In the presence of 1° silyl ethers

Selective removal of a silyl group from a protected 2°
alcohol without affecting other protected alcohols requires
consideration of the steric environments of all silyl ethers in
the compound. The majority of selective deprotection
reactions of silyl ethers rely upon steric factors, so
desilylation of a silyl group from the more sterically
encumbered alcohol requires a bulky silyl group on the
less-hindered alcohol. Even when these conditions are
applied, deprotection of 2° silyl ethers in the presence of
1° silyl ethers may prove impractical. Two such
examples have recently appeared in which selective
desilylation of a 2° TBS ether in the presence of a 1° TIPS
ether could not be achieved®®” and global desilylation
followed by monosilylation of the resulting 1° alcohol

Meé [e) 6Me

~TBS
61
Scheme 31.
63
Scheme 32.

OTBDPS PPTS
—_—
EtOH, reflux

was more efficient than attempted selective deprotection
reactions.?38

4.1.1. Under acidic conditions. Deprotection of 2° silyl
ethers in the presence of 1° silyl ethers require removal of a
protecting group from a more sterically hindered alcohol
and thus, strategies typically involve the attachment of
smaller, more-labile silyl groups on the 2° alcohol and larger
and more-robust silyl groups on the 1° alcohol. TMS and
TES groups are most commonly used to protect the 2°
alcohol with TIPS or TBDPS groups protecting the 1°
alcohol. Acidic reagents can then effect deprotection of the
2°silyl ether in the presence of the 1° silyl ether and reagents
that have been used for such selective deprotection reactions
include TSOH,37,239—246 PPTS,247’248 CSA,38’249 HOAC,205’210
triphenylphosphonium bromide (Ph;PHBr),3® HC]!8:250-252
and I‘IzSO4.38’253

The removal of a TBS group from a protected 2° alcohol in
the presence of a 1° silyl ether is a less commonly used
strategy but examples have been reported. Pattenden has
described the deprotection of a 2° TBS ether in the presence
of a 1° TBDPS ether using PPTS in refluxing ethanol
(Scheme 31).152

PPTS was also used to effect the deprotection of 2° TBS
ethers in the presence of a 1° TBMPS and a 2° TBDPS ether
(Scheme 32).'92 Although TBMPS groups are noted for
the resistance to acid imparted by the electronic effects
of an alkoxy ligand on silicon, a siginificant quantity of
deprotected 1° alcohol was recovered.'*?

Acidic fluoride sources have also been used for deprotection
of 2° silyl ethers in the presence of 1° silyl ethers.
HF-pyridine has been used to deprotect 2° TES ethers in

o
TBDPS”

64, 58%
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the presence of 1° TBS,% TIPS#7:67:254 and TBDPS
ethers.?>3

An excess of triethylamine trihydrofluoride (Et;N-3 HF)
has been shown to effect the cleavage of 2° and 3° TES
ethers in the presence of a 1° TIPS ether.?’® In a similar
example, a 2° TES ether underwent selective desilylation
using Et;zN—HF without reaction with a 1° TBDPS ether
(Scheme 33).2%7

TBAF buffered with solid NH4CI has also been shown to
effect the selective desilylation of a 2° TES ether in the
presence of a 1° TBS ether.”>® And, H,SiFs has been
employed in the selective deprotection of a 2° TBS ether in
the presence of a 1° TBDPS ether.?%8

Lewis acids have also been employed in selective desilyla-
tion reactions of 2° silyl ethers in the presence of 1° silyl
ethers. TMS-OTf has been demonstrated to efficiently
remove TBS groups from protected 2° alcohols in the
presence of 1° TBDPS ethers at low temperature.-2>7 A 2°
TMS ether was cleaved in the presence of a 1° TBDPS ether
during the condensation of bis-silyl ether 67 with aldehyde
68 when TMS-OTT was used as a catalyst (Scheme 34).1%0
On a larger scale, this reaction failed to proceed unless
5-10 mol% triflic acid was added, indicating that the true
deprotection agent may have been triflic acid, produced
from hydrolysis of TMS-OTT.

Catalytic Cu(OTf), in acetic anhydride has been shown to
convert 2° TBS ethers into acetates without reacting with 1°
TBDPS ethers.>® Similarly, catalytic InCl; in CH;CN/H,O
cleaved a 2° TBS ether in the presence of a 1° TBDPS
ether.’” Excess ZnBr, in CH,Cl, and H,O mediated
the deprotection of 2° TES and TBS ethers while leaving
1° TBDPS ethers unaffected.’® Similar differences in
reaction rates point to the use of Zn(BF,), in H,O as
an agent for the deprotection of 2° TBS ethers in the
presence of 1° TBDPS ethers.® Selective deprotection
of 2° TBS ethers has been observed upon heating with
Montmorillonite K-10 in MeOH/H,O. No reaction was
observed when 1° TBDPS ethers were subjected to the
same conditions.*!

4.1.2. Under basic/nucleophilic conditions. TBAF
mediates the removal of smaller, more Ilabile TES
group from protected 2° alcohols in the presence of a 1°
TBDPS ether as illustrated in the synthesis of ingenol
(Scheme 35).260

At room temperature, TBAF also mediates the selective
cleavage of a 2° TMS ether in the presence of 1° and 2° TIPS
ethers.!3?
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Scheme 35.

LiAlH, in ether was used to effect the selective deprotection
of a 2° TBS ether in the presence of a 1° TBDPS ether
(Scheme 36).2%! These conditions permitted the survival of
an acetal and an oxirane. But longer reaction time at higher
temperature resulted in global desilylation and oxirane

opening.
:OTBit\ :OHAC
ST OTBDPS LiAlH, S OTBDPS
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Scheme 36.

4.1.3. Under miscellaneous conditions. Selective desilyla-
tion of a 2° TES ether in the presence of a 1° TBS ether has
been effected using Pd/C in MeOH.?? A variation on this
method that uses H, and Pd/C was applied to the
deprotection of 2° TES ethers in the presence of a 1°
TBDPS ether as part of the synthesis of phytoprostane F;.23
The need for H, in the latter instance may lie in the source
of the Pd/C catalyst.?** Significant differences in the ability
of Pd/C from different suppliers to mediate deprotection of
TES ethers in the absence of H, have been attributed to
different acidities and the reaction in the absence of H, may
be acid-catalyzed cleavage, not a Pd-mediated reaction.?%*
A recent report compares the reactivities of several silyl
protecting groups to hydrogenolysis over Pd/C and simply
stirring with Pd/C: more acid-sensitive groups such as TES,
TPS and n-BusSi were removed under both sets of
conditions while the larger, more robust groups, TBS,
TIPS and TBDPS, were stable in the absence of H,.%3

Iodoetherification with I, and Ag,CO; in ether or toluene
has been shown to also effect the deprotection of 2° TES
ethers in the presence of 1° TBS ethers?>-25¢ (Scheme 37).
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IBr in CH3CN effects a similar iodoetherification with
deprotection of a 2° TBS ether in the presence of a 1°
TBDPS ether.?¢’

Excess LiCl in DMF/H,0 selectively deprotects a 2° TBS
ether without affecting a 1° TBDPS ether. The phosphonium
salt produced by the reaction of PPh; and 2.,4,4,6-
tetrabromo-2,5-cyclohexadienone mediates the selective
conversion of a 2° TES ether into a 2° bromide in the
presence of a 1° TBDPS ether.®> The polymeric -acid
catalyst, dicyanoketene acetal (DCKA), has been shown to
desilylate a 2° TBS ether in the presence of a 1° TBDPS
ether.8" A 2° TBS ether underwent deprotection in the
presence of a 1° TBDPS and a 2° TBS ether upon treatment
with dimethoxymethane and P,Os (Scheme 38).13°

4.2. In the presence of 2° silyl ethers

Removal of a silyl group from a protected 2° alcohol in the
presence of another 2° silyl ether often depends on
differences in the steric requirements of the silyl ligands.
Occasionally, however, the steric and electronic environ-
ment of groups neighboring the alcoholic carbon play a
role in diminishing the reactivity of one silyl ether more
than another.

4.2.1. Under acidic conditions. Acid-mediated deprotec-
tion of one 2° silyl ether in the presence of another 2° silyl
ether typically employs a strategy in which a smaller, more
acid-sensitive silyl group is used to protect the alcohol that
is to be released and a larger, more robust silyl ether is used
protect the alcohol that is to remain protected. The most
common approach is to protect one alcohol with a TMS or
TES group and the other with a TBS, TIPS or TBDPS group.

A number of acids have been employed in deprotections of
this nature and include PPTS248:268-277 TgQH,!47-242
TFA 278-280 CSA 155 HOAc,208:281-288 H(CJ289-291 apq
H,S0,.3® TBS is sufficiently small to allow its removal
from a protected 2° alcohol in the presence of 2° TIPS or
TBDPS ethers using PPTS!9%193 CSA,%4293 or HCI.2%4-2%7
But, TBS can also be sufficiently large to allow it to remain
in place protecting a 2° alcohol as a TES group was removed
from another protected 2° alcohol using CSA.!5> PPTS has
also been used to deprotect a 2° DEIPS ether in the presence
of a 2° TIPS ether.?"®

A 2° TIPS ether was cleaved in the presence of a 2° TBS
ether, highlighting the importance of the steric environment
provided by the carbon framework of the molecule.
Treatment of bis-silyl ether 78 with catalytic TsOH in
MeOH at room temperature resulted in selective removal of
the TIPS group from a protected 2° alcohol without affecting
a 2° TBS ether that was more sterically encumbered
(Scheme 39).143

The carbon skeleton of the silyl-protected diols and polyols
can provide enough steric influence to allow like silyl ethers
to be distinguished from one another. For example, TFA in
wet THF allows the deprotection of a less-hindered 2° TES
ether in the presence of another 2° TES ether (Scheme 40).2%°

Similarly, CSA was used to remove a TBS group from a
protected, less-hindered 2° alcohol without cleaving another
2° TBS ether.3%°

HF buffered with pyridine in THF has proven useful in the

deprotection of a 2° TMS and a 2° TES ether in the presence
of 2° TBS, 2° TES and 3° TES ethers as part of syntheses of
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Scheme 40.

spongistatins.!®*3°1 A number of other examples of the
deprotection of 2° TES ethers in the presence of 2° TBS
ethers upon treatment with HF—pyr in THF have been
reported.!15:116:255.302=304 Cleavage of a 2° TES ether in the
presence of a 2° TIPS ether has been effected with HF—pyr
in acetonitrile® or THF.®73% HF—pyr in THF also effects
the selective deprotection of 2° TBS ethers in the presence
of 2° TBDPS ethers.307

The challenge of selectively deprotecting silyl ethers with
similar steric and electronic environments is illustrated by
the relatively low yields achieved in the HF—pyr mediated
cleavage of a 2° DEIPS ether in the presence of a 2° TBS
ether (Scheme 41)398:39% and a 2° TBS ether in the presence
of another 2° TBS ether (Scheme 42).31°

HF has also been buffered with Et;N to effect the
deprotection of a 2° TMS ether in the presence of a 2°
TBS ether,3!! a 2° TES ether in the presence of a 2° TBS!17:312
and a 2° TBS ether in the presence of a 2° TIPS ether.3!3 The
role of the steric environment around the alcoholic carbons
was again illustrated by the report of the selective
desilylation of a 2° TIPS ether in the presence of a more

HF-pyr
THF,pyr, rt

DEIPS

81, >90%

sterically crowded 2° TBS ether using HF/Et;N
(Scheme 43).3%6

HF in CH;CN has also proven useful in the selective
desilylation of one 2° silyl ether in the presence of another 2°
silyl ether. Aqueous HF in CH3CN has been reported to
effect the selective deprotection of a TES ether in the
presence of 2° TBS3!'# or TBDPS ether3!> and a 2° TBS
ether in the presence of a more hindered 2° TBS ether.3'® As
part of the total synthesis of (+)-discodermolide, 10% HF in
CH;CN was used to desilylate a 2° TBS and two of the three
2° TIPS ethers, leaving a third 2° TIPS ether.3!7-318
Although which TIPS group remained was not included in
the original publication, evidence indicates that the 2° TIPS
ether on C-11 of 88 was the unreacted silyl ether.3!°

OTIPS NH;
: TIPS
o/

88

82 83, 43%
Scheme 41.
0} TBSO OTBS OPMB HF-pyr . O TBSQ OH OPMB
Meo”™ NF 7 THEpyr, 1t MeO” N2 7
84 85, 56%
Scheme 42.

o 0O O TBSO

OH QTIPS

Scheme 43.

HF-Et;N
THF, 25°C HO

87, 79%
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Scheme 44.

Other acidic fluoride-mediated methods of deprotection
have been applied to this problem. Fluorosilicic acid in
isopropanol at —40°C allowed the deprotection of a 2° TMS
ether in the presence of a 2° TIPS and a 1° TBS ether.'8
Solvent and temperature were important. When ~-BuOH
was used as solvent at room temperature, the 1° TBS ether
was lost and, when 7-amyl alcohol was used at 0 °C, alkene
isomerization was problematic.' Johnson also employed
H,SiFg with Et;N in CH;CN to effect the selective
desilylation of a 2° TBS ether in the presence of a 2° TIPS
ether.320

TBAF buffered with acetic acid was used to deprotect 2°
TES ethers without affecting a 2° TBS ether. The addition
of HOAc mediates the basicity of fluoride, preventing
B-elimination of the TBS ether (Scheme 44).32! Likewise,
2° TES ethers have undergone desilylation in the presence
of 2° TES and TBS ethers using HOAc-buffered TBAF in
THE.'83

The use of (NH4),HF, in NMP and DMF is yet another
illustration of the importance of the steric environment
around the alcoholic carbons. In this instance, a less
hindered, equatorial 2° TES ether in a glycoside undergoes
deprotection in the presence of an axial 2° TES ether.3??

4.2.2. Under basic/nucleophilic conditions. K,COs in

QTBS
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Scheme 45.
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OTBS

MeOH has proven useful in deprotecting 2° TMS ethers in
the presence of 2° TBS®?* and TBDPS ethers 324325
Aqueous NaOH in DMPU was used to remove a TES
group from a protected 2° alcohol in the presence of 2° TES
and TBS ethers (Scheme 45).27

Although not typically used in silyl deprotection reactions,
LiAlH, in THF was used to reductively deprotect a benzyl
ether and, in the process, selectively desilylate a 2° TIPS
ether in the presence of a 2° TBS ether.??® In another
unusual example, PhLi or MeLi were chosen to convert a
tethered 2° silyl ether into an alcohol without reaction with
a 2° TBS ether.??’

TBAF has been widely used in the deprotection of 2° silyl
ethers in the presence of other 2° silyl ethers. Often, 2° TES
ethers are cleaved upon treatment with TBAF in THF and
examples include the desilylation of 2° TES ethers in the
presence of 2° TBS?10-328-330 and TBDPS33!:332 ethers. The
selective deprotection of 2° TMS ethers in the presence of 2°
TBS333 and TIPS'?® ethers using TBAF/THF has also been
reported. As part of the total synthesis of spongistatin 2,
TBAF/THF was used to effect the desilylation of two 2°
TES ethers in the presence of one 2° TES, two 2° TBS and
one 3° TES ethers.!'*

The selective desilylation of a 2° TIPS ether in the presence
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of a 2° TBS ether using TBAF at low temperature has been
reported.33* Although no explanation for the source of this
selectivity was provided by the authors, the role of a nearby
hydroxyl group was noted in determining which of two silyl
groups was removed.33* When bis-silyl ether 93 was treated
with a slight excess of TBAF in THF, selective deprotection
of the 2° TBS ether was observed (Scheme 46).33 But when
bis-silyl ether 95 in which the free hydroxyl was absent was
exposed to the same conditions, the 2° TIPS ether was
exclusively deprotected (Scheme 47).33% It is unclear
whether this difference in reactivity is due to the inherent
conformational change required of the orthoester or the free
hydroxyl group itself.33>

Deprotection of 2° TBS ethers in the presence of other 2°
TBS ethers using TBAF in THF has been an important step
in several syntheses of epothilones and related
compounds.®-121:122.167.168,336-339 Treatment of tris-silyl
ether 97 with excess TBAF in THF at 25°C over 8h
afforded the monodeprotected product in high yield
(Scheme 48).167 Selectivity is due to less steric crowding
around the silyl ether that undergoes cleavage.

In a variation, the carboxylic acid of 97 underwent
deprotonation to form the carboxylate prior to deprotec-
tion.33® It was suggested that selectivity was due to the
trans-silylation from the silyl ether to the carboxylate,
forming a silyl ester that was hydrolyzed upon workup.
However, most applications of this protocol did not involve
conversion of the carboxylic acid to the carboxylate salt
prior to desilylation and reported selectivity was equally
high.

Selective deprotection of a 2° TBS ether of a hemiacetal in
the presence of a 2° TBS ether was effected upon treatment
with TBAF in THF at 0°C.3*® A more sterically crowded 2°
TBS ether was desilylated in the presence of another 2° TBS
ether as part of the synthesis of callipeltoside A.3*' And,
treatment of bis-silyl ether 99 with one equivalent of TBAF
in THF resulted in selective deprotection of the 2° allylic
TBS ether (Scheme 49).342

Other sources of fluoride have been used to deprotect one 2°

98, 89%
COoMe CO,Me
@ _TBAE ij\
TBSO™ otBs " aeo™ OH
99 100, 84%

Scheme 49.

silyl ether in the presence of another. KF in a 4:1
MeOH/THF mixture has been reported to effect the
selective deprotection of 2° TMS and TES ethers in the
presence of 2° TES and TBS ethers in the synthesis of
(+)-spongistatin 1'7 and 2.2°7 TAS-F in DMF was used to
selectively deprotect 2° DEIPS ethers in the presence of 2°
TES ethers as one of the final steps in the total synthesis of
(+)-concanamycin F.3%3

4.2.3. Under miscellaneous conditions. At room tempera-
ture, aqueous NalO,4 in THF or ethanol has been shown to
deprotect 2° TMS, TES, TBS, TIPS and TPS ethers—
without evidence of oxidation—while leaving 2° TBDPS
ethers largely intact.3** At elevated temperatures, the
reactivity of 2° TBDPS ethers becomes significant.
Although the reaction is stoichiometric in NalO,, the
mechanism of the reaction is unknown.

Silica chloride (SiO,-Cl) and Nal in CH;CN has been
shown to convert silyl-protected allylic, benzylic and
propargylic alcohols into the corresponding iodide.>*> Not
surprisingly, this method has been used to selectively
convert a 2° benzylic TMS ether into a 2° benzylic iodide in
the presence of another 2° TMS ether (Scheme 50).3%

TMSO OTMS | OTMS
M SiO,-Cl / Nal M
—_—
Pl CH3CN, rt Pl
101 102, 87%
Scheme 50.

Tris-silyl ether 103 was treated with dimethoxymethane and
P,0s5 to form a cyclic acetal with concomitant desilylation
of a 2° TBS ether without affecting another 2° TBS ether
(Scheme 51).130
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4.3. In the presence of a 3° silyl ether

Deprotection reactions involving 3° silyl ethers are rarely
included in systematic studies of new methods for selective
desilylation reactions. However, a number of examples of
the selective deprotection of 2° silyl ethers in the presence of
3° silyl ethers have been reported as parts of natural and
unnatural product syntheses. Typically, a small silyl group
such as TMS or TES is removed from the protected 2°
alcohol while another silyl group such as TES or TBS
remains on the protected 3° alcohol.

4.3.1. Under acidic conditions. CSA has been reported to
effect the selective deprotection of a 2° TMS ether in the
presence of a 3° TES ether**® and PPTS in CH,Cl,—MeOH
was used to selectively deprotect a 2° TES ether in the
presence of a 3° TES ether.3*” Similarly, aqueous CF3SO3H
in THF was used to selectively deprotect a 2° TES ether in
the presence of a 3° TBS ether and a 2° TBS ether in the
presence of a 3° TBS ether.3*8

Aqueous HCI in a THF-CH;CN mixture at —10 °C was
used to effect the selective desilylation of a 2° TES ether
in the presence of a 3° TES ether.?°>?°! Under these
conditions, a 2° TBS ether also survived. In a similar
example, a 2° TES ether was deprotected in the presence of
a 3° TBS ether using aqueous HCI in THF.34°

More commonly, though, HF—pyridine has been the reagent
of choice for selective desilylations of this type. In the total
synthesis of spongistatin 2, HF—pyridine in THF/pyridine at
0 °C selectively cleaved a 2° TES ether in the presence of a
3° TES ether.'%* These conditions also led to the deprotec-
tion of a 1° TBS ether but left a 2° TBS ether intact. Later in
the synthetic route, HF—pyr was used under similar
conditions to effect the deprotection of 2° TMS and TES
ethers in the presence of a 3° TES ether as well as 2° TES
and TBS ethers.!%* Similarly, HF—pyr in pyridine has been
shown to deprotect 2° TMS and TES ethers in the presence
of a 3° TES ether and 2° TES and TBS ethers.?*! And, a 2°
TES ether underwent selective desilylation in the presence
of 3° TES, 2° TBS and 1° TIPS ethers upon treatment with
HF—pyr in THF.#

Aqueous HF in CH;CN was used to effect the deprotection
of a 2° TBS ether in the presence of a 3° TBS ether.3>°

4.3.2. Under basic/nucleophilic conditions. Non-acidic
sources of fluoride have also been employed to effect the
desilylation of 2° silyl ethers in the presence of 3° silyl
ethers. A two-fold excess of TBAF in THF allowed the
selective cleavage of 2° TES ethers in the presence of a 3°
TES ether (Scheme 52).3!

Slow addition of an excess of TBAF in THF at 0 °C led to
the selective deprotection of two less-hindered 2° TES
ethers in the presence of a 3° TES ether as well as another 2°
TES ether and three 2° TBS ethers (Scheme 53).!''4
Attempts to use HF—pyr buffered with pyridine proved
unsuccessful with large amounts of unreacted starting
material and compromised selectivity.

KF in a 4:1 mixture of MeOH and THF was used to effect
the selective cleavage of a 2° TMS ether in the presence of a
3° TES ether as well as 2° TES and TBS ethers in the
synthesis of spongistatin 1'7 and 2.2°7

5. Selective deprotection of silyl-protected 3° alcohols

Reports of new methods for performing desilylation
reactions rarely include examples of 3° silyl ethers. So,
the examples presented here have been culled from multi-
step syntheses of natural products. Typically, the steric
crowding around 3° alcohols require that only the smallest
silyl groups—TMS and TES groups—be used. To prevent
desilylation of the other protected alcohol, larger silyl
groups such as TIPS and TBDPS are usually employed.

5.1. In the presence of 1° silyl ethers

5.1.1. Under acidic conditions. One equivalent of PPTS in
MeOH allowed the deprotection of a 3° TMS ether in the
presence of a 1° TIPS ether?>? and aqueous HOAc in THF
was employed to selectively desilylate a 3° TMS ether in the
presence of a TBDPS protected 1° alcohol. 33334 The latter
conditions also resulted in the hydrolysis of a THP-
protected 1° alcohol and a 1° TES ether.

Aqueous HCI has also proven useful in the selective
cleavage of 3° silyl ethers. A mixture of 1 N aqueous HCl in
5:1 THF-H,O allowed the selective removal of a TMS
group from a protected 3° alcohol in the presence of a 1°
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TIPS ether.?>? A 2° TES ether was also cleaved under these
reaction conditions. A solution of 2% HCI in 3:1 CH,Cl,—
MeOH was used to effect the selective desilylation of a 3°
TMS ether in the presence of a 1° TBDPS and a 2° TBS
ether (Scheme 54).!%8 Similarly, a 3° TMS ether underwent
deprotection in the presence of 1° and 2° TBS ethers when
treated with aqueous HCI to a pH of 3.3%3

Et;N-HF in THF was used to remove TES groups from
protected 2° and 3° alcohols without affecting a 1°
TIPS ether in the synthesis of sarcodictyins A and B
(Scheme 55).2%¢

HO .
T~OH
Et;N-HF
THE, 25°
0
oTIPS
111 112, 78%

Scheme 55.

MeOH-CHCl,, 0°C

110, 91%

BF5;-OEt, in CH,Cl, at ambient temperature has been
shown to effect the selective deprotection of a 3° TMS ether
in the presence of a 1° TBDPS ether.?43-246

5.1.2. Under basic/nucleophilic conditions. One equiva-
lent of TBAF in THF at low temperature was used to
deprotect a 3° TES ether in the presence of 1° TIPS and
TBDPS ethers with the resulting cyanohydrin reverting to a
ketone (Scheme 56).3%°

K,CO; in MeOH was used to selectively deprotect a 3° TMS
ether in the presence of a 1° TBDPS ether and a 2° TBS
ether.!%8 The use of BH;—SMe, in refluxing THF to effect
the reduction of nitriles was also shown to deprotect 3° TMS
ethers in the presence of 1° TBS ethers.?>’

5.2. In the presence of 2° silyl ethers

5.2.1. Under acidic conditions. Examples of selective
deprotection of 3° silyl ethers in the presence of 2° silyl
ethers under acidic conditions often involve fluoride
reagents. For example, in the total synthesis of (—)-rapa-
mycin, TBAF buffered with HOAc was shown to deprotect
3° TMS and TES ethers in high yield while leaving 2° TBS
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and TIPS ethers unaffected (Scheme 57).>°® When the 3°
alcohol was protected with TBS, cleavage of the resulting 3°
TBS ether was slow and low-yielding.

Et;N—HF was used to desilylate 2° and 3° TES ethers in the
presence of 2° TBS ethers as part of the total synthesis of
eleutherobin (Scheme 58).!17:312

EtgN-3 HE.
THF, 25°C

117 118, 81%
Scheme 58.

HF in CH;CN was used to cleave a 3° TMS ether in the
presence of a 2° TBS ether.?!® An allylic 2° TBS ether
also underwent concomitant deprotection. H,SiFs in

H,O/CH;CN was chosen to effect the selective desilyl-
ation of a 3° TMS ether in the presence of a 2° TBDPS
ether.!85-35 Under these conditions, a 1° TBS ether was also
deprotected.

5.2.2. Under basic/nucleophilic conditions. As part of the
total synthesis of (4)-milbemycin D, K,CO5 in MeOH was
employed to deprotect a 3° TMS ether in the presence of a
2° TBDPS ether.?!! A 1° TBS ether was also cleaved under
these reaction conditions.

A hydroboration—oxidation sequence intended to install an
alcohol on what would become the D ring of a vitamin D
analog also led to the deprotection of a 3° TMS ether in the
presence of a 2° TBS ether (Scheme 59).3¢°

6. Selective deprotection of aryl silyl and alkyl silyl
ethers

As a general rule, when a substrate contains an alkyl silyl
ether and an aryl silyl ether, acidic conditions will favor
deprotection of the former and basic conditions will favor
deprotection of the latter. When selectivity between two aryl

1) BH3-THF

wIm

119
Scheme 59.

OTMS  2) H,0,, NaOH

“OH  [NoH

wIm

120, 68%
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silyl ethers is desired, steric, electronic and neighboring
group effects determine which silyl group is removed.

6.1. Selective deprotection of alkyl silyl ethers in the
presence of an aryl silyl ether

6.1.1. Under acidic conditions. Many of the same acids
used to selectively deprotect one alkyl silyl ether in the
presence of another have been used to effect the deprotec-
tion of an alkyl silyl ether without cleaving an aryl silyl
ether. The location of the silyl group on an alcoholic oxygen
is a greater factor in its reactivity than the steric
requirements of the group itself. Thus, acidic conditions
can be used to deprotect TES and TBS protected 1° and 2°
alcohols without affecting aryl silyl ethers. PPTS has been
shown to cleave 1° TBS3®' or 2° TES ethers’®? in the
presence of TBS-protected phenols. Similarly, CF3CO,H in
CH,Cl, was used to hydrolyze a 2° TBS ether in the
presence of an aryl TBS ether during the total synthesis of
(—)-doliculide.3®3> And, catalytic quantities of a low-
loading, alkylated polystyrene-supported sulfonic acid
(LL-ALPS-SO3;H) have been shown to selectively
desilylate a 1° TBS ether in the presence of a TBS-protected
phenol.*0

In situ generated HCI has also proven useful in cleaving 1°
TBS ethers in the presence of aryl TBS ethers. Catalytic
acetyl chloride in dry MeOH at 0 °C to room temperature
allows rapid acid hydrolysis of a 1° TBS ether in the
presence of a TBS-protected phenol.** TMSCI in wet
CH;CN also produces HCl in situ, leading to the selective
deprotection of 1° TBS ethers in the presence of aryl TBS
ethers.>** A variation on this method includes Nal with
TMSCI and H,O to generate HI that effects similar results
(Table 2).304

Table 2. Selective deprotection using in situ generated HCI

| N | N
TBSO—~ | qrps—> ™SO _|_ o4

Isomer Reagents Yield (%) Reference
para AcCl, MeOH 80 3
meta TMSCI, H,0, CH;CN 83 364
meta TMSCL, H,0, Nal, CH;CN 86 364

A recent report describes the use of Nafion-H and Nal
(or, bromodimethyl sulfonium bromide and Nal) to generate
HI, allowing the selective cleavage of 1° and 2° TBS ethers
in the presence of aryl TBS ethers.3%3

Oxone® in aqueous MeOH at room temperature has also
been shown to allow the selective cleavage of 1° TBS ethers
in the presence of aryl TBS ether.!** Selectivity relies upon
reaction kinetics, as longer reactions times result in high
yields of deprotected phenol.

Fluoride reagents are typically not used in reactions in
which retaining an aryl silyl ether is desired. However,
HF in CH5CN has been shown to selectively desilylate a 1°
TBS ether in the presence of a TIPS-protected phenol
(Scheme 60).36¢

OTIPS OTIPS
0 L, O
MeO ! 7 CHsCN MeO. ! 72
MeO OTBS MeO OH
121 122, > 72%
Scheme 60.

Lewis acids have been introduced as reagents for the
efficient deprotection of alkyl silyl ethers in the presence of
aryl silyl ethers. Some of the Lewis acids shown to effect
these conversions are Sc(OTf)3,3%7 ZnBr,,>° BiCls/Nal,368
decaborane,>® InCls,>” Ce(OTf),,>° BiBrs3,>*® TBS-OTf,37°
ZrCl,,°% and Cu(OTf),.>® Examples of some of these
selective desilylations are summarized in Table 3.

Table 3. Selective deprotection of alkyl vs aryl silyl ethers using Lewis

acids
RO. RO.
\©\C{O > Q{O
R H
n n

R R’/ n Reagent Yield (%) Reference
TBS TBS 3 Sc(OTf)s, H,0, CH;CN 97 367
TBS TES 3  ZnBr,, H,0, CH,ClL, 85 39
TBS TBS 3  ZnBr, H,0, CH,Cl, 87 39
TBS TBS 1 BiCls, Nal, CH;CN 81 368
TBS TBS 1 B,oH 4, MeOH 94 50
TBS TBS 1  InCls, H,O, CH;CN 82 57
TBDPS TBS 3  InCls, HO, CH;CN 90 57
TBDPS TBS 3  Ce(OTf),, H,O, THF 75 35
TBS TBDPS 3  Ce(OTf),, H,O, THF 70 53
TBS TBS 2 CeCly7 H,O, CH;CN 96 3n

Also, BiBr3 and H,O in CH3;CN have been shown to effect
the deprotection of 1° or 2° TBS ethers in the presence of
aryl TBS ethers.3%

When used in conjunction with acetic anhydride, ZrCl, has
served as a catalyst for the conversion of 1° TBS ethers into
the corresponding acetate without affecting aryl TBS or
TIPS ethers (Scheme 61).°8 Cu(OTf), allows the same
selective conversion to occur.’® And, TBSOTf and THP
acetate effect the conversion of 1° TBS ethers into the
corresponding THP ethers without affecting aryl TBS ethers
(Scheme 62).370

OTBS ZrCly, Ac,0 OAC
—_—
CH3CN, rt
TBSO TBSO

123
Scheme 61.

124, 88%
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oTBS 1) TBSOTf, TH POAE OTHP
2) Et3N
TBSO TBSO

125 126, 93%
Scheme 62.
O
p-MeOCgH/ 9““ 10 mol % BiBr3
TES Et3SiH, CHACN, rt
MeO
127 OTBS 128, > 93%
Scheme 63.

In a slightly different context, BiBrs;/Et;SiH-mediated
reductive etherification process forms cyclic ethers from
d-trialkylsiloxy-ketones.3”? Although cyclic ether formation
is the desired outcome, the stability of an aryl TBS ether to
the reaction conditions allows for selective reaction of alkyl
silyl ether as illustrated in the synthesis of (—)-centrolobine
(Scheme 63).37> Experimental evidence suggests that the
2° TES, TBS and TIPS ethers react similarly and the
reaction may be Bronsted acid-promoted, rather than Lewis
acid-catalyzed.3"?

6.1.2. Under miscellaneous conditions. Iodine in methanol
has been shown to effect the selective deprotection of 1°
and 2° TBS ethers in the presence of aryl TBS ethers.3’3
Similarly, CBr, in refluxing MeOH effects the selective
desilylation of 1° TBS, TIPS and TBDPS ethers without
cleaving TBS-, TIPS-, or TBDPS-protected phenols.??!
Although the exact mechanism is not clear, the possibility of
In situ formation of catalytic amounts of acid under these
conditions cannot be discounted.

Ceric ammonium nitrate on silica gel in a mixture of i-PrOH
and CCl, effects the selective removal of a TBS group from
protected 1° alcohol in the presence of an aryl TBS ether
(Scheme 64).2'® This same transformation in comparable
yield occurs using slightly more CAN in i-PrOH at room
temperature.

OTBS  CAN-SIO, _ OTBS
oTBs -PrOH,CCly, 65° OH

129 130, 88%
Scheme 64.

Catalytic hydrogenation has provided some interesting
results of selective deprotection of alkyl silyl ethers in the
presence of aryl silyl ethers. Alkyl TES ethers have been
shown to be labile when subjected to catalytic Pd/C in
MeOH while aryl TES ethers are stable.?*> However,
hydrogenolysis of alkyl TBS ethers has been demonstrated
using Pd/C as catalyst in a reaction in which aryl TBS ethers
are inert.>’* An important supplier-dependent difference in
the reactivity of Pd/C has been described which explains
TES cleavage in the absence of H, as the result of residual
acid in the preparation of the catalyst.?%*

6.2. Selective deprotection of aryl silyl ethers in the
presence of alkyl silyl ethers

6.2.1. Under acidic conditions. Although uncommon, acid-
mediated deprotections of aryl silyl ethers have been
reported. Catalytic CSA in MeOH was used to effect the
deprotection of an aryl TBS ether in the presence of 2° TBS
ethers (Scheme 65).37°

CSA
—_—
MeOH, rt

131 132, 88%
Scheme 65.

More typical, however, is the use of acidic resins and Lewis
acids to promote selectivity of this nature. Montmorillonite
K-10 in MeOH has been used to deprotect aryl TMS ethers
at ambient temperature; 3° TMS ethers are unreactive under
the same conditions.3”® Stirring with silica gel was used to
deprotect an aryl TMS ether in the presence of 2° TBS ethers
in the synthesis of cycloproparadicicol.3””

The lability of the TMS group was exploited to allow the
deprotection of a TMS-protected phenol in the presence of a
1° TBS ether upon treatment with BiCls, Bi(O,CCF3); or
Bi(OTf); in MeOH.%? Reaction times were crucial to the
selectivity; selective cleavage of the aryl silyl ether was
achieved within 2 min of exposure to the bismuth salt. But
when reaction times were extended to 15 min and the
reagent was Bi(OTf);, deprotection of both the alkyl and
aryl silyl ethers was observed.®?

Zn(BF,), in water has been shown to effect the deprotection
of aryl TBS ethers without affecting 1° TBDPS ethers.®°

6.2.2. Under basic/nucleophilic conditions. Carbonate
salts have been shown to effect the desilylation of silyl-
protected phenols without affecting alkyl silyl ethers.
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Excess K,CO5 and H,O in refluxing EtOH was employed to
effect the selective deprotection of an aryl TBS ether in the
presence of a 2° TBS ether.>’® By contrast, Cs,CO; in
DMF-H,0 allows for the deprotection of TBS-protected
phenols in the presence of 1° TBS ethers when 0.5
equivalents of base was used at room temperature (Scheme
66).37° When a stoichiometric amount of Cs,CO; was
employed at 100 °C, both TBS groups were removed.

H
0.5 eq Cs,CO3
—_—

DMF/H,0
oTBS

134, 98%

K©/®H
OH
135, 88%

OTBS

OTBS

1 eq CspCO3
—_—

133 DMF/H,0

Scheme 66.

Hydroxide bases have been more widely used in desilylation
reactions of aryl silyl ethers. At room temperature, excess
LiOH in DMF*7! or KOH in EtOH3#° allowed the selective
deprotection of TBS-protected phenols in the presence of
alkyl TBS ethers. KOH in MeOH was used to remove the
TBS group from the protected phenol in a steroid without
affecting a 2° TBS ether.33! But the selectivity of hydroxide
bases is not universal for aryl silyl ethers; a 5% ethanolic
NaOH solution in THF was used to effect the deprotection
of a TIPS-protected phenol and a 1° TBS ether in the
presence of 1° and 2° TBDPS ethers (Scheme 67).2%°

TIPSO  OH

5855

was replaced with 2-fluoronitrobenzene, diaryl ethers could
be formed without reaction of the alkyl silyl ether.3%?

An excess of solid NaOH and n-BuyNHSO,, a phase
transfer catalyst, in 1,4-dioxane has been used to effect the
selective desilylation of aryl TBS ethers in the presence of
1° TES, TBS and TBDPS ethers as well as 2° TBS ethers.383

Triethylamine oxide in MeOH was used to effect the
selective removal of TBS groups from protected phenols in
the presence of 1° and 2° TBS ethers.>®* The mechanism is
believed to involve nucleophilic attack of the amine oxide
on the silicon of the protecting group. Similarly, 1,1,3,3-
tetramethylguanidine (TMG) in CH5CN has been shown to
effect the deprotection of TBS and TBDPS protected
phenols in the presence of 1° TBS and 1° and 2° TBDPS
ethers. 38

Fluoride sources, though, are more commonly used to effect
the selective deprotection of aryl silyl ethers in the presence
of alkyl silyl ethers. KF—Al,O3 has been shown to be a mild
fluoride source that mediates the deprotection of TMS, TBS
and TBDPS protected phenols, leaving similarly protected
alcohols intact.33% KF—Al,05 in CH;CN at 0 °C was used to
deprotect an aryl TBS ether in the presence of a 2° TBS
ether in the total synthesis of vancomycin.’®” However,
three other phenolic TBS ethers survived these conditions
due to steric and/or electronic factors.

The effect of solvent on fluoride-induced desilylation
reactions was highlighted in the solid-phase semisynthesis
of vancomycin.®® When CsF in DMF was applied to a
substrate bearing TBS ethers of phenols and 2° alcohols,
global desilylation was achieved. However, when CH;CN

HO OH

OTBS 5% NaOHaic) OH
MeO E OTBDPS  THF, rt MeO : OTBDPS
OTBDPS OTBDPS
136 137, 61%

Scheme 67.

Aryl TBS ethers have been converted into the corresponding
alkyl aryl ether by treatment with excess LiOH and alkyl
bromide or iodide in DMF; no reaction at 1° or 2° TBS
ethers was reported (Scheme 68).332 When the alkyl halide

OTBS
LiOH, Allyl bromide
DMF, rt

TBSO TBSO

139, 95%

TBSO/\/\Q\
0TBS

138

Scheme 68.

DMF rt

Scheme 69.

was the solvent, deprotection of the aryl TBS ethers was
achieved selectively and the 2° TBS ethers were unaffected.

By contrast, CsF and alkyl halides have been used to effect
the selective conversion of a phenolic TBS ether to the
corresponding alkyl aryl ether in the presence of a 1° TBS
ether (Scheme 69).38°

TBAF, however, is the most widely used reagent for the
selective deprotection of phenolic silyl ethers in the
presence of alkyl silyl ethers. TBAF in THF,**° THF-
H,0*! and toluene°? have been shown to be effective in

CsF, PhCH.Br TBso/\/\©\
0" Ph

141, 87%
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Scheme 70.

deprotecting TBS protected phenols in the presence of 1°
TBS ethers. The importance of reaction conditions in
determining selectivity was illustrated in the total synthesis
of (+)-thiazinotrienomycin E when TBAF at 0 °C allowed
the selective desilylation of a TBS-protected phenol in the
presence of a 1° TBS ether.® But when the resultant
monosilyl ether was treated with TBAF at room tempera-
ture, deprotection of the 1° TBS ether occurred (Scheme
70).%°

Phenolic TBS ethers have also been cleaved in the presence
of 2° TBS3%3:3% or 1° TBDPS ethers using TBAF in THF
(Scheme 71).393-396

OMe OMe
TBDPSO TBAF TBDPSO
B THF, 0°C Br
OTBS OH
145 146, 100%
Scheme 71.

Likewise, a phenolic TBS ether was cleaved in the presence
of a 1° DEIPS and a 2° TBS ether using TBAF in THF at
0 °C.3%8 Similar conditions were employed in the selective
deprotection of a phenolic TIPS ether in the presence of a 2°
TBDPS ether.?7

H

llle)

: 2)pH3

TBSO  OH OH O
O 1) NaClO,-H,0

TBSO Z X OMPM

147
Scheme 72.

TBAF

OMe

TBAF

6.2.3. Under miscellaneous conditions. A 1:5 mixture of
H,0 and DMSO at 90 °C was used to selectively deprotect
an aryl TBS ether in the presence of a 1° TBS ether.?®
However, under similar conditions, 1° benzylic TBS ethers
are actually more labile than the aryl silyl ether.3%%

Phenyliodine bis(trifluoroacetate), or PIFA, has been
shown to effect the deprotection and oxidation of TMS,
TBS and TIPS protected phenols in the presence of a 1° TBS
ether.3%?

6.3. Selective deprotection of one aryl silyl ether in the
presence of another

Deprotection of one phenolic silyl ether in the presence of
another is typically a function of electronic differences
between the protected hydroxyl groups due to ring
substitution. On occasion, however, the differing rates of
reaction among silyl groups of different size are exploited.

6.3.1. Under acidic conditions. Oxidation of hemiacetal
147 followed by work-up at pH 3 led to the selective
deprotection of one aryl TBS ether in the presence of
another (Scheme 72).3%° The proposed mechanism involves
intramolecular migration of the TBS group closest to a
newly formed carboxylate followed by hydrolysis of the
resulting silyl ester.3*°

/ >%
wl—t

TBSO OMPM
OH

148, 46 - 49%
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Differences in the rates of hydrolysis of TBS and TBDPS
groups under acidic conditions were used to effect the
selective desilylation of phenolic TBS ethers in the presence
of phenolic TBDPS ethers in a copolymer of TBS-protected
hydroxystyrene and TBDPS-protected hydroxystyrene.*0°
Treatment of the copolymer with concentrated HCI in THF
resulted in removal of the TBS group only.4%

In situ generation of HCI by sonication of a 1:1 mixture of
CCl, and MeOH allows the deprotection of aryl TBS ethers
that are ortho to a carbonyl in the presence of other silyl
ethers.*®! The proposed mechanism involves protonation of
the neighboring carbonyl, forming a cyclic transition state
which favors deprotection.*°!

SbCls in CH5CN has been shown to have no effect on TBS-
protected nitrophenols while other TBS-protected phenols
undergo rapid deprotection.*°?

TBSO
R
Nu~ I
(0]

149

6.3.2. Under basic/nucleophilic conditions. Zirconium
potassium phosphonate, Zr(KPQ,),, in acetone/water
effects the desilylation of aryl silyl ethers at rates which
vary according to the steric bulk around the silicon atom.**3
TES-protected phenols undergo deprotection at much faster
rates than TBS- or TBDPS-protected phenols, implying that
selective desilylation is possible.*03

7. Selective deprotection reactions involving silylene-
and disiloxane-protected diols

1,3-Diols can be protected by treatment with dialkyldi-
chlorosilane or dialkylsilylditriflates to form silylenes. One
silyl group protects two hydroxyl groups in much the same
way that a ketal protects a diol. But the presence of a second
oxygen atom bound to the silicon alters the chemistry of
these protecting groups.

7.1. Deprotection of silylene- and disiloxane-protected
diols in the presence of alkyl silyl ethers

A handful of examples of acid-mediated selective deprotec-
tion of silylenes in the presence of alkyl silyl ethers have
been reported. Aqueous TFA in THF has been used to effect
the cleavage of the 5'-end of a TIPDS protected ribonucleo-
side without affecting a 2° TBS ether (Scheme 73).!34:404.:405

Similarly, a dimethylsilylene-protected 1,5-diol underwent
selective deprotection in the presence of a 1° TPS ether
using TFA —H,O—THF.406

Lewis acids have been reported to effect the selective
deprotection of silylenes in the presence of alkyl silyl ethers.
A TIPDS-protected diol was shown to undergo selective
desilylation when treated with Montmorillonite K-10 and
MeOH and H,O at 75°C but a 1° TBDPS ether was not
cleaved.*! However, 1° and 2° TBS ethers were susceptible
to hydrolysis under these conditions.

More recently, the regioselective opening of a di-t-butyl-
silylene in the presence of 1° TIPS or TBS ethers using BF;
has been reported (Scheme 74).407

tBu_JfBu tBu_t-Bu
oMo BFySMe,  _ FS o,
TBSO\(V)J\) KOAG, CaHsSiMes,
2 3A MS, CHCly it '2o0vp
152 153, 95 - 99%

Scheme 74.

Fluoride sources are the most commonly used reagents for
the desilylation of silylene-protected diols in the presence of
alkyl silyl ethers. HF—pyridine in THF/pyridine has been
used to selectively remove a DTBS group from a protected
diol in the presence of 1° TIPS and 2° TBS ethers,**® 1° and
2° TBS ethers,*® a 1° TIPS ether*'® and 2° TBS,!’
TBDPS,*!! and DEIPS ethers.*!? Similarly, HF—pyridine
was used to selectively deprotect a DTBS-protected diol in
the presence of a 2° TBS ether.*!3

TBAF buffered with HOAc has also been used deprotect a

DTBS-protected diol in the presence of a 2° TBS ether
(Scheme 75).302:414

0TBS OTBS

TBAFHOAC
THF, rt

154 155, > 95%
Scheme 75.

One example of TBAF in THF mediating the selective
desilylation of a TIPDS-protected diol in the presence of a
2° TBDPS ether has been reported.*

HO,
O Base o Base
iPrSL TFA HQ
HO, THF, 0°C | 5
i-PrSikg OTBS i-pt i-Pr’S{\O OTBS
i-Pr
150 151, 95-99%

Scheme 73.
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Scheme 76.

7.2. Deprotection of alkyl silyl ethers in the presence of
silylene- and disiloxane-protected diols

Examples of selective deprotection reactions of alkyl silyl
ethers in the presence of silylene protected diols are few in
number but diverse in nature. TSOH-H,0 in CH,Cl, at 0 °C
effects the deprotection of a 2° TES ether in the presence of
a DTBS protected diol (Scheme 76).416

TsOH-H,O buffered with Et;N in THF has been shown to
deprotect a 2° TMS ether in the presence of a TIPDS-
protected diol.#'”7 The same transformation occurred upon
treatment with excess NH5 in MeOH.*!”

A 2° TBDPS ether was selectively desilylated in the
presence of a DTBS-protected diol upon treatment with
NaH in HMPA (Scheme 77).4!8

i

159, 88%
Scheme 77.

DDQ in CH,Cl, mediates the deprotection of a 1° TBS ether
in the presence of a DTBS-protected diol.” In this reaction,
only allylic or benzylic silyl groups are removed as
evidenced by the survival of a 1° TIPS ether in the same
substrate.””

157, 97%

8. Protiodesilylation reactions of alkynyl silanes

Although somewhat different than the selective deprotection
of bis-silyl ethers, the growing importance of selectivity
between silyl protected terminal alkynes and silyl ethers
warrants brief discussion. In general, protiodesilylation
reactions of silyl-protected terminal alkynes are effected
by treatment with mild base and, if the conditions are
sufficiently mild, silyl-protected alcohols can be spared.
When protected with a group larger than TMS, the alkynyl
silane becomes more resistant to protiodesilylation.

8.1. Protiodesilylation of alkynyl silanes in the presence
of silyl ethers

The most common method for deprotection of a TMS-
protected terminal alkyne in the presence of a silyl ether
involves treatment with K,CO5; in MeOH and H,0.#19-422
For example, as part of the total synthesis of macrosphelide
A, a TMS-protected alkyne underwent protiodesilylation in
the presence of a 2° TBS ether upon treatment with K,CO;
in MeOH/H,O (Scheme 78).420

TBSO ™S TBSO H
Z K5CO3 Z
OMEM MeOH, H,0 OMEM
160 161, > 87%
Scheme 78.

More vigorous conditions (aqueous KOH in MeOH/THF at
reflux) were used to remove a TMS-group from an alkynyl
silane and a TBDPS group from a protected 1° alcohol in
the presence a 1° TIPS ether.'®

Table 4. Deprotection of 1° silyl ethers in the presence of another 1° silyl ether

Deprotection of: In the presence of:

1° T™MS 1° TES 1° TBS 1° TIPS 1° TBDPS
1° TMS NaHCO;*  BiCL* Bi(0,CCF5);* MCM-41%
K»CO;% NaHCO,"
MCM-41%*
1° TES CSA"™ IBX/DMSO* TFAY H,, Pd/C®* MCM-41%* CSA*? H,, Pd/C*? TMS-OTH/HCO,DPMisilica gel®
MCM-41%* H,, Pd/C™ ZnBr,, H,0” H,, Pd/C*
lo TBS HOACM PPTS43 TBAF72 HZSO438 CSA36,37 PPTS’%S HzSiF(,A-I HCI25,21() HZSO426 HOAC23’24‘92 TFA33,IUS PPTSZ7,78,I24,427,428
DDQ® MnOS/AIle’} TMS-OT{/Et;N/MeOH”' decaborane®  TsOH*>'** CSA? 3% LL-ALPS-SO,H*
DMSO/H,0**® CeCly7 HO/Nal™ H,, Pd/C*® Ac-ClI/MeOH™ decaborane™® Cu(OTf),/Ac,0%°
H,, Pd/C™ CeCls7 HyO/Nal>® Ce(OTf),, THF/H,0™ PdClg(CHgCN){m
CeCly7 H,0°' InCly>" Zn(BFy),” ZnBr,, H,0®
ZrCly/Ac,0°® TBAF”' HF—pyr™**' H,, Pd/C*** 1/KOH™®
1,/MeOH"® Br,/MeOH”® IBr”® CCl,/MeOH)))***
Bu,NBry/MeOH’’ LiC/DMF*®
TMS-OTf/HCO,DPMsilica gel™
1° TIPS TMS-OTf/HCO,DPMssilica gel®
1° TBDPS TBAF/HOAC "% KOH'® HF-pyr'*” TBAF"'
NaOH®09433 Bu4NOH4q
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AgNO3/KCN has been used to effect protiodesilylation of
alkynyl silanes in the presence of 2° TBS ethers.*?3 In the
total synthesis of (+)-phorboxazole A, alkynylsilanne 162
was treated sequentially with AgNO; and KCN in an
ethanol—water mixture to deprotect the terminal alkyne
without affecting a 2° TBS ether (Scheme 79).%*

OMe

AgNO3;, KCN
—_—
EtOH, H0

162
OMe

163, 75%

Scheme 79.

8.2. Selective protiodesilylation

When a compound contains two terminal alkynes, the
attachment of different silyl groups allows for selective
protiodesilylation. Not surprisingly, given the lability of
alkynyl trimethylsilanes, the TMS group is the silyl group
that is removed while the more robust TIPS group survives
intact. Thus, treatment of bis-silaendiyne 164 with K,CO3
in MeOH at 50° affords the monodeprotected endiyne in
good yield (Scheme 80).4%4

TIPS TIPS

N\ KoCO N\

N\ _KLOs N

(o}
\\ MeOH, 50 \\
TMS
164 165, 97%

Scheme 80.

Similar results were achieved when NaOH in EtOH/H,O
was used in the selective protiodesilylation of a TMS-
protected alkyne in the presence of a TIPS-protected
alkyne.*?

Selective protiodesilylation of an alkynyl trimethylsilane
in the presence of another was effected by treatment of
CaCO; in MeOH.*? The reaction required careful
monitoring to avoid double deprotection and considerable
amounts of unreacted starting material were recovered
and reused.

9. Summary

The challenge of increasingly complex synthetic targets
points to the continued use of protection/deprotection
protocols in synthetic organic chemistry. Although the
more traditional methods of deprotection of silyl ethers such
as acid- and fluoride-mediated techniques are still widely
used and often allow excellent chemoselectivity, the

Table 5. Deprotection of 1° silyl ethers in the presence of a 2° silyl ether

In the presence of:
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2° TBDPS

2° TIPS
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2° TMS

NaHCO367 Swern

HOAc*

212

212
2

1° TMS

Conditions

Swern Conditions
Swern Conditions

Citric acid” TsOH'"
TMS-OT{/i-Pr,NEt'®’
TMS-OTf/Et;N/MeOH""!

TMS-OT{/i-Pr,NEt'®’
HFApyr67'254 LiOH

47 TBAF/HOAC'®

146,147 1112169
HF

3 HF/pyr
TBAF

HCll 15 HBl'/PPh}‘ 14 CSA47,I 12,155
TMSOTS/i-Pr,NEt'®’

PPTS” TFA'"!

_ I‘(ﬂ
o

HF
183

cSA* ppTs'"’
HBr/PPh;'™*
HOACI 16,435

2

1° TES

KF'” Swern Conditions>"*

TBAFI‘)SA]QS KF”

TBAF/HOAc
LioH"

HOAC92 CSA30,101,102,429

-91

HCIIOZ, 454 H SO4]09 HOAC87

137 118-120 9.15,36,37.94,121-124,129,145,329,337.437 - 441
HCI”" HOAc CSA

106,212,213

Swern Conditions
5y
124
—pyr

CrO3
HF

1° TBS

;b: 5
z fs
S8 .8 z
SEei=t
g E883
a4 DA
ESEF0
- BENg A
S Qg Lo
Ty
EELZS
e 2 2= 8
B BN,
B s o
L2598
TIZOMO

PPT396499 TSOH99 104,105

CSAS 1 5.36.37,34‘103,145,455 PPTS 100

2

PPTSI4.43,123— 129 Ts()]_132.130,]4] TSOH/BU4NHSO414

CSA™®

3
)
L —
7%
2 T 3
e O a.
gt A o
g 2 2
E::g z
Qs Ee 3
¥ 30 <
zz a3 )
= S« =
S 52 @ o
T e o
Sddas &
ETLeE &
o 2
g% S5
gif Eo
2 o2
cmz%mg =2
L] =
T E50kS
<8 B =
el Eon—q)
C 2
ET 7 225
Ow &2 O %
=2 éw o0
OF gm 2
3 EERZS
i3 =300
e IS
O < 8- <
Iz @7 &
O = 8< Q
LT 8 EhsS
5% WSS
3T Sw AR
2 o
28 02
s32 Z02
T2 2
5 T aS,
¢ % B S g%
2z "i,m”:zo
- RSN = <
52 F@ 33
= Ten v AMAT
g 20 Wy ©
L EA Y
DR < <Em
HFZITEOOH
v
&
&
=
=

POCI;-DMF*'” (CF;S0,),0-DMF*'”

5859
2
T
:N
235
£ A
oi
v
)
R
222
g Q
I oA
Y
2
v Mm
OR<
20@
%
29
zZ3
<=
Oz
5 S
L2
Og
O—H
2z
o
&
OZ

TBAF/HOAC7,12,4",9,(1)42,150,1744178 TBAF148,158,457 TAS—F190 NaH,
21

NH,F'***° NaOH/DMPU*"” KOH/18-C-6>"®

propargyl alcohol

TBAF/HOAc'™'"®
NaOH/DMPU"’

1° TBDPS



5860 R. D. Crouch / Tetrahedron 60 (2004) 5833-5871

development of new methods fill specialized roles and may
allow for selective desilylation without unwanted side
reactions.

The effect of changing the electronic environment on the
silyl group can be profound in affecting the selectivity in

deprotection reactions. But, with the exception of alkoxy-

Table 6. Deprotection of 1° silyl ethers in the presence of a 3° silyl ether

substituted silyl protecting groups, this remains an open area
of research. Similarly, neighboring groups can mediate the
delivery of reagents to specific silyl ethers and allow for
selective deprotection. But, this has been largely
unexploited with the exception of neighboring carbonyl
groups directing the selective deprotection of aryl silyl
ethers in the presence of other aryl silyl ethers.

Deprotection of:

In the presence of:

3° TMS 3° TES 3° TBS 3° TIPS 3° TBDPS
1° TMS
1° TES CSAZ7228 ppTS'7 HE—pyr?>+30! Amberlyst-157° TBAF/HOAc** HOAc™?
lo TBS HF231,232 CSA228,229 HF_pyr94,149,164,233 CSA30,226.429 HF_Pyr449 TBAF/HOAC234
TBAF*® Oxone'*
1° TIPS TBAF? SiF,***
1° TBDPS TBAF/HOAc'”® TAS-F*3

Table 7. Deprotection of 2° silyl ethers in the presence a 1° silyl ether

Deprotection of:

In the presence of:

1°TMS  1° TES 1° TBS 1° TIPS 1° TBDPS
2° TMS TsOH?*! TBAF!? HOAC*® CSA?* TsQH?37240242
citric acid'®* BF;-OEt,**® TMS-OT{'®°
H,SiF'®
NaOH**
20 TES HF—pyr“ HCl252 HOACZOS HOACZIO CSA459 PPTS460 TSOH37.243,244,460
Iz/AgZCO3265,266 CSA38155 ppTg248 HC]!8-160250251 HZSO4253 BF3—OEt237‘460
Pd/C, MeOH***>  H,S0,*® PhyP-HBr® Et;N-HF?7 HF—pyr?> TBAF?60460
TBAF/NH,CI?®  HF-pyr*”*"?* HE-Et;N*°  2,4,4,6-tetrabromo-2,5-cyclohexadienone/PPhs*> H,, Pd/C?%
H,, Pd/C?? ZnBr,, H,0%
2° TBS MnO,/AICL* CSAS H,SiFs2%® PPTS'32247 TMS-OT1/Et;N°' TMS-OTt'322%
Cu(OTf)»/Ac,0% InCl5>7 LiAIH,21461 1B2%7
P,05/(MeO),CH,"*° LiCI/DMF®® polymeric DCKA®!
ZnBr,, H,0 Zn(BE,),*°
2° TIPS
2° TBDPS

Table 8. Deprotection of 2° silyl ethers in the presence another 2° silyl ether

Deprotection of:

In the presence of:

2° TMS 2° TES 2° TBS 2° TIPS 2° TBDPS
2° TMS Si0,-CINal**®  HF—pyr'64+3%! HOAc?®!282 ppTs?7* TBAF'* KF" K,CO,%43%
TBAF'”® KF?" TsOH?*2 CSA?7 NaOH** H,SiF,'** NalO,**
HF_pyrl64.301 HF/E[3N3“
BF:-OF¢, 62463
K éO 32%—325 TBAF333
2 17,2%7
20 TES TSOH464 TFA279,299 HCl290,291 HOAC208,283,284 PPTS94,275 H SO 38 HCIZBQ HOACZOS,ZSS
HFipyrl64,301 CSA 55248 7O 47 TEA280 Hngyr"é’”s'”é HE®'S TBAF?31:332
TBAF/HOAc!%3 PPTS247:268-273.276,277 T p 278,279,299 NH4F436 Zn(OTf), JEtSH*63 K2CO3469 NaIO4344
(NH4)HF2322 HE—pyr7-115:116,164,255,301,303,304 Amberlyst—15468
TBAF114.329 KF17 HF-EI3N“7'312 HF314
NaOH/DMPU?"’ Zn(OTf),/EtSH*® TiCl5(0-iPr)*¢®
TBAF/HOAC183,321 TBAFI 14,210,328-330
KF'” NaOH/DMPU*"” MCM-41%
PdCl,/CuCl/H,0*¢”
2° TBS TBAF304 HZSO4470 CSAI83,300 HF_pyr310,47l HC]294,295 CSA94'293 HC1296’297 HOAC286—288
HFSI() BF3-OEI2472 HF317.318 Et3N—3HF313 PPT3192,292 HF_pyr6,307
TBAFQ,IZ],122,167,168,276,277,336—342,473 HzSiFﬁ/Et3N3zo TBAFSS TMS_OTf152,259
P,05/(MeO),CH,"'*° MnO,/AICI;* BF;-OEt,*"™
145 306 334,335 317,318 SC(OT9&431367 NaIO4344
2° TIPS TsOH'* HF/Et;N?%® TBAF*** HF!7 NalO,

LiAIH,*¢
2° TBDPS
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Table 9. Deprotection of 2° silyl ethers in the presence of a 3° silyl ether
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Deprotection of: In the presence of:
3° TMS 3° TES 3° TBS 3° TIPS 3° TBDPS
20 TMS CSA346 HF_pyr164,301 KF17.207
20 TES HCIZ‘)O,ZQ] PPTS347 HF_pyr47,164,301 TBAF] 14,351 HCI349 TfOH348
2° TBS TfOH>*® HF?°
2° TIPS
2° TBDPS
Table 10. Deprotection of 3° silyl ethers in the presence of a 1° silyl ether
Deprotection of: In the presence of:
1° TMS 1° TES 1° TBS 1° TIPS 1° TBDPS
3° TMS HCI?>® BH;-SMe,>’ HCI*? PPTS>? HCI1'%® HOAC®> BF;-OEt,>%240 K,C0,'%®
3° TES TBAF/NH,CI>® HF-Et;N**® TBAF>%¢ TBAF*®
3° TBS
3° TIPS
3° TBDPS
Table 11. Deprotection of 3° silyl ethers in the presence of a 2° silyl ether
Deprotection of: In the presence of:
2° TMS 2° TES 2° TBS 2° TIPS 2° TBDPS
3° TMS HC1'%8355 HE31® TBAF/HOAC®® BH5-THF*® K,CO;'%® TBAF/HOAc™® H,SiF¢'%3% K,C05*!!
3° TES HF-Et;N''7312 TBAF/HOAC>® TBAF/HOAc>®
3° TBS TBAF/HOAc*® TBAF/HOAc*®
3° TIPS
3° TBDPS
Table 12. Deprotection of aryl silyl ethers in the presence of an alkyl silyl ether
Deprotection of: In the presence of:
RO-TMS 1° TBS 2° TBS 1° TBDPS 2° TBDPS

ArOTMS BiCl;%? Bi(O,CCFs;);°? Si0,’"7

Bi(OTf);*> PIFA-MK10**?
ArOTES
ArOTBS TBAF®308:390-392 prpz. A1203386 CSA3S TBAF08:393.394 Zn(BF4)260 TBAF395:396

CsF, RX, DMF*® K,C0,%78 K>CO5>"® CsF/CH;CN338 NaOH/TBAH3%?

CsCOs, 1t*”? ENO*** LiOoH! Et;NO*** NaOH/TBAH?®?

NaOH/TBAH**? KOH>**° KOH*¥!' LiOH/RX/DMF>%?

LiOH/RX/DMF>#? TMG?# KF-AL,05%%7

PIFA-MK10**> DMSO/H,0*%®
ArOTIPS PIFA-MK10*** NaOH>» TBAF**” NaOH?"

ArOTBDPS PIFA-MK10%*? TMG?®

TMG385
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Table 13. Deprotection of alkyl silyl ethers in the presence of an aryl silyl ether

Deprotection of: In the presence of:

ArOTMS ArOTES ArOTBS ArOTIPS ArOTBDPS

ZnBr,/H,0*°
ZnBry/H,0*°

ZnBr,/H,0>°
ZnBry/H,0*°

ZnBry/H,0*°

PPTS**? BiBry/Et;SiH>"?

ZnBry/H,0*°

PPTS*®! Nafion-H/NaI*%
LL-ALPS-SO;H*’ AcC/MeOH>*
TMS-CI/H,0%¢* TMS-CI/Nal/H,0%¢*
Me,SBr,>% TBSOTYf, THPOAc"®
BiBry/H,O/CH;CN>*° BiCl;/NaI*®®
CeCl3-7H,0%"! CuOTf, Ac,0%¢
Sc(OTf)3/H,0*%" ZnBry/H,0° InCl5>’
ZrCly/Ac,0® decaborane™® Ce(OTf),,
THF/H,0> CBr,, MeOH??! 1,/MeOH?"?
CAN/Si0,%'® Oxone/MeOH'** H,, Pd/C374,
CAN/SiO,>!®

Nafion-H/Nal*®® BiBry/H,O/CH;CN>¢°
BiCly/NaI’®® CeCly-7H,0°7" ZnBry/H,0*°
TEA®? InCl15°” Me,SBr,>%

1° TES Pd/C, MeOH?%*

2° TES
1° TBS HCI*"® ZnBry/H,0>°

HF—pyr*®® BF;-OEt,*"
InCly*” BiOClO4*"7

ZnBry/H,0°° ZrCly/Ac,0®

2° TBS TFA3® ZnBry/H,0*° ZnBry/H,0*°

1° TIPS CBry, MeOH??! 1,/MeOH?"?

1° TBDPS Sc(OTf)3/H,0%%7 CBry,

MeOH?**! I,/MeOH*7?

Table 14. Deprotection of aryl silyl ethers in the presence of another aryl silyl ether

Deprotection of: In the presence of:

ArOTMS ArOTES ArOTBS ArOTIPS ArOTBDPS
ArOTMS
ArOTES
ArOTBS SbCl5**? KF-ALO5**" CClyMeOH*"' NaClO,, NaH,PO,, pyridine*® HCI*®
ArOTIPS
ArOTBDPS
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Abstract—New 1,3,4-substituted pyrrolo[3,2-c]quinoline derivatives were synthesised in good yields by oxidative heteroannulation of
internal imines starting from easily prepared substituted 5-(2-aminophenyl)pyrroles and commercially available aryl and heteroaryl
aldehydes. The reaction occurs as a one-pot process involving an intramolecular acid catalysed reaction.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

For many years, the pyrrolo[3,2-c]quinoline ring system (I,
Scheme 1) has been known as a core structure unit of
bioactive molecules of either synthetic! or natural source.?
Several derivatives of such a tricyclic angular heterocycle
possess a wide spectrum of biological activities,? including
most notably antitumor properties,* gastric (H*/K™*)-
ATPase inhibitor,> hypotensive,® anti-inflammatory activi-
ties” and others. The relatively recent isolation of this
framework from the organic extracts of Martinella
iquitosensis roots, which evidenced antagonist properties
against bradykinin receptors,® renewed interest has attracted
several research groups to plan new synthetic approaches.
The wide potential of such a skeleton along with our interest
in targets featuring nitrogen containing aromatized poly-
cyclic structures prompted us to develop an alternative

R Me

H
M
S
o 2
NbLLL)\ R3 N H R

I

Scheme 1. Disconnection approach of the pyrrolo[3,2-c]quinoline core.

Keywords:  Pyrrolo[3,2-c]quinoline  derivatives; Intramolecular
heteroannulation; Internal imines, NMR chemical shifts.
* Corresponding author. Tel.: +39-091-680-93-68; fax: +39-091-680-93-
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synthetic route, so as to further investigate the interaction of
such molecules with DNA.

A perusal of the literature highlights a large number of
different synthetic pathways to such rings. However, only a
few convenient cases concern entirely planar aromatic ring
systems; such as those concerning the Fischer-indole
synthesis,” metal mediated reactions,"'® and aryl radical
cyclization onto pyrroles.!!

As an extension of our ongoing work in the field directed to
the development of new synthetic approaches to polycyclic
nitrogen heterocycles,'? as well as exploration of their
biological and structural properties, we report here an
alternative and convenient pathway leading, in good yields,
to a series of new substituted pyrrolo[3,2-c]quinoline
compounds.

The retrosynthetic approach proposed is illustrated in
Scheme 1. It involves a double disconnection at the central
pyridine ring to afford the 5-(o-aminophenyl) pyrroles II,
which in turn would arise from the corresponding 1,4-
diketone III and alkyl, aryl, heteroaryl amines simply
formed by a Paal-Knorr reaction. Precursors III were easily
synthesized according to the literature procedures!3'#
modified by us to achieve higher yields (see Section 4).
Such a strategy, in combination with the possibility of using
a wide range of commercially available reactants, allows
functionalization of crucial positions of the pyrrole ring and
can be suitable in combinatorial chemistry for the synthesis
of a small library.

Reported synthetic pathways have mainly considered the
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construction of the pyrrolo[3,2-c]quinoline core starting
from a preformed quinoline moiety,'> fluorinated syn-
thons, !¢ substituted hydropyridine,'!” but limitations and/or
low overall yields are often encountered. Often, the
introduction of a specific substituent, especially in position
4 of the preformed skeleton, required laborious steps
coupled with drastic experimental conditions. Moreover, it
did not appear to offer much flexibility for preparing
derivatives with groups other than simple alkyl ones in the
4 position.'8

In this case, for our target molecules, we considered
o-aminophenylpyrroles II as strategic precursors. Although,
they have proved to be very versatile key intermediates,
leading to a wide variety of pyrrolo-fused heterocycles,'~22
to our knowledge, none of the previous synthetic pathways
explored their reactivity via imine formation and intra-
molecular cyclization. The only reported example involving
a carbonyl function concerned the use of formic acid, which
in boiling benzene cyclized to the dihydro-pyrroloquinazo-
line ring.'*

Here, we report our results on the development of a new and
convenient one pot access to the title ring system starting
from precursor II.

2. Results and discussion

The reaction sequence starts with the Paal-Knorr reaction
between 1,4-diketones 1a,b'*!* and commercial alkyl, aryl,

O M
o e
R? i)
NO

2

1a,b 2a-e
i)
R ' Me 7] R’\
N )\ N
X ~R? iii) N
® )
N=_3 NH,
H R
v o 3a-e
_H+
R[ Me R’\
N N
\ R2
A S
NTRS Nig
v 4a-f

R! Me
N \ R1 RZ RS
X R2
@ﬁj\ 1a CO,Et 78
NO, 1b COMe 92

heteroaryl amines, which under reflux (3—8 h) in acetic
acid, afforded the corresponding 5-(o-nitrophenyl)-1-sub-
stitued pyrroles 2a-e in 60—87% isolated yield. Reduction
with Pd/C in a Parr apparatus furnished the amino
derivatives 3a-e, in yields from good to excellent
(Scheme 2).

Treatment of the latter amines with a slight excess of
aldehydes in the presence of 15 mol% of p-toluenesulfonic
acid (p-TsOH) in DMF at 100 °C provided compounds 4a-f
in good yields (72-94%) within 3 h.

Such a result may be reasonably accounted for on the basis
of an intramolecular addition of pyrrole B-carbon on the
transiently formed protonated imine (IV) to give the
tricyclic intermediate (V), followed by spontaneous
dehydrogenation (Scheme 2).

Attempted isolation of the imines IV or the cycloadduct V
from the reaction as intermediates failed, even when
operating under milder reaction condition.?*> Only during
GC—MS monitorage of the reaction was a trace amount of a
peak corresponding to the mass of the supposed imine I'V or
the dihydro cycloadduct V detected. Probably, this fact
reflects the high reactivity of the internal nucleophile
(pyrrole C-3) which immediately evolves to the fully
aromatic system. It should be noted that isolation of the
oxidized aromatic derivatives was also observed even in
the presence of reductive condition,'! confirming that the
thermodynamic gain involved in the aromatization process
is relevant.

Yield%

2a Ph CO,Et 73
2b H COMe 80
2c Me COMe 87
2d Et COMe 60
2e Ph COMe 80
3a Ph CO,Et 95
3b H COMe 97
3¢ Me COMe 91
3d Et COMe 82
3e Ph COMe 85
4a Ph COEt Ph 84
4b H COMe Ph 85
4 Me COMe Ph 77
ad Et COMe Ph 84
4¢ Ph COMe Ph 94
4 Ph COMe 5Me- 72

Furan-2yf

Reagents and conditions: i) R'NH,, AcOH, reflux, 3-8h; ii) H,, 10% Pd/C, EtOH, rt, overnight;
iii) RRCHO, DMF, 100°C, 15 mol% p-TsOH within 3h.

Scheme 2. General procedure for the preparation of the novel pyrroloquinoline derivatives.
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H\ Me
N
. ~CoMe (V)
4>
NH,
3b

H Me COMe
N
\ I\
X COMe N Me
+
N” Ph l}l/kPh
H
ab (85%) 5 (2%)

Reagents and conditions: (iv): PhCHO 1.1 eq, 15 mol% p-TsOH, DMF, 100°C, 2.5h.

Scheme 3. Formation of the competitive pyrrolo[1,2-c]quinazoline ring.

It is interesting to note the key step of this sequence is
strongly related to a variant of the well-known Mannich
reaction, and in particular the Pictet-Spengler condensation,
which also features the first step on intramolecular addition
of the position 3 of an indole derivative onto an in situ
generated iminium ion.?*

When the pyrroloaniline 3b was treated with PhCHO under
the same experimental conditions as before (Scheme 3), the
expected compound 4b was isolated as major product (85%)
along with traces of the cycloadduct 5,6-dihydro-
pyrrolo[1,2-c]quinazoline derivative 5 (2%) which appears
to result from competitive NH pyrrole addition on the
intermediate protonated imine.

In fact, besides the expected signals, the 'H NMR spectrum
of compound 5 exhibited a singlet at 6y 6.62 ppm related to
the dihydro pyrimidine CH together with another singlet at
oy 7.06 ppm relative to the pyrrole CH. The signals for the
corresponding carbon atoms in the '*C NMR spectrum were
found at 8¢ 65.51 and 103.81 ppm, respectively.

In an attempt to introduce heteroaryl moieties on position 1,
commercial 3-amino-5-methyl pyrazole was reacted with
triketone 1b (Scheme 4). Upon heating under reflux in acetic
acid, a major compound (60% yields) with a peak m/z of 324
in the mass spectrum was isolated from the reaction mixture.
NMR data of this product excluded the expected 1-pyrazol-
2-yl pyrrole derivative 2g. In fact, besides the signals for the
(2-nitrophenyl) group, 'H NMR spectrum showed a singlet
at oy 6.36 ppm related to one proton, with a signal for the
corresponding carbon atom at 8¢ 94.30 ppm in the '3C
NMR spectrum, attributable to a pyrazole CH. Furthermore,
the presence of a methylene group was also evidenced by a
singlet at 8y 4.57 ppm integrated for two protons in the 'H
NMR spectrum and by the corresponding carbon atom
signal at 8¢ 41.22 ppm in the '3C NMR spectrum, confirmed
by DEPT experiments.

Usually, 1,4-diketones and 2-amino-azoles give rise to 4+1
cyclo-condensation.!?? In the case of triketone 1b, other types
of cyclo-condensation (343 or 44-3) could be envisaged.
So, compounds 6 or 7 could be formed, respectively.

0
NO.
2 i 3
N
7 ~NH
=N
2g

7
NO, O " - (Ngjklfi
6 (60%) 8 (85%)

Reagents and conditions: (v) AcOH under reflux, 8h; (vi) Hp, PAC 10%, EtOH, rt, 12h.

Scheme 4. Competitive 3+3 cyclo-condensation in the attempted preparation of 2g.
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Analysis of the NMR data allowed us to assign the structure
6 to the isolated product. Unequivocal assignment of the
signals was performed by 2D NMR experiments showing
both one-bond and long-range heteronuclear C—H corre-
lations. In addition to the one-bond correlation with the CH,
carbon atom, the methylene protons exhibited 2/ connec-
tions with C-6 and carbonyl carbon atoms and 3J
connections with C-5 and C-7 carbon atoms. Analogously,
besides the one-bond correlations, methyl protons exhibited
2] correlations with the related C-ipso carbon atoms and 3J
correlations with the C-ortho carbon atoms. Therefore, C-6
carbon atom showed correlations with 5-Me and 7-Me
protons, whereas C-3 carbon atom correlated with 2-Me
protons. Correlations of pyrazole proton with C-2 and C-3a
quaternary carbon atoms were also detected. Finally, the
signals of the (2-nitrophenyl) group showed the appropriate
correlations either interannular and to carbonyl carbon atom.

The same correlations were found in the 2D NMR spectra of
the amino derivative 8 in turn obtained by hydrogenation of
6. In this case, chemical shift variations |A8|=0.68 were
detected for '>C NMR signals of pyrazolo[1,5-a]pyrimidine
ring carbon atoms, with the exception of C-6 (Ad=+2.40)
and exocyclic methylene (Ad=—3.41) carbon atoms. As
expected, the (2-aminophenyl) group showed in the 'H and
13C NMR spectra the appropriate signals of the reduction
product of 6.

Additional support was furnished by the fragmentation
pattern as pointed out in the mass spectra of compound 6, in
which the base peak fragment at m/z 174, relative to the
stable pyrazolopyrimidine scaffold, was detected (Fig. 1).

[\j__
Mej;N/ y
|

[.ch N

+

Me
m/z 174

Figure 1. Base peak fragment observed at GC-MS (EI 70eV) for
compound 6.

The above example indicates that the hetero-functionaliza-
tion onto position 1 of the ring is strictly dependent on the
nature and the reactivity of the heteroaryl amino species
involved in the first reaction step. Thus, the simultaneous
presence of supplementary nucleophilic site can divert from
the expected 441 cyclo-condensation. Anyway, suitable
hetero-aromatic amines could be employed at this
purpose. 230

3. Conclusions

In summary, the above presented study allows easy access
to fully aromatic pyrrolo[3,2-c]quinoline derivatives. This
new approach is operationally simple and makes use of
commercial available starting materials such as alkyl, aryl
or heteroaryl amines concerned in step (i) and aryl or
heteroaryl aldehydes?> involved in step (iii). In contrast to
previous methods, this new pathway allows convenient

introduction onto position 1, 3 and 4 of the title ring system
a variety of selected functional groups, which in turn are
useful for structure—activity relationships studies or may be
susceptible of further synthetic development. Although
some limitation could be encountered, as observed for the
cyclo-condensation of 3-aminopyrazole, the ready avail-
ability of the starting materials and ease of this procedure
make this method ideal for an alternative new access to fully
aromatic pyrrolo[3,2-c]quinoline derivatives.

4. Experimental
4.1. Materials and general methods

Unless otherwise specified, materials were purchased from
commercial suppliers (Aldrich) and used without further
purification. Acetic acid was distilled from acetic anhydride
(3%, wi/v) under argon Analytical thin layer chromato-
graphy was performed on Merck precoated silica gel (60
F»s4) plates and column chromatography was accomplished
on Merck silica gel 230—400 mesh (ASTM). Melting points
were determined with a Buchi-Tottoli capillary apparatus
and are uncorrected. IR spectra were determined in bromo-
form with a Jasco FT-IR 5300 spectrometer. 'H and '3C
NMR spectra were recorded on a Bruker AC 250
spectrometer operating in FT mode in DMSO-d¢ solutions
at 250.13 and 62.89 MHz, respectively. 'H and '3C
chemical shift values are given in ppm relative to TMS
(as internal standard) and DMSO-dg (centered at 39.50 ppm
downfield from TMS), respectively. Coupling constants
values are in Hz. '3C chemical shift values were measured
from proton fully decoupled spectra. Signals assignment
was made on the basis both of known substituent effects and
of one-bond multiplicities (indicated in parentheses)
determined by DEPT-135 and confirmed by 2D CH
correlation experiments, using the standard Bruker pulse
sequences XHDEPT.AUR and COLOC.AUR, for one-bond
and long-range C,H interactions, respectively. Mass spectra
(EI) were collected on a GC-MS-QP5050A Shimadzu mass
spectrometer with ionization energy of 70 eV. Elemental
analyses were performed on a Perkin—Elmer 240 °C
elemental analyzer and the results were within +0.3% of
the theoretical values. Yields refer to purified products and
are not optimized.

Analytical and spectroscopic data for compounds 1a,b were
consistent to those previously reported.'*!'# The yield of
compound 1b was optimized to 92% with respect to the
reported 50%'3 by using the following modified procedure.
To a solution of sodium ethoxide (80 mmol) in absolute
ethanol (100 ml), acetylacetone (80 mmol) was added
dropwise cooling with an ice-bath. After 1 h, the mixture
was allowed to rt and the 2-nitrophenacyl bromide was
added in small portions within 40 min. The reaction mixture
was stirred at rt for 3 days and then quenched with 150 ml of
water. A white solid was formed and was recrystallized
from ethanol.

4.2. General method for the preparation of 5-(o-nitro-
phenyl)-1,3-substituted pyrroles (2a—e)

According to the procedure described'? for 2a—e, to a
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solution of la,b (10 mmol) in acetic acid (40 ml), the
corresponding amine (10 mmol) was added. The mixture
was heated under reflux for 3—8 h until disappearance of
reactants (TLC monitorage). After cooling, the resultant
solution was poured onto crushed ice. The so formed
solid was filtered off, air-dried and recrystallized from
ethanol.

Analytical and spectroscopic data for compounds 2a—c,e
were coincident to those previously reported.'3142021 Most
detailed 'H and '3C NMR data, together with MS data, not
previously reported, are now described.

4.2.1. 3-Acetyl-2-methyl-5-(2-nitrophenyl)-1H-pyrrole
2b. Yield 80%; white crystals, mp 206—-207 °C [lit.!*> mp
208 °C]; 6y 11.75 (1H, s, exchangeable with D,O, NH),
7.92 (1H, d, J 7.5 Hz, H-3'), 7.74-7.64 (2H, m, H-5' and
-6), 7.51 (1H, t, J=7.5 Hz, H-4), 6.60 (1H, s, H-4), 2.49
(3H, s, 2-Me), 2.32 (3H, s, COMe); 8¢ 193.28 (s, CO),
147.52 (s, C-2/), 136.56 (s, C-2), 132.50 (d, C-5'), 130.32 (d,
C-6'), 127.94 (d, C-4'), 125.62 (s, C-1"), 124.03 (d, C-3),
123.80 (s, C-5), 121.76 (s, C-3), 110.33 (d, C-4), 28.30 (q,
COMe), 13.41 (q, 2-Me); m/z (EI) 244 (100, M), 229 (43),
183 (55), 77 (39), 43 (70%).

4.2.2. 3-Acetyl-1,2-dimethyl-5-(2-nitrophenyl)-1H-
pyrrole 2c. Yield 87%; orange crystals, mp 115-116 °C
[1it.2° mp 116-117 °C]; 8y 8.07 (1H, d, J=8.1 Hz, H-3'),
7.79 (1H, t, J=7.4 Hz, H-5), 7.69 (1H, dd, J=8.1, 7.4 Hz,
H-4"),7.57 (1H, d, J=7.4 Hz, H-6'), 6.52 (1H, s, H-4), 3.27
(3H, s, NMe), 2.52 (3H, s, 2-Me), 2.28 (3H, s, COMe); 6¢
193.36 (s, CO), 149.45 (s, C-2'), 135.97 (s, C-2), 133.46 (d,
C-6'), 133.01 (d, C-5), 129.85 (d, C-4), 127.02 (s, C-5),
126.05 (s, C-1), 124.08 (d, C-3'), 120.34 (s, C-3), 110.26 (d,
C-4), 31.06 (q, NMe), 28.23 (q, COMe), 11.41 (q, 2-Me);
m/z (EI) 258 (96, M ™), 243 (80), 196 (81), 77 (64), 56 (100),
43 (86%).

4.2.3. 3-Acetyl-1-ethyl-2-methyl-5-(2-nitrophenyl)-1H-
pyrrole 2d. Yield 60%; white crystals, mp 133-134 °C;
[found: C, 66.29; H, 5.94; N, 10.27. C;5H,4N,O5 requires C,
66.16; H, 5.92; N, 10.29%]; vpax 1643 (CO), 1527 and 1348
(NO,) cm™ !5 8y 8.05 (1H, d, J/=7.8 Hz, H-3"), 7.78 (1H, t,
J=7.2 Hz, H-5), 7.69 (1H, dd, J=7.8, 7.2 Hz, H-4"), 7.60
(1H, d, J=7.2 Hz, H-6/), 6.46 (1H, s, H-4), 3.77 (2H, q,
J=7.1 Hz, CH,Me), 2.55 (3H, s, 2-Me), 2.26 (3H, s, COMe),
1.04 (3H, t, J=7.1 Hz, CH,Me); 6¢c 193.37 (s, CO), 149.93
(s, C-2"), 135.02 (s, C-2), 133.48 (d, C-6), 132.68 (d, C-5),
129.99 (d, C-4'), 126.02 (s, C-1"), 125.92 (s, C-5), 123.91 (d,
C-3"), 120.60 (s, C-3), 110.55 (d, C-4), 38.64 (t, CH,Me),
28.21 (q, COMe), 15.09 (q, CH,Me), 11.28 (q, 2-Me); m/z
(EI) 272 (100, M), 257 (33), 210 (25), 77 (21), 70 (71), 43
(70), 42 (91%).

4.2.4. 3-Acetyl-2-methyl-5-(2-nitrophenyl)-1-phenyl-1H-
pyrrole 2e. Yield 80%; yellow crystals, mp 137-138 °C
[1it.2° mp 138 °C]; 8y 7.82 (1H, d, J=8.0 Hz, H-3'), 7.61
(1H, t, J=7.3 Hz, H-5"), 7.49 (1H, dd, J=8.0, 7.3 Hz, H-4),
7.45 (1H, d, J=7.3 Hz, H-6), 7.39-7.33 (3H, m, NPh H-3,5
and -4), 7.14 (2H, dd, J=1.9, 1.6 Hz, NPh H-2,6), 6.79 (1H,
s, H-4), 2.39 (3H, s, COMe), 2.33 (3H, s, 2-Me); 6c 193.81
(s, CO), 148.72 (s, C-2), 136.35 (s, C-2),135.84 (s, NPh
C-1), 133.43 (d, C-6'), 132.71 (d, C-5), 129.30 (d, C-4"),

129.16 (d, NPh C-3,5), 128.45 (d, NPhC-4), 128.02 (d, NPh
C-2,6), 128.02 (s, C-5), 126.23 (s, C-1'), 123.84 (d, C-3)),
121.29 (s, C-3), 111.07 (d, C-4), 28.53 (q, COMe), 12.55 (q,
2-Me); m/z (EI) 320 (59, M), 305 (15), 261 (49), 228 (72),
186 (44), 118 (91), 77 (100), 51 (42), 43 (78%).

4.3. General method for the preparation of 5-(2-amino-
phenyl)-1-substituted-pyrroles (3a—e)

According to the procedure described'® for 2a—c,e com-
pound 2d was reduced overnight with hydrogen (50 psi)
over 10% Pd—C in ethanol in a Parr apparatus at room
temperature. The catalyst was filtered off and the solvent
evaporated under reduced pressure. The obtained solid was
recrystallized from ethanol.

Analytical and spectroscopic data for compounds 3a—c,e
were coincident to those previously reported.!3:1420:21 Most
detailed 'H and '3C NMR data, together with MS data, not
previously reported, are now described.

4.3.1. 5-(2-Aminophenyl)-3-ethylester-2-methyl-1-phe-
nyl-1H-pyrrole 3a. Yield 95%; orange crystals, mp 154—
155 °C [lit.! mp 153 °C]; 8y 7.35-7.30 (3H, m, NPh H-3,5
and -4), 7.24 (2H, dd, /=7.8, 2.2 Hz, NPh H-2,6), 6.86 (1H,
ddd, J=8.0, 7.6, 1.3 Hz, H-4), 6.69 (1H, dd, J/=7.6, 1.3 Hz,
H-6), 6.54 (1H, dd, J=8.0, 0.8 Hz, H-3'), 6.49 (1H, s, H-4),
6.31 (1H, td, J=7.6, 0.8 Hz, H-5'), 4.81 (2H, s, exchange-
able with D,O, NH,), 4.22 (2H, q, J/=7.1 Hz, CH,Me), 2.30
(3H, s, 2-Me), 1.28 (3H, t, J=7.1 Hz, CH,Me); 6c 164.56 (s,
CO), 147.14 (s, C-2'), 137.26 (s, NPh C-1), 136.36 (s, C-2),
131.50 (d, C-6'), 130.52 (s, C-5), 128.71 (d, NPh C-3,5),
128.61 (d, C-4'), 128.05 (d, NPh C-2,6 and -4), 116.04 (s,
C-1), 115.26 (d, C-5), 114.29 (d, C-3'), 111.61 (s, C-3),
109.52 (d, C-4), 58.82 (t, CH,Me), 14.45 (q, CH,Me), 12.35
(g, 2-Me); m/z (EI) 320 (100, M™), 275 (31), 274 (44), 130
(44), 118 (57), 77 (33), 51 (12%).

4.3.2. 3-Acetyl-5-(2-aminophenyl)-2-methyl-1H-pyrrole
3b. Yield 97%; white crystals, mp 130-131°C [1it.'3
mp132 °CJ; 8y 11.39 (1H, s, exchangeable with D,O, NH),
7.20 (1H, dd, J=7.5, 1.3 Hz, H-6'), 7.00 (1H, ddd, J=7.9,
7.5, 1.3 Hz, H-4"), 6.78 (1H, dd, J=7.9, 1.0 Hz, H-3'), 6.69
(1H, s, H-4), 6.63 (1H, td, J=7.5, 1.0 Hz, H-5'), 5.02 (2H, s,
exchangeable with D,O, NH,), 2.49 (3H, s, 2-Me), 2.34 (3H,
s, COMe); 8¢ 193.61 (s, CO), 144.90 (s, C-2), 134.77 (s,
C-2), 127.92 (d, C-6'), 127.49 (d, C-4'), 127.12 (s, C-5),
121.14 (s, C-3), 116.94 (s, C-1), 116.50 (d, C-5'), 115.56 (d,
C-3'), 108.52 (d, C-4), 28.40 (q, COMe), 13.35 (q, 2-Me);
m/z (EI) 214 (100, M), 199 (85), 172 (69), 171 (73), 100
(82), 77 (31), 43 (32%).

4.3.3. 3-Acetyl-5-(2-aminophenyl)-1,2-dimethyl-1H-pyr-
role 3c. Yield 91%; white crystals, mp 134—135 °C [lit.2!
mp 135 °C]; 8y 7.09 (1H, ddd, J=8.0, 7.3, 1.1 Hz, H-4),
6.95 (1H, dd, J=7.3, 1.1 Hz, H-6), 6.76 (1H, d, J=8.0 Hz,
H-3"), 6.59 (1H, t, J=7.3 Hz, H-5), 6.44 (1H, s, H-4), 4.81
(2H, exchangeable with D,0, NH,), 3.26 (3H, s, NMe), 2.51
(3H, s, 2-Me), 2.30 (3H, s, COMe); 8- 193.45 (s, CO),
147.19 (s, C-2/), 135.19 (s, C-2), 131.46 (d, C-6'), 130.00 (s,
C-5), 129.15 (d, C-4"), 120.12 (s, C-3), 116.17 (s, C-1"),
115.83 (d, C-5"), 114.55 (d, C-3'), 109.49 (d, C-4), 30.63 (q,
NMe), 28.28 (q, COMe), 11.63 (q, 2-Me); m/z (EI) 228 (90,
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M), 213 (100), 185 (52), 106 (64), 77 (23), 56 (51), 43
(26%).

4.3.4. 3-Acetyl-5-(2-aminophenyl)-1-ethyl-2-methyl-1H-
pyrrole 3d. Yield 82%; yellow crystals, mp 88-89 °C;
[found: C, 74.25; H, 7.51; N, 11.58. C;5HgN,O requires C,
74.35; H, 7.49; N, 11.56%]; vinax 3464 (NH,), 3366 (NH,),
1643 (CO)ecm™'; 8y 7.10 (1H, ddd, J=7.9, 7.5, 1.3 Hz,
H-4), 6.97 (1H, dd, J=7.5, 1.3 Hz, H-6), 6.75 (1H, d,
J=7.9 Hz, H-3), 6.60 (1H, t, J=7.5 Hz, H-5), 6.42 (1H, s,
H-4), 4.73 (2H, exchangeable with D,0, NH,), 3.70 (2H, q,
J=17.1 Hz, CH,Me), 2.53 (3H, s, COMe), 2.30 (3H, s, 2-Me),
0.98 (3H, t, J=7.1 Hz, CH,Me); 6¢c 193.71 (s, CO), 147.26
(s, C-2), 134.44 (s, C-2), 131.64 (d, C-6'), 129.39 (d, C-4"),
129.04 (s, C-5), 120.50 (s, C-3), 116.39 (s, C-1"), 115.99 (d,
C-5'), 114.58 (d, C-3'), 110.16 (d, C-4), 38.29 (t, CH,Me),
28.41 (q, COMe), 15.57 (q, CH,Me), 11.52 (q, 2-Me); mlz
(EI) 242 (100, M™), 227 (98), 199 (43), 99 (33), 77 (1), 43
(32%).

4.3.5. 3-Acetyl-5-(2-aminophenyl)-2-methyl-1-phenyl-
1H-pyrrole 3e. Yield 85%; yellow crystals, mp 151—
152 °C [lit.2! mp 153 °C]; 8y 7.40-7.32 (3H, m, NPh H-3,5
and -4), 7.24 (2H, dd, J=7.5, 1.9 Hz, NPh H-2,6), 6.88 (1H,
ddd, J=8.0, 7.3, 1.3 Hz, H-4'), 6.71 (1H, dd, J/=7.3, 1.3 Hz,
H-6'), 6.70 (1H, s, H-4), 6.59 (1H, dd, J=8.0, 1.0 Hz, H-3'),
6.33 (1H, td, J/=7.3, 1.0 Hz, H-5'), 4.93 (2H, s, exchange-
able with D,O, NH,), 2.41 (3H, s, COMe), 2.32 (3H, s,
2-Me); 8¢ 193.97 (s, CO), 147.03 (s, C-2), 137.02 (s, NPh
C-1), 13536 (s, C-2), 131.53 (d, C-6), 130.18 (s, C-5),
128.70 (d, NPh C-3,5), 128.60 (d, C-4'), 128.02 (d, NPh
C-4), 127.98 (d, NPh C-2,6), 120.77 (s, C-3), 116.13 (s,
C-1'), 115.33 (d, C-5'), 114.36 (d, C-3), 110.52 (d, C-4),
28.56 (q, COMe), 12.74 (q, 2-Me); m/z (EI) 290 (100, M),
275 (98), 247 (40), 130 (61), 118 (42), 77 (83), 51 (49%).

4.4. General method for the preparation of 1,3,4-
substituted-pyrrolo[3,2-c]quinoline derivatives (4a—f)

To a solution of aminopyrroles 3a—e (0.57 mmol), in DMF
(5 ml) commercial aldehydes (0.63 mmol) and catalytic
amount of p-TsOH (15 mol%) were added. After stirring at
100°C for 1-3 h, (TLC monitorage) the mixture was
allowed to reach room temperature. Evaporation of the
solvent under reduced pressure gave rise a dark residue
which was dissolved in dichloromethane (30 ml) and
washed with 3X10 ml of 5% aqueous NaHCOj3 solution.
The organic extracts dried with MgSO, and evaporated in
vacuo afforded a solid which was purified by column
chromatography (eluant dichloromethane/ethyl acetate, 9:1,
followed by recrystallization from ethanol).

In the case of aminopyrrole 3b, along with the compound 4b
obtained in 85% of yield, compound 5 was isolated in 2% of
yield.

4.4.1. 3-Ethylester-2-methyl-1,4-diphenyl-1H-pyr-
rolo[3,2-c]quinoline 4a. Yield 84%; white crystals, mp
273-274°C; [found: C, 79.62; H, 548; N, 6.87.
Cy7H2N,0, requires C, 79.78; H, 5.46; N, 6.89%]; Vmax
1709 (CO)cm™!; 8y 8.08 (1H, dd, J=8.0, 1.3 Hz, H-6),
7.78-7.74 (3H, m, NPh H-3,5 and -4), 7.71-7.61 (4H, m,
NPh H-2,6 and Ph H-2,6), 7.58-7.46 (4H, m, H-7 and Ph

H-3,5 and -4), 7.22 (1H, ddd, J=8.1, 7.4, 1.3 Hz, H-8), 6.88
(1H, dd, J=8.1, 1.1 Hz, H-9), 3.58 (2H, q, J=7.2 Hz,
CH,Me), 231 (3H, s, 2-Me), 0.74 (3H, t, J=7.2 Hz,
CH,Me); 8¢ 163.01 (s, CO), 151.86 (s, C-4), 144.07 (s,
C-5a), 141.89 (s, Ph C-1), 137.88 (s, C-2 and NPh C-1),
13533 (s, C-9b), 130.66 (d, NPh C-3.,5), 130.45 (d, NPh
C-4), 129.97 (d, C-6), 128.75 (d, NPh C-2,6), 128.29 (d, Ph
C-4), 128.05 (d, Ph C-2,6 and -3,5), 126.95 (d, C-7), 125.58
(d, C-8), 119.91 (d, C-9), 116.70 (s, C-3a), 115.97 (s, C-9a),
115.62 (s, C-3), 60.00 (t, CH,Me), 13.33 (q, CH-Me), 11.65
(q, 2-Me); m/z (EI) 406 (92, M*), 377 (100), 361 (61), 333
(46), 255 (13), 180 (19), 165 (34), 77 (20%).

4.4.2. 3-Acetyl-2-methyl-4-phenyl-1H-pyrrolo[3,2-
clquinoline 4b. Yield 85%; yellow crystals, mp 157-
158 °C; [found: C, 80.15; H, 5.39; N, 9.30. C5oH;¢N,O
requires C, 79.98; H, 5.37; N, 9.33%]; vmax 3225 (NH),
1647 (CO) cm™'; 8y 12.89 (1H, s, exchangeable with D,0O,
NH), 8.39 (1H, dd, J=7.6, 1.5 Hz, H-9), 8.06 (1H, dd,
J=8.0,1.3 Hz, H-6), 7.70-7.60 (4H, m, H-7, H-8, and Ph
H-2,6), 7.51-7.48 (3H, m, Ph H-3,5 and -4), 2.55 (3H, s,
2-Me), 1.58 (3H, s, COMe); 6c 196.85 (s, CO), 153.66 (s,
C-4), 143.25 (s, C-5a), 142.08 (s, Ph C-1), 138.98 (s, C-2),
135.26 (s, C-9b), 129.25 (d, C-6), 128.75 (d, Ph C-4),
128.59 (d, Ph C-3.5), 128.42 (d, Ph C-2,6), 127.22 (d, C-7),
125.99 (d, C-8), 120.84 (d, C-9), 117.74 (s, C-3), 116.14 (s,
C-3a), 116.08 (s, C-9a), 31.24 (q, COMe), 12.83 (q, 2-Me);
m/z (EI) 300 (64, M), 285 (75), 255 (27), 128 (100), 114
(30%).

4.4.3. 3-Acetyl-1,2-dimethyl-4-phenyl-1H-pyrrolo[3,2-
c]quinoline 4c. Yield 77%; yellow crystals, mp 184—
185 °C; [found: C, 80.31; H, 5.75; N, 8.93. C,;H3sN,O
requires C, 80.23; H, 5.77; N, 8.91%]; vnax 1651
(CO)em™!; &y 8.56 (1H, dd, J=8.0, 1.1 Hz, H-9), 8.11
(1H, dd, J/=7.8, 1.1 Hz, H-6), 7.70-7.55 (4H, m, J H-7, H-8
and Ph H-2,6), 7.51-7.47 (3H, m, Ph H-3,5 and -4), 4.13
(3H, s, NMe), 2.47 (3H, s, 2-Me), 1.51 (3H, s, COMe); ¢
197.76 (s, CO), 153.22 (s, C-4), 144.02 (s, C-5a), 141.73 (s,
Ph C-1), 139.26 (s, C-2), 134.70 (s, C-9b), 129.66 (d, C-6),
128.76 (d, Ph C-4), 128.54 (d, Ph C-3,5), 128.40 (d, Ph
C-2,6), 126.59 (d, C-7), 125.73 (d, C-8), 121.25 (d, C-9),
117.51 (s, C-3), 116.71 (s, C-9a), 115.70 (s, C-3a), 34.15
(q, NMe), 31.46 (q, COMe), 10.94 (q, 2-Me); m/z (EI) 314
(89, M), 299 (100), 283 (47), 255 (53), 127 (65), 114
(31%).

4.4.4. 3-Acetyl-1-ethyl-2-methyl-4-phenyl-1H-pyr-
rolo[3,2-c]quinoline 4d. Yield 84%; yellow crystals, mp
197-198 °C; [found: C, 80.37; H, 6.16; N, 8.50. C2,H,(N,O
requires C, 80.46; H, 6.14; N, 8.53%]; vpax 1667
(CO)em™!; &y 8.50 (1H, dd, J=8.0, 1.2 Hz, H-9), 8.17
(1H, dd, J=8.1, 1.1 Hz, H-6), 7.75-7.65 (4H, m, H-7, H-8,
and Ph H-2,6), 7.55-7.51 (3H, m, Ph H-3,5 and -4), 4.69
(2H, q, /=17.2 Hz, CH,Me), 2.54 (3H, s, 2-Me), 1.52 (3H, s,
COMe), 1.50 (3H, t, J=7.2 Hz, CH,Me); 6c 197.83 (s, CO),
152.95 (s, C-4), 142.80 (s, C-5a), 140.47 (s, Ph C-1), 139.20
(s, C-2), 133.94 (s, C-9b), 129.20 (d, C-6), 128.88 (d, Ph
C-4), 128.63 (d, Ph C-2,6), 128.58 (d, Ph C-3,5), 126.63 (d,
C-7), 125.46 (d, C-8), 121.10 (d, C-9), 118.12 (s, C-3),
116.05 (s, C-3a and C-9a), 40.61 (t, CH,Me), 31.46 (q,
COMe), 14.70 (q, CH,Me), 10.52 (q, 2-Me); m/z (EI) 328
(88, M), 313 (100), 285 (56), 255 (41), 128 (19%).
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4.4.5. 3-Acetyl-2-methyl-1,4-diphenyl-1H-pyrrolo[3,2-
c]quinoline 4e. Yield 94%; yellow crystals, mp 259-
260 °C; [found: C, 83.15; H, 5.37; N, 7.45. CyH,,N,O
requires C, 82.95; H, 5.35; N, 7.44%];. vy 1664
(CO)em™!; 8y 8.10 (1H, dd, J=8.0, 1.1 Hz, H-6), 7.78—
7.72 (5H, m, Ph H-2,6 and NPh H-3,5 and -4), 7.63 (2H, dd,
J=7.2,1.9 Hz, NPh H-2,6), 7.57-7.53 (4H, m, H-7 and Ph
H-3,5 and -4), 7.24 (1H, ddd, J/=8.0, 7.4, 1.1 Hz, H-8), 6.90
(1H, dd, J=8.0, 1.3 Hz, H-9), 2.20 (3H, s, 2-Me), 1.64 (3H,
s, COMe); 6c 197.72 (s, CO), 153.43 (s, C-4), 143.81 (s,
C-5a), 141.32 (s, PhC-1), 139.64 (s, C-2), 137.76 (s, NPh
C-1), 135.17 (s, C-9b), 130.59 (d, NPh C-3,5), 130.33 (d,
NPh C-4), 129.51 (d, C-6), 128.95 (d, PhC-4), 128.65 (d,
NPh C-2,6 and PhC-3,5), 128.47 (d, PhC-2,6), 127.06 (d,
C-7), 125.65 (d, C-8), 120.00 (d, C-9), 118.20 (s, C-3),
115.98 (s, C-9a), 115.90 (s, C-3a), 31.43 (q, COMe), 11.55
(q, 2-Me); m/z (EI) 376 (49, M™), 361 (100), 255 (8), 180
(16), 165 (17), 77 (11%).

4.4.6. 3-Acetyl-2-methyl-4-(5-methylfuran-2yl)-1-phe-
nyl-1H-pyrrolo[3,2-c]quinoline 4f. Yield 72%; yellow
crystals, mp 252-253 °C; [found: C, 78.69; H, 5.28; N,
7.38. Co5Hy9N>O, requires C, 78.93;H, 5.30; N, 7.36%];
Vmax 1672 (CO)cm™'; &y 8.02 (1H, dd, J=8.1, 1.1 Hz,
H-6), 7.76-7.73 (3H, m, NPh H-3,5 and -4), 7.63 (2H, dd,
J=7.1, 2.3 Hz, NPh H-2,6), 7.53 (1H, ddd, J=8.1, 7.0,
1.3 Hz, H-7), 7.19 (1H, ddd, J=8.2, 7.0, 1.1 Hz, H-8), 7.13
(1H, d, J=3.5Hz, Furanyl H-3), 6.84 (1H, dd, J=8.2,
1.3 Hz, H-9), 6.38 (1H, d, J=3.5 Hz, Furanyl H-4), 2.34
(3H, s, Furanyl-Me), 2.20 (3H, s, 2-Me), 2.01 (3H, s,
COMe); 6c 197.60 (s, CO), 153.09 (s, Furanyl C-5), 152.16
(s, C-4), 143.92 (s, C-5a), 143.16 (s, Furanyl C-2), 138.73
(s, C-2), 137.81 (s, NPh C-1), 135.13 (s, C-9b), 130.52 (d,
NPh C-3,5), 130.25 (d, NPh C-4), 129.45 (d, C-6), 128.69
(d, NPh C-2,6), 126.98 (d, C-7), 125.28 (d, C-8), 119.93 (d,
C-9), 117.99 (s, C-3), 116.09 (s, C-9a), 114.20 (s, C-3a),
111.30 (d, Furanyl C-3), 108.71 (d, Furanyl C-4), 31.34 (q,
COMe), 13.26 (q, Furanyl-Me), 11.33 (q, 2-Me); m/z (EI)
380 (98, M), 365 (82), 337 (100), 293 (33), 77 (21), 43
(18%).

4.4.7. 2-Acetyl-3-methyl-5-phenyl-5,6-dihydro-pyr-
rolo[1,2-c]quinazoline 5. Yield 2%; yellow crystals, mp
195-196 °C; [found: C, 79.41; H, 5.97; N, 9.18. C,oH;sN,O
requires C, 79.44; H, 6.00; N, 9.26%]; vnax 3342 (NH),
1641 (CO)ecm™!; 8y 7.52 (1H, d, J=7.4 Hz, H-10), 7.33
(1H, s, exchangeable with D,O, NH), 7.27-7.23 (3H, m,
H-3',5" and -4'), 7.06 (I1H, s, H-1), 6.98 (1H, dd, J=7.8,
7.4 Hz, H-8), 6.92 (2H, dd, J=7.5, 1.1 Hz, H-2,6/), 6.75
(1H, t, J=7.4 Hz, H-9), 6.72 (1H, d, J=7.8 Hz, H-7), 6.62
(1H, s, H-5), 2.43 (3H, s, 3-Me), 2.40 (3H, s, COMe); 6¢
194.06 (s, CO), 141.29 (s, C-6a), 138.32 (s, C-1'), 132.28 (s,
C-3), 128.54 (d, C-3,5"), 128.01 (d, C-8), 127.23 (d, C-4),
126.23 (s, C-10b), 125.21 (d, C-2,6'), 121.88 (d, C-10),
121.59 (s, C-2), 118.55 (d, C-9), 115.95 (s, C-10a), 115.11
(d, C-7), 103.81 (d, C-1), 65.51 (d, C-5), 28.58 (q, COMe),
10.85 (q, 3-Me); m/z (EI) 302 (94, M), 287 (17), 259 (20),
225 (100), 77 (10), 43 (15%).

4.4.8. Preparation of substituted pyrazolo[1,5-a]pyrimi-
dine derivatives (6 and 8). When 3-amino-5-methyl-1H-
pyrazole was employed as amine, under conditions specified
in Section 4.2, 1-(2-nitro-phenyl)-2-(2,5,7-trimethyl-pyra-

zolo[1,5-a]pyrimidin-6-yl)-1-ethanone 6 was isolated (yield
60%) and crystallized from ethanol as white crystals, mp
149-150°C; [found: C, 62.84; H, 4.99; N, 17.18.
C7HN4O;3 requires C, 62.95; H, 4.97; N, 17.27%]; Vmax
1705 (CO), 1545 and 1350 (NO,) cm™%; &y 8.17 (1H, d,
J=8.0 Hz, H-3'), 8.00 (1H, d, J/=7.4 Hz, H-6), 7.94 (1H, t,
J=7.4 Hz, H-5'), 7.82 (1H, dd, J=8.0, 7.4 Hz, H-4), 6.36
(1H, s, H-3),4.57 (2H, s, CH,), 2.67 (3H, s, 7-Me), 2.48 (3H,
s, 5-Me), 2.41 (3H, s, 2-Me); 8¢ 198.51 (s, CO), 157.94 (s,
C-5), 153.13 (s, C-2), 147.30 (s, C-3a), 145.92 (s, C-2)),
143.94 (s, C-7), 135.41 (s, C-1"), 134.25 (d, C-5'), 131.91 (d,
C-4'), 128.27 (d, C-6), 124.47 (d, C-3), 110.67 (s, C-6),
94.30 (d, C-3), 41.22 (t, CH»), 23.23 (q, 5-Me), 14.30 (q,
2-Me), 13.41 (q, 7-Me); m/z (EI) 324 (30, M™), 174 (100),
81 (53), 53 (34%).

Reduction of 6 under the conditions specified in Section 4.3
gave the 1-(2-amino-phenyl)-2-(2,5,7-trimethyl-pyra-
zolo[1,5-a]pyrimidin-6-yl)-1-ethanone 8: yield 85%; white
crystals, mp 177-178 °C; [found: C, 69.40; H, 6.18; N,
18.99. C7H,gN,4O requires C, 69.37; H, 6.16; N, 19.03%];
Vimax 3437 and 3350 (NH,), 1616 (CO) cm™!; &y 8.06 (1H,
d, J=7.4 Hz, H-6'), 7.30 (1H, dd, J=8.2, 7.4 Hz, H-4'), 7.16
(2H, s, exchangeable with D,O, NH,), 6.80 (1H, d,
J=82Hz, H-3), 6.63 (1H, t, J=7.4 Hz, H-5'), 6.33 (1H,
s, H-3), 4.52 (2H, s, CH,), 2.58 (3H, s, 7-Me), 2.41 (3H, s,
2-Me), 2.34 (3H, s, 5-Me); éc 197.91 (s, CO), 158.04 (s,
C-5), 152.68 (s, C-2), 151.26 (s, C-2), 147.24 (s, C-3a),
143.36 (s, C-7), 134.45 (d, C-4'), 131.33 (d, C-6/), 117.02 (d,
C-3'), 116.15 (s, C-1'), 114.47 (d, C-5'), 113.07 (s, C-6),
94.06 (d, C-3), 37.81 (t, CH,), 23.26 (q, 5-Me), 14.30 (q,
2-Me), 13.38 (q, 7-Me); m/z (EI) 294 (33, M™), 201 (19),
174 (33), 120 (100), 92 (30), 65 (29).
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Abstract—0,0"- and 0,0'-bis(2-aminoethyl)-p-tert-butylthiacalix[4]arenes of anti conformation have been prepared by the reduction of the
corresponding 0,0"- and 0,0'-bis(cyanomethyl) ethers. Their syn-0,0"- and O,0’-counterparts have been prepared by alternative routes
via the Mitsunobu reaction of thiacalix[4]arene with N-(2-hydroxyethyl)phthalimide and the reduction of a O,0'-disiloxanediyl-bridged
0",0"-bis(cyanomethyl) ether of 1,2-alternate conformation, respectively. These products are expected to serve as useful precursors of

highly elaborated synthetic receptors, including biscalixarenes.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Calixarenes are one of the most extensively utilized
scaffolds in the field of the host—guest chemistry.'> A
variety of sophisticated host molecules bearing a calixarene
skeleton have been synthesized, which is partly due to
the regio- and stereoselective functionalization methods
developed for this class of compounds during the last
decade.!? Furthermore, calixarenes serve as potential
building blocks for designing more elaborate structures
like biscalixarenes, which are constructed through upper
rim—upper rim,? lower rim—lower rim* or upper rim—lower
rim covalent linkages or, alternatively generated through
hydrogen bonding.> Recently, two of us reported a series of
new biscalixarenes which consisted of two calix[4]arene (1)
units linked through their lower rims with bridging moieties
containing different aromatic or heteroaromatic units.® The
complexation behavior of these biscalixarenes have been
studied towards different metal ions (Na™, K+, Ca?>*, Pb**
and Ag™) and it has been found that these biscalixarenes
bind silver ions selectively over other metal ions. In our
continuing efforts to develop new receptors selective for soft
metal ions, especially those of high-environmental loading
such as cadmium, lead and mercury, we intended to replace
the conventional calix[4]arene units of the biscalixarenes
with thiacalix[4]arene 3,7 which has been shown to be an

Keywords: Calixarene; Stereoselective functionalization; Interconversion.
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attractive host for soft metal ions.® However, during the
course of the experiments, we have encountered a difficulty
in preparing requisite O,0"-bis(2-aminoethyl)thiacalixarene
5, as well as its 0,0’—counterpart 6, with syn arrangement of
the two aminoethyl groups by applying the procedure used
for the methylene-bridged analogs.® Thus, one precursor,
0,0"-bis(cyanomethyl)thiacalixarene 7 was in an equi-
librium state between the syn and anti conformational
isomers in the solution under ambient conditions and the
reduction of the equilibrium mixture with LiAlH, gave only
the anti stereoisomer of the desired compound 5.7 It is well
known that two propyl"? and even two cyanomethyl!°
groups on the phenoxy oxygens of dialkylated calix[4]-
arenes (e.g., 2) are bulky enough to prevent the syn—anti
isomerization via the oxygen-through-the-annulus
rotation.!! Although thiacalixarene 3 has approximately a
10% larger ring radius than the methylene-bridged analog
1,'2 it has been reported that the dialkylation of 3 with
iodopropane gave syn-0,0"-diether 4,'% indicating that two
propyl groups are large enough to prevent the isomerization
even in the case of thiacalix[4]arenes. Therefore, the
behavior of bis(cyanomethyl) ether 7 is quite unique. In
addition, the outcome of the reduction is of interest from the
synthetic point of view, considering the fact that the
dialkylation of calix[4]arenes with alkyl halides in the
presence of a base preferentially affords 0,0"-isomers of
syn conformation,'# by virtue of a circular intramolecular
hydrogen bonding in the monoalkylated intermediate, and
that the preparation of disubstituted calixarenes of anti
conformation has, therefore, been the subject to be
challenged.'> 0,0'-Bis(2-aminoethyl) counterpart 6 of anti
conformation was also obtained as a single stereoisomer by
the reduction of an equilibrium mixture of two conformers
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of 0,0-bis(cyanomethyl) ether 8. We have succeeded in
preparing each syn isomer of 0,0"- and O,0’-bis(2-amino-
ethyl) ethers by an alternative route via the Mitsunobu
reaction!® or by using a 0,0'-disiloxanediyl-bridged
thiacalix[4]arene.!> Herein, we report the synthesis of all
four stereoisomers of bis(O-2-aminoethyl)-p-tert-butyl-
thiacalix[4]arene and the conformational behavior of
0,0"-bis(cyanomethyl) ether 7 in detail.

Bu!

X X
OH
Buf OR' R3O Bu!
OR?
X X

Buf

: X=CH,, R'=R?=R%=H

: X=CH,, R'=R3=CH,CN, R?=H
X=8, R'=R?=R%=H

X=S, R'=R3=Pr, R?=H

X=8, R'=R3=C,H4NH,, R?=H
X=8, R'=R?=C,H4NH,, R®=H
X=S, R'=R3=CH,CN, R%=H
X=S, R'=R2=CH,CN, R3=H
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2. Results and discussion

2.1. Synthesis of all four stereoisomers of bis(0O-2-amino-
ethyl)-p-tert-butylthiacalix[4]arene

The alkylation of thiacalixarene 3 with chloroacetonitrile
conducted under the same conditions as used for the
conventional calixarene 1'© (3/CICH,CN/K,CO5/
Nal=1:4:4:4) did not give the desired O,0"-bis(cyano-
methyl) ether 7 but a complex, hardly isolable mixture.
However, the reaction of 3 with 3.5 mol equiv. of
chloroacetonitrile in the presence of 1 molequiv. of
Cs,CO;5; and 3 mol equiv. of Nal in refluxing THF gave
0,0"- and 0,0-bis(cyanomethyl) ethers 7 and 8 in 70
and <1% yields, respectively (Scheme 1). The yield of
compound 7 decreased to 58 and 46%, and that of
compound 8 increased to 5 and 3% when the reaction was
performed using 1 mol equiv. of Na,CO; and K,COs;,
respectively. Thus, the choice of the base was important
for the 0,0"-distal dialkylation of thiacalixarene 3. It was
reported that the methylene-bridged analog 2 obtained by a
similar etherification of conventional calixarene 1 adopted
syn form in a cone conformation.!® However, compound 7,

7 (70%)
CICH,CN
.
Cs,COg, Nal o
e 8 (<1%)
) /Pr‘
~ O~Gi.
s/ ) PH\/Si/ \Pr
O —+— OH Pr :
@ CICH,CN e’ TBAF
: Cs,COs, Nal 0 THF
THF 7Nc (92%)
(75%) NC
9 10

Scheme 1.

as well as compound 8, was found to be in an equilibrium
state between two conformers in the solution as discussed
later.

Recently, we reported that 1,1,3,3-tetra(isopropyl)disil-
oxane-1,3-diyl (TIPDS) moiety was quite useful as a
protective group for the proximal O,0'-dialkylation of
calix[4]arenes.'> It has been shown that the dialkylation of
the TIPDS derivative of thiacalixarene 9 with alkyl halides
in the presence of a base proceeds with high stereoselectiv-
ity to give, after removal of the TIPDS moiety, syn-0,0'-
dialkylated products. The method was applied to prepare
0,0'-bis(cyanomethyl) ether 8 (Scheme 1). Thus, treatment
of 9 with chloroacetonitrile using Cs,CO5 as a base in THF
gave O",0"-bis(cyanomethyl) ether 10 in excellent yield.
The 'H NMR spectrum of compound 10 showed two
singlets for the tert-butyl protons (18H each) and four
doublets for the aromatic protons (2H each), the magnetic
equivalences suggesting C; symmetric structure, that is,
cone or 1,2-alternate conformation with the syn arrangement
of the two cyanomethyl groups. As reported previously,!?
TIPDS derivatives of 1,2-alternate conformation can be
distinguished from those of the other conformations by 'H
NMR spectrum, where some of the methyl protons of the
TIPDS moiety are strongly shielded by the facing benzene
rings, appearing around 0.4 ppm. The methyl signals of
compound 10 appeared at 0.40, 0.80, 1.03 and 1.05
(6H each), which clearly assigned the conformation to be
1,2-alternate. Desilylation of 10 with tetrabutylammonium
fluoride (TBAF) in THF liberated O,0’-bis(cyanomethyl)
ether 8 in almost quantitative yield (Scheme 1).

Now that both the doubly cyanomethylated thiacalixarenes
7 and 8 were in hand in substantial quantities, their
reduction to bis(2-aminoethyl) ethers 5 and 6 was examined
(Scheme 2). Interestingly, treatment of the equilibrium
mixture of two conformers 7 with LiAIH, in THF at 0 °C
gave only one stereoisomer of O,0"-bis(2-aminoethyl) ether
S though in 20% yield with concomitant formation of
thiacalixarene 3 (40%) and its mono(2-aminoethyl) ether
(25%). The stereochemistry of 5 was assigned to be anti by
comparison of its '"H NMR spectrum with that of syn-5

LiAIH,

THF
(20%)

LiAIH,

THF
(13%)

Scheme 2.
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prepared by an alternative route via the Mitsunobu reaction
(vide infra). The "H NMR spectrum of anti-5 showed two
singlets (18H each) for the fert-butyl protons and two
singlets (4H each) for the aromatic protons, the magnetic
equivalences suggesting that the compound was in an
equilibrium state between two 1,2-alternate conformations.
This was supported by the chemical shift values of the
NCH, [one triplet (4H) at 6 2.40] and OCH, protons [one
triplet (4H) at & 3.82], which appeared considerably upfield
similarly to those of compound 12 of 1,2-alternate
conformation (8 2.07-2.37, 3.66-3.77, respectively) (vide
infra), indicating anisotropic shielding effects by the facing
benzene rings. The reduction of the O,0'-bis(cyanomethyl)
counterpart 8 also gave a single stereoisomer of O,0'-bis-
(2-aminoethyl) ether 6, the stereochemistry of which was
assigned to be anti by comparison of its 'H NMR spectrum
with that of syn-6 prepared by the reduction of the
disiloxane-bridged bis(cyanomethyl) ether 10 (vide infra).
The conformation of anti-6 was determined to be 1,2-
alternate based on the splitting patterns of the tert-butyl (two
singlets, 18H each) and aromatic protons (four doublets, 2H
each), combined with the upfield shifts of the NCH, (&
2.26-2.32 and 2.44-2.48) and OCH, (6 3.71-3.76 and
3.94-3.98) protons as observed for anti-5 in the '"H NMR
spectrum.

Both 0,0"- and 0,0-bis(2-aminoethyl) ethers of anti
conformation were thus obtained by the reduction of the
corresponding conformationally mobile bis(cyanomethyl)
ethers. Although the yields were only moderate, provision
of the convenient route to the anti-di-O-substituted
thiacalix[4]arenes should be noted. Although the precise
reaction mechanisms for the obtainment of only anti-
isomers is not clear at present, it may be said that the two
cyanomethyl substituents flexibly arranged in syn-confor-
mation may chelate tightly to the aluminum center to inhibit
the expected reduction to aminoethyl moiety. On the other
hand, bulky TIPDS group imposes substantial steric
congestion on the calix framework,'> which may allow
the normal reduction of the sym-arranged cyanomethyl
groups of compound 10; we were pleased to know that
the reduction actually proceeded smoothly to give bis-
(2-aminoethyl) ether 12 in 50% yield after chromatographic
purification (Scheme 3). The conformation of compound 12
was unambiguously determined to be 1,2-alternate with the
syn arrangement of the two aminoethyl moieties, according
to the same criteria as described for compound 10 (vide
supra). Compound 12 on desilylation by treatment with
TBAF liberated syn-6 in 90% yield. The conformation of
syn-6 was determined to be cone based on the splitting

NH,

12 syn-6

Scheme 3.

patterns of the tert-butyl (two singlets, 18H each) and
aromatic protons (four doublets, 2H each), which suggested
cone or 1,2-alternate conformation, combined with the
chemical shift values of the NCH, (6 3.59-3.63 and 3.93—
3.95) and OCH, protons (6 4.30—4.32 and 4.86-4.87); if the
compound adopted 1,2-alternate conformation, these pro-
tons should appear at a higher field as those of anti-5 (vide
supra).

The syn isomer of 0,0"-bis(2-aminoethyl) ether 5 could be
prepared by an alternative route via the Mitsunobu reaction
of thiacalixarene 3 with N-(2-hydroxyethyl)phthalimide,
which gave 0,0"-bis(2-phthalimidoethyl) ether 13 (Scheme
4). The hydrazinolysis of 13 in ethanol gave 5 in 80% yield.
The syn conformation of compound 5, as well as compound
13, was deduced from an X-ray crystallographic analysis of
a biscalix[4]arene prepared from compound 5.'7 Thus,
synthetic methods for all four stereoisomers of bis(O-2-
aminoethyl)-p-fert-butylthiacalix[4]arene have now been
provided. As thiacalix[4]arenes lack methylene bridges,
which have been a probe for assigning the conformation of
conventional calix[4]arenes in the NMR analysis,"'® it is
sometimes difficult to elucidate their conformations from
the NMR spectra. Compounds syn-5 and 13 showed two
singlets (18H each) for the fert-butyl protons and two
singlets (4H each) for the aromatic protons in the '"H NMR
spectra, which suggested C,,-symmetric structure, that is,
cone or 1,3-alternate. Although these compounds are
expected to adopt cone conformation by virtue of a circular
intramolecular hydrogen bonding at the lower rim, the
possibility of 1,3-alternate conformation cannot completely

be ruled out.
N
2 HO

Hy NH,

ROH H,NNH,*H,0

3
PPh,, (NCO,EY),

EtOH
THF (80%)
(70%)
0o syn-5
R= CHZCH2N>\>;E)
(¢]
Scheme 4.

2.2. Conformational analysis of 0,0"-bis(cyanomethyl)-
p-tert-butylthiacalix[4]arene (7)

The "H NMR spectrum of O,0"-bis(cyanomethyl) ether 7
revealed that it was a mixture of two isomers, the ratio being
68:32 in CDCl;. Each isomer showed two singlets (18H
each) for the fert-butyl protons and two singles (4H each)
for the aromatic protons, the magnetic equivalences
suggesting C,,-symmetric structure. Thus, both may be
assigned to syn isomers which adopt cone and 1,3-alternate
conformations, respectively. Alternatively, one may be
assigned to a syn and the other to an anti isomer, in the latter
of which the phenol units rapidly interconvert via the
oxygen-through-the-annulus rotation (Scheme 5). The
OCHj, protons of the minor isomer appeared considerably
upfield (6 4.64) similarly to those of compound 10 (6 4.41),
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syn-7 anti-7
Scheme 5.

which determined the conformation of the minor isomer to
be 1,2-alternate with the anti arrangement of the two
cyanomethyl groups. This conformation has also been found
in the crystal structure of 0,0"-dimethylthiacalix[4]arene.'®
The major isomer, which showed the OCH, signal at 6 5.44,
was expected to adopt cone conformation by virtue of a
circular intramolecular hydrogen bonding at the lower rim.
The question now arises whether these isomers are stable
enough to be isolated as in the case of conventional
calix[4]arene,'? or exist as an equilibrium mixture. It has
been reported that tetrapropyl ether of thiacalixarene 3
gradually isomerizes in refluxing CHCl,CHCI,.?° Actually,
syn-0,0"-dipropy] ether 4 was found to isomerize under the
same conditions to give, after 48 h, a 16:1 mixture of the syn
and anti isomers. On the other hand, compound 7, bearing
smaller substituents than 4, did not show any change after
the same treatment. This indicates that the cyanomethyl
group can pass through the thiacalix[4]arene annulus even at
room temperature and that the two isomers of 7 are in an
equilibrium state. Interestingly, the ratio of the isomers was
found to change from 84:16 in CDCI,CDCl,, via 68:32 in
CDCl5 and 66:34 in THF-dg, to 58:42 in DMSO-d, at room
temperature. This means that the equilibrium shifts toward
the anti isomer with increasing the solvent polarity, showing
the importance of the circular intramolecular hydrogen
bonding in the cone conformation.?!

Compound 7, which is conformationally mobile in solution,
however, crystallized out in a pinched cone conformation
with the syn arrangement of the two cyanomethyl groups, as
is clear from the X-ray crystallographic analysis (Fig. 1): the
two benzene rings (B and D) bearing a cyanomethyl moiety
are almost parallel to each other and the two phenolic rings
(A and C) are tilted so as to place the hydroxy groups inside
the macrocycle in such a way that each hydroxy proton (Ha
or Hc) forms hydrogen bondings with the same etheral
oxygen (Og) and with one bridging sulfur atom (S; or S,),
the bond lengths of Hy—~Og, Hc—Og, HA—S;, and Hc-S,
being 2.57, 2.28, 2.43, and 2.49 A, respectively. The former

Figure 1. X-ray structure and its schematic view of compound 7. H atoms
except for OH groups are omitted for clarity.

type of asymmetric hydrogen boding between two hydroxy
groups and only one ethereal oxygen is unique in calixarene
chemistry. Interestingly, one of the two methylene moieties
is oriented inside the macrocycle, while the other outside.
The irregular inward orientation will be attributed to some
packing forces.

The '"H NMR spectrum of O,0'-bis(cyanomethyl) counter-
part 8 also showed the presence of two conformers, the ratio
being 67:33 in CDCl;, 54:46 in CDCI,CDCl,, 70:30 in
THF-dg and 43:57 in DMSO-dg at room temperature. Each
conformer showed two singlets (18H each) for the fert-butyl
protons and four doublets (2H each) for the aromatic
protons, the OCH, signals appearing at 6 4.79 and 4.89 for
one isomer and at 6 4.65 and 5.13 for the other, from which
their conformations could not be deduced. However, it is
apparent that the cyanomethyl group can pass through
the thiacalix[4]arene annulus also in this proximally
disubstituted case, considering the fact that syn-bis(cyano-
methyl) ether 10 gave anti-bis(2-aminoethyl) ether 6 via
compound 8.

3. Conclusion

We have shown here the synthetic methods for all the
stereoisomers of bis(O-2-aminoethyl)-p-tert-butylthia-
calix[4]arenes. These compounds can be used as precursors
for preparing a variety of new receptors, including
biscalix[4]arenes, which may selectively recognize
different types of cations, anions or salts. At present, work
is in progress to prepare new biscalix[4]arenes in this
laboratory.

4. Experimental
4.1. General

Melting points were taken using a Mitamura Riken MP-P
apparatus. Microanalyses were carried out in the Micro-
analytical Laboratory of the Institute of Multidisciplinary
Research for Advanced Materials, Tohoku University. IR
spectra were recorded on a Shimadzu FTIR-8300 spectro-
meter. 'H and '3C NMR were recorded on a Bruker
DPX-400 or DRX-500 spectrometer using tetramethylsilane
("H NMR) or chloroform ('3C NMR) as an internal standard
and CDClj; as a solvent. FAB mass spectra were recorded on
a JEOL JMS-GCmate mass spectrometer using m-nitro-
benzyl alcohol as a matrix. All reagents and solvents were
obtained from commercial suppliers and used without
further purification. Merck silica gel 60GF,s4 was used for
TLC. Silica gel columns were prepared by use of Merck
silica gel 60 (63-200 pm).

4.2. Synthesis of bis(O-2-aminoethyl)-p-tert-butyl-
thiacalix[4]arenes

4.2.1. 5,11,17,23-Tetra-tert-butyl-25,27-bis(cyanometh-
0xy)-26,28-dihydroxythiacalix[4]arene (7). A mixture of
p-tert-butylthiacalix[4]arene (3) (2.00 g, 2.77 mmol), chloro-
acetonitrile (745 mg, 9.87 mmol), Nal (1.25 g, 8.34 mmol)
and Cs,CO;5 (904 mg, 2.77 mmol) in dry THF (40 ml) was
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stirred and heated under reflux for 7 days. After cooling, the
mixture was quenched with 2 M HCI and extracted with
chloroform. The chloroform layer was dried over anhydrous
MgSO, and evaporated to dryness. The residue was purified
by column chromatography with hexane—ethyl acetate (8:2)
as the eluent to give bis(cyanomethyl) ether 7 (1.56 g, 70%),
mp 305°C; 'H NMR (500 MHz) & 0.82, 1.26 [18H: s,
C(CH3)5X2 (major); s, C(CH3)3X2 (minor)], 1.34 [18H, s,
C(CHj5)3%x2], 4.64, 544 [4H: s, OCH,X2 (minor); s,
OCH,X2 (major)], 6.98, 7.14 [4H: s, ArH (major); s, ArH
(minor)], 7.46, 7.69 [4H: s, ArH (minor); s, ArH (major)];
13C NMR (100 MHz) 6§ 30.5, 30.7, 30.9, 31.1, 31.2, 31.3,
31.4, 31.5,31.7, 34.1, 34.3, 34.7, 56.6, 58.7, 114.6, 115.2,
119.2, 121.5, 128.6, 129.1, 131.7, 132.4, 132.9, 133.6,
134.2, 134.9, 143.6, 143.7, 149.7, 154.5, 155.2; FAB-MS
m/z 798 (M™). Anal. calcd for C44HsoN>0,4S,4: C, 66.13; H,
6.31. Found: C, 66.09; H, 6.12.

4.2.2. 5,11,17,23-Tetra-tert-butyl-25,26-bis(cyano-
methoxy)-27,28-(2,2,4,4-tetraisopropyl-1,3,5-trioxa-2,4-
disilapentane-1,5-diyl)thiacalix[4]arene (10). To a solu-
tion of disiloxane-bridged thiacalix[4]arene 9' (5.00 g,
5.19 mmol) in dry THF (100 ml) were added Cs,COj3
(10.1 g, 31.0 mmol), chloroacetonitrile (2.35 g, 31.1 mmol)
and Nal (4.67 g, 31.2 mmol). After refluxing for 65 h, the
mixture was cooled to 0 °C, diluted with 2M HCI and
extracted with chloroform. The organic layer was washed
with water and dried over anhydrous MgSO,. After the
solvent was evaporated, the residue was purified by column
chromatography with hexane—ethyl acetate (9:1) as the
eluent to give bis(cyanomethyl) ether 10 (4.06 g, 75%), mp
285-287 °C; 'H NMR (400 MHz) & 0.40 (6H, d, J/=7.6 Hz,
CHCH;X2), 0.72-0.82 (2H, m, CHCH;X2), 0.80 (6H, d,
J=7.6 Hz, CHCH;X2), 1.03 (6H, d, /=7.2 Hz, CHCH;X2),
1.05 (6H, d, J=7.2 Hz, CHCH3X2), 1.14-1.28 (2H, m,
CHCH;X2), 1.28 [18H, s, C(CH3);x2], 1.35 [I8H, s,
C(CH3)3%X2], 441 (4H, s, OCH,x2), 7.36 (2H, d, J=
2.4 Hz, ArH), 7.55 (2H, d, J/=2.4 Hz, ArH), 7.60 (2H, d,
J=2.4 Hz, ArH), 7.81 (2H, d, J/=2.4 Hz, ArH). Anal. calcd
for Cs¢H76N205S4S1,: C, 64.57; H, 7.35; N, 2.69. Found: C,
64.80; H, 7.41; N, 3.00.

4.2.3. 5,11,17,23-Tetra-tert-butyl-25,26-bis(cyano-
methoxy)-27,28-dihydroxythiacalix[4]arene (8). To a
solution of disiloxane-bridged bis(cyanomethyl) ether 10
(312 mg, 0.300 mmol) in THF (15 ml) was added 1.0 M
solution of TBAF in THF (0.30 ml, 0.30 mmol) at room
temperature. After stirring for 1 h, the mixture was cooled to
0 °C, diluted with 2 M HCI and extracted with chloroform.
The organic layer was washed with water and dried over
anhydrous MgSO,. After the solvent was evaporated, the
residue was crystallized from chloroform—ethanol to give
bis(cyanomethyl) ether 8 (221 mg, 92%), mp 195-200 °C;
'H NMR (400 MHz) & 1.10, 1.24 [18H: s, C(CH3)3X2
(minor); s, C(CHj3);X2 (major)], 1.21, 1.29 [18H: s,
C(CH3)5X2 (minor); s, C(CH3)3X2 (major)], 4.65, 4.79
[2H: d, /=16 Hz, OCHX2 (minor); d, /=15 Hz, OCHX2
(major)], 4.89, 5.13 [2H: d, J=15 Hz, OCHX2 (major); d,
J=16 Hz, OCHX2 (minor)], 7.27, 7.48 [2H: d, J=2.4 Hz,
ArH (minor); d, /=2.4 Hz, ArH (major)], 7.42, 7.53 [2H: d,
J=2.4 Hz, ArH (minor); d, J/=2.4 Hz, ArH (major)], 7.50,
7.57 [2H: d, J=2.4 Hz, ArH (minor); d, J=2.5 Hz, ArH
(major)], 7.55, 7.64 [2H: d, J=2.4 Hz, ArH (minor); d,

J=2.5Hz, ArH (major)]; FAB-MS m/z 798 (M™). Anal.
calcd for C44H59N,0,4S4-0.5H,0: C, 65.39; H, 6.36. Found:
C, 65.65; H, 6.23.

4.2.4. anti-25,27-Bis(2-aminoethoxy)-5,11,17,23-tetra-
tert-butyl-26,28-dihydroxythiacalix[4]arene (anti-5).
LiAlH, (82 mg, 2.2 mmol) was added in small portions to
a stirred solution of bis(cyanomethyl) ether 7 (300 mg,
0.375 mmol) in THF (20ml) at 0°C. The reaction was
monitored by TLC and after the completion of the reaction,
the excess of LiAlH, was carefully destroyed by adding
15% wet benzene. The mixture was filtered and the filtrate
evaporated to leave a residue, which was purified by column
chromatography with chloroform—ethanol (8:2) as the
eluent to give bis(2-aminoethyl) ether anti-5 (60.7 mg,
20%), mp 260 °C; 'H NMR (400 MHz) & 1.27 [18H, s,
C(CH3)3%X2], 1.32 [I8H, s, C(CHj3)3X2], 2.40 (4H, t,
J=4.8 Hz, NCH,X2), 3.82 (4H, t, J/=4.8 Hz, OCH,X2),
7.47 (4H, s, ArH), 7.51 (4H, s, ArH); FAB-MS m/z 806
(M™). Anal. caled for C44HsgN,O4S4: C, 65.47; H, 7.24.
Found: C, 65.38; H, 7.17.

4.2.5. anti-25,26-Bis(2-aminoethoxy)-5,11,17,23-tetra-
tert-butyl-27,28-dihydroxythiacalix[4]arene (anti-6).
LiAlH, (82 mg, 2.2 mmol) was added in small portions to
a stirred solution of bis(cyanomethyl) ether 8 (300 mg,
0.375 mmol) in THF (20 ml) at room temperature. The
reaction was monitored by TLC and after the completion of
the reaction, the excess of LiAlH, was carefully destroyed
by adding 15% wet benzene. The mixture was filtered and
the filtrate evaporated to give a residue, which was purified
by column chromatography with chloroform—ethanol (9:1)
as the eluent to give bis(2-aminoethyl) ether anti-6
(39.5mg, 13%), mp 240°C; 'H NMR (400 MHz) §
1.24 [18H, s, C(CH3)3%x2], 1.30 [18H, s, C(CHj3);X2],
2.26-2.32 (2H, m, NCHX2), 2.44-2.48 (2H, m, NCHX2),
3.71-3.76 (2H, m, OCHX2), 3.94-3.98 (2H, m, OCHX2),
7.41 (2H, d, J=2.5 Hz, ArH), 7.48 (2H, d, /=2.5 Hz, ArH),
7.53 (2H, d, J=2.5 Hz, ArH), 7.60 (2H, d, /=2.5 Hz, ArH);
FAB-MS m/z 806 (M™). Anal. calcd for C44HsgN,O4S,:
C, 65.47; H,7.24; N, 3.47. Found: C, 65.32; H, 7.03; N, 3.23.

4.2.6. 25,26-Bis(2-aminoethoxy)-5,11,17,23-tetra-tert-
butyl-27,28-(2,2,4,4-tetraisopropyl-1,3,5-trioxa-2,4-di-
silapentane-1,5-diyl)thiacalix[4]arene  (12). LiAlH,
(112 mg, 2.95 mmol) was added in small portions to a
stirred solution of bis(cyanomethyl) ether 10 (500 mg,
0.480 mmol) in a 1:1 mixture of dry THF and diethyl ether
(20 ml) at room temperature. The reaction was monitored by
TLC and after the completion of the reaction, the excess of
LiAlH, was carefully destroyed by adding 15% wet
benzene. The mixture was filtered and the filtrate evaporated
to leave a residue, which was purified by column
chromatography with chloroform—ethanol (9:1) as the
eluent to give bis(2-aminoethyl) ether 12 (252 mg, 50%),
mp 238-240°C; '"H NMR (400 MHz): § 0.41 (6H, d,
J=17.5 Hz, CHCH;X2), 0.77 (6H, d, J=7.5 Hz, CHCH;X2),
0.86 (2H, sept, CHCH;x2), 1.01 (6H, d, J=7.5 Hz,
CHCH;X2), 1.08 (6H, d, J=7.5 Hz, CHCH3X2), 1.18 (2H,
sept, CHCH;X2), 1.28 [18H, s, C(CH3)5X2], 1.34 [18H, s,
C(CHj3)3%X2], 2.07-2.13 (2H, m, NCHX2), 2.31-2.37 (2H,
m, NCHX2), 3.66-3.77 (4H, m, OCH,X2), 7.34 (2H, d,
J=2.5 Hz, ArH), 7.55 (2H, d, /=2.5 Hz, ArH), 7.58 (2H, d,
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J=2.6 Hz, ArH), 7.75 (2H, d, J/=2.6 Hz, ArH). Anal. calcd
for C56H84N205S4Si2: C, 6407, H, 807, N, 2.67. Found: C,
64.36; H, 8.29; N, 2.93.

4.2.7. syn-25,26-Bis(2-aminoethoxy)-5,11,17,23-tetra-
tert-butyl-27,28-dihydroxythiacalix[4]arene (syn-6). To
a solution of disiloxane-bridged bis(2-aminoethyl) ether 12
(200 mg, 0.191 mmol) in THF (20 ml) was added a 1.0 M
solution of TBAF in THF (0.2 ml, 0.2 mmol) at room
temperature. After stirring for 1 h, the mixture was cooled to
0 °C, diluted with 2 M HCI and extracted with chloroform.
The organic layer was washed with water and dried over
anhydrous MgSQ,. After the solvent was evaporated, the
residue was crystallized from chloroform—ethanol to give
bis(2-aminoethyl) ether syn-6 (139 mg, 90%), mp 280 °C;
'"H NMR (400 MHz) § 0.95 [18H, s, C(CH3)3%X2], 1.13 [18H,
s, C(CH3)3%X2], 3.59-3.63 (2H, br m, NCHX2), 3.93-3.95
(2H, br m, NCHX2), 4.30-4.32 (2H, m, OCHX2), 4.86—4.87
(2H, brm, OCHX2),7.10 (2H, d,/=2.4 Hz, ArH), 7.17 (2H, d,
J=2.4 Hz, ArH), 7.39 (2H, d, J=2.4 Hz, ArH), 7.48 (2H, d,
J=2.4 Hz, ArH); FAB-MS m/z 806 (M™"). Anal. calcd for
C44HsgN>04S4: C, 65.47; H, 7.24. Found: C, 65.21; H, 7.55.

4.2.8. 5,11,17,23-Tetra-tert-butyl-25,27-dihydroxy-26,28-
bis(2-phthalimidoethoxy)thiacalix[4]arene (13). To an
ice-cold mixture of compound 3 (721 mg, 1.00 mmol),
N-(2-hydroxyethyl)phthalimide (1.75 g, 8.57 mmol) and
triphenylphosphine (800 mg, 3.05 mmol) in THF (20 ml)
was added dropwise diethyl azodicarboxylate (531 mg,
3.05 mmol) and the mixture was stirred at room temperature
for 48 h. The solvent was evaporated and the residue was
triturated with hot methanol to give a solid, which was
purified by column chromatography with hexane—ethyl
acetate (8:2) as the eluent to give bis(2-phthalimidoethyl)
ether 13 (748 mg, 70%), mp 288-290°C; 'H NMR
(400 MHz) 6 0.72 [18H, s, C(CH3)s;x2], 1.27 [18H, s,
C(CHj3)3X2], 4.44 (4H, t, J=5.6 Hz, NCH,X2), 4.87 (4H, t,
J=5.6 Hz, OCH,X2), 6.81 (4H, s, ArH), 7.24 (2H, s, OH),
7.47 (4H, s, ArH), 7.55-7.57 (4H, m, phthalimide ArH),
7.82-7.84 (4H, m, phthalimide ArH); FAB-MS m/z 1066
(M+) Anal. calcd for C60H62N208S4'0.5H202 C, 6695, H,
5.90; N, 2.60. Found: C, 67.08; H, 5.94; N, 2.58.

4.2.9. syn-25,27-Bis(2-aminoethoxy)-5,11,17,23-tetra-
tert-butyl-26,28-dihydroxythiacalix[4]arene (syn-5). A
solution of bis(2-phthalimidoethyl) ether 13 (1.15g,
1.08 mmol) and hydrazine monohydrate (100 mg,
2.00 mmol) in ethanol (20 ml) was heated at 110 °C for
12 h. The ethanol was removed under reduced pressure and
the residue was taken in chloroform, washed with 20%
NH4OH and dried over anhydrous MgSO,. Removal of
the solvent and crystallization from chloroform—ethanol
furnished bis(2-aminoethyl) ether syn-5 (696 mg, 80%),
mp 298-300°C; 'H NMR (400 MHz) & 0.88 [18H, s,
C(CH3)3x2], 1.30 [18H, s, C(CH3);x2], 3.32 (4H, t, J=
5.6 Hz, NCH,X2), 4.51 (4H, t, J=5.6 Hz, OCH,X2), 7.11
(4H, s, ArH), 7.65 (4H, s, ArH); FAB-MS m/z 806 (M™).
Anal. calced for C44Hs5gN>O4S,4: C, 65.47; H, 7.24; N, 3.47.
Found: C, 65.21; H, 7.02; N, 3.13.

4.3. X-ray analysis of compound 7

Data were collected on a Rigaku/MSC Mercury CCD

diffractometer with monochromated Mo Ka radiation. The
structure was solved by the direct methods and refined by
the full-matrix least-squares method. Calculations were
performed using the software package teXsan (v 1.10).
Crystal data: C44HsoN204S4, M=799.13, monoclinic, a=
12.976(3) A, b=18.603(4) A, ¢=18.335(4) A, pB=
105.125(5)°, V=4272(1) A3, T=223 K, space group P2,/n,
Z=4, wu(Mo Ka)=2.65 cm™!, 33,759 reflections measured,
11,723 unique (R;,=0.035). Final R;=0.040, wR,=0.043
for 5156 observed reflections data [/>30(I)]. GOF=0.71.
The details of the crystal data have been deposited with
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-226829.
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Abstract—The synthesis of fully protected aminodihydrohistidines in optically pure form is described starting from allylglycine derivatives.
These compounds represent novel conformationally constrained analogues of arginine, one of them being, in addition, a protected form of the
marine natural product, enduracididine. The key step of the strategy is a one-pot copper-catalyzed aziridination of z-butyl (S)-N-(9-phenyl-
9H-fluoren-9-yl)allylglycinate ((S)-16) with 2-trimethylsilylethanesulfonamide in the presence of iodosylbenzene.

© 2004 Published by Elsevier Ltd.

The conformational restriction of flexible bioactive
molecules is a well known technique for increasing their H2N NH HN H N

~
intrinsic activity or their selectivity for a particular receptor \’\m_i NH

subtype or enzyme isoform.!? Such rigid ligands can also
lead to greater lipophilicity and/or increased stability toward =

)

N H,N

metabolic enzymes, both factors contributing to improved
bioavailability of a given active substance. A case in point is CozH H2N CozH
arginine (1), the endogenous substrate of NO synthase, of

which a number of conformationally restricted analogues HzN NH HzN NH

have been prepared over the past years with these

considerations in mind. Such rigid analogues have generally q 9 />_NH2
taken three forms. In the first, the essential guanidine “N
function (or an isosteric equivalent) is incorporated in a

chain-terminating heterocycle. These include, for
instance, the N®~N¢ ethylene bridged analogue 23 and the

. L. L 4 e Enduracldldlne
2-aminopyrimidine derivative 3* (Fig. 1).

Figure 1. Arginine and rigid derivatives.

In the second class of compounds, the 3-carbon tether is
locked into a more rigid conformation either by introduction
of a double bond (i.e. 4)° or by incorporation as a ring (i.e.,
the guanidinophenylalanine derivative 5).>° Another
approach to rigid arginine analogues consists in linking
one of the nitrogen atoms of the guanidine functionality to
one of the methylene groups. One such molecule is the
piperidine derivative 6, designed in this case to be a specific

thrombin inhibitor.” Alternatively, a compound in which the
terminal amino function is bonded to the methylene
backbone would force arginine to adopt a highly folded
conformation as opposed to the extended conformations
exhibited by compounds 2-6. Interestingly, such a
compound, the aminodihydrohistidine 7 (enduracididine),
has been isolated from natural sources. Thus, 7 was
identified in 1968 as a component of a peptide antibiotic
_— o ) o o enduracidin,®® itself isolated from Streptomyces
{(rslynv\(/)(l)(r)z;n eArglmne mimetic; Allylglycine; Aziridine; Aziridination; fungici dicus.82¢ Several years later, enduracididine was
* Corresponding authors. Tel.: +33-1-69-82-45-94; fax: +33-1-69-07-72- also shown to be a component of the antibiotic minosamino-

47; e-mail address: robert.dodd @icsn.cnrs-gif.fr mycin, isolated from a Plam source, Lonchocarpus

0040-4020/$ - see front matter © 2004 Published by Elsevier Ltd.
doi:10.1016/j.tet.2004.05.034
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sericeus.® More recently, this amino acid has been identified
in the cytotoxic fraction of extracts of a marine ascidian,
Leptoclinides dubius.'® While it has been reported that the
structure of enduracididine was established by X-ray
crystallography,® the only published preparation of this
compound was by way of a Bamberger cleavage of methyl
histidinate which yielded a 1:1 mixture of enduracididine
and its (4S) isomer.!!

Thus, with the double incentive of preparing a new
conformationally restricted arginine analogue and a natural
product, we set about to develop a synthesis of endura-
cididine (in fact, a protected form of this molecule suitable
for insertion in small biologically active peptide derivatives
to furnish novel peptidomimetics). A retrosynthetic analysis
of this compound (Scheme 1) suggested that it could be
obtained from the guanidino derivative 8, which in turn
could be constructed from the diamine 9 for which purpose a
variety of reagents are available.'?> The diamino compound
9 could then be prepared by amine (or equivalent) promoted
opening of the aziridine 10 itself formed by diastereo-
selective aziridination of L-allylglycine 11. The key step in
this pathway then was the preparation of aziridine 10 from a
suitably protected allylglycine derivative.

R4HNYNR4
NH NH,
7 = “NHR; == NHRg
R,HN” ~CO4R, RHN” ~CO4R,
8 9
| “NR;
i
R,HN” ~CO4R, RoHN” ~CO4R,
1 10

Scheme 1. Retrosynthetic analysis.

Interestingly, while both the epoxide!® and cyclopropane'*
analogues of aziridine 10 have been described, derivatives
of 10 itself have not.!”> A particularly attractive way of
achieving this would be by application of the iminoiodane-
mediated copper (I or II)-catalyzed aziridination of
olefins.'®17 In addition, the iminoiodane derived from
trimethylsilylethanesulfonamide (SesNH,) seemed particu-
larly suited to this purpose as the Ses protecting group can
be removed under mild conditions (F™) avoiding possible
racemization of the amino acid.'® On the other hand, the
application of this copper-catalyzed aziridination procedure
to a nitrogen-containing olefinic substrate presented a
certain challenge since it could be anticipated that the
copper I or II salt would be sequestered by this nitrogen
atom, thereby inhibiting the desired reaction. Indeed, while
the copper-catalyzed iminoiodane-mediated aziridination
procedure has been successfully used recently as a key step
in the total synthesis of a number of natural products starting
from non-nitrogenous substrates,!” only very few
examples!®?° have been reported of this reaction being
applied to nitrogen-containing starting materials. In this
paper then, we report the results of our study in this regard

and subsequent application to the synthesis of protected
enduracididine 7.

The optically pure starting allylglycine substrates were
prepared by enzymatic resolution of racemic ethyl N-Boc-
allylglycinate 12 using a-chymotrypsin (Scheme 2).2! This
procedure afforded (S)-N-Boc-allylglycine 13 with 98%
optical purity and the unreacted isomer (R)-12 (ee=94%).
The choice of protecting groups for the carboxylic acid and
amine functionalities of 13 was made based on the
following considerations. Firstly, since in the retrosynthetic
scheme we planned to generate a diamino intermediate 9,
protection of the carboxylic acid with a bulky #-butyl group
was deemed necessary to prevent lactamization during this
step. Secondly, while the N-Boc group may be considered
both sufficiently bulky and electron-withdrawing to mini-
mize the aforementioned possibility of copper sequestration
during the aziridination step, preliminary experiments
showed that the yield of aziridination products was very
low.?? The phenylfluorenyl group was considered a suitable
choice in this case, combining both a large steric hindrance
around the nitrogen atom with the possibility of selective
removal. Thus, the Boc protecting group of compound 13
was removed by treatment with trifluoroacetic acid in
dichloromethane (Scheme 2). The resulting free amino acid
(5)-14 was then transiently esterified by reaction with
trimethylsilyl chloride. Treatment of the product in situ with
9-bromo-9-phenylfluorene in the presence of lead (II)
nitrate’®> then provided after methanolic work-up the
N-phenylfluorenyl (NPhF)-protected derivative (S5)-15.
Finally, reaction of the latter with #-butyl 2,2,2-trichloro-
acetimidate®* yielded the desired fully protected (S)-
allylglycine 16. Similar treatment of ethyl (R)-N-Boc-
allylglycine 12 then led to (R)-16. HPLC analysis of (S)-16
and (R)-16 using a chiral column (C-18 Waters Symmetry)
showed that no epimerization had occurred during these
deprotection/protection steps.

The (R) isomer of 16 was first used to optimize the copper-
catalyzed aziridination of the double bond. We have
previously demonstrated that the aziridination of a wide
range of olefins can be achieved using a convenient one-pot
procedure.?® Thus, by simply mixing 1 equiv. of (R)-16,
1.2 equiv. of PhI=0 and of SesNH, in the presence of
25 mol% of Cu(CH;CN)4PF¢ in acetonitrile at room

|
ﬁ + (R)12

BocHN™ “CO,Et BocHN™ “CO,H
(R,S)-12 13
l b.c,d e.dfgh
\ A | g |
— — (R)-16
PhFHN" CO,Bu  PhFHN” “COH  Ho,N~ “CO,H
(5)-16 (S)-15 (S)-14

87% 61% 85%

Scheme 2. Preparation of allylglycine derivatives. (a) a-chymotrypsin.?!
(b) TFA, CH,Cl,, rt, 2 h. (c) HCI, EtOH. (d) Propylene oxide, EtOH, reflux,
7h. (e) 6 N HCI, reflux, 18 h. (f) TMSCI, CH,Cl,, reflux, 2 h. (g) PhFBr,
Pb(NO3),, CH,Cl,, 1t, 84 h. (h) CI3CC(=NH)Ot-Bu, cyclohexane, CH,Cl,,
rt, 72 h.
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Table 1. ‘One-pot’ copper-catalyzed aziridination of allylglycine derivative (R)-16

1.2 eq. PhI=0O
1.2 eq. SesNH,

p

?);NSes o So/hj)

PhFHN" >CO,t-Bu  Cu(MeCN),PFg PhFHN" >CO,t-Bu tBU #.Bu
solvent, temperature
(R)-16 (R,R)-17 + (R,S)-17
Entry Cu(CH;3CN)4PFq Solvent Temperature % Yield® Diastereomeric ratio (R,R): (R,S)
1 25 mol% CH;CN It 32 (67) 65:35
2 25 mol% CeHg rt 26 (45) 67:33
3 25 mol% CH,Cl, rt 24 (44) 70:30
4 25 mol% CH;CN 5°C 30 (74) 63:37
5 25 mol% CH;CN 45°C 25 (53) 67:33
6 50 mol% CH;CN It 28 (60) 66:34
7 25 mol%+35 mol% 18 CH;CN rt 23 70:30
8 25 mol%+35 mol% 18 CH;CN -20°C 16 75:25

? Yields in parentheses based on consumed substrate.

temperature, the desired N-Ses aziridine 17 was obtained in
32% overall yield (67% yield based on recovered starting
material) (Table 1, entry 1). The aziridination was
moderately diastereoselective providing a 65:35 ratio (as
determined by 'H NMR) of the (2R.4R) and (2R.4S)
isomers, respectively, which could not be separated at this
stage (see below for the determination of the absolute
configurations).

Several attempts were made to improve the yield and/or the
diastereoselectivity of the aziridination but all proved
somewhat unsatisfactory. Thus (Table 1), while use of
benzene or dichloromethane as the reaction solvent gave
moderately higher diastereoselectivities (34 and 40%,
respectively), this was at the detriment of yields (26 and
24%, respectively) (entries 2, 3). No substantial changes in
yields and diastereoselectivities were observed when the
reaction was run at colder (5°C) or warmer (45 °C)
temperatures (entries 4, 5). Unexpectedly, doubling the
quantity of copper catalyst led to a slightly decreased
aziridine yield (entry 6).

Evans has shown that high stereoselectivities can be
obtained when the iminoiodane-mediated aziridination
reaction of simple olefins (styrene, cinnamates) is conducted
in the presence of chiral bis(oxazoline) catalysts.?® When
35 mol% of such a ligand (the #-butyl derivative 18) was
added to the aziridination reaction medium of (R)-16, some
improvement in diastereoselectivity was observed both at
room temperature (40% de, entry 7) and at —20 °C (50% de,
entry 8) but again, at the expense of overall product yield
(23 and 16%, respectively).

In order to verify whether the presence of a nitrogen atom in
the olefinic substrate was responsible for the relatively low
aziridination yields, the same aziridination procedure was
applied to t-butyl 4-pentenoate 20 (prepared by DCC/
DMAP promoted esterification of carboxylic acid 19 by
t-butanol) (Scheme 3). The yield of aziridine 21 (25%) was
in fact no better than that starting from the analogous amine-
containing substrate (R)-16, indicating that the nitrogen
atom is most probably not interfering with the reaction.
Moreover, when the bulky #-butyl ester of allylglycine 16
was replaced by a smaller ethyl ester as in (R)-22 (prepared
by selective removal of the N-Boc group of (R)-12 followed

by protection of the resulting amine with a phenylfluorenyl
group),??® the yield of the corresponding aziridine (R)-23
was again quite low (26%) and, in addition, no diastereo-
selectivity was observed. These results, combined with our
previous observations,'®27 strongly suggest that the bulky
amine and carboxylic acid blocking groups of allylglycine
16 are not the source of the low yields of aziridinated
product. The latter is more likely attributable to the
previously described poor reactivity of terminal mono-
substituted olefins under these conditions. The combined
presence of both sterically demanding substituents does,
however, appear to be necessary to ensure some diastereo-
selectivity in the aziridination step.

Since, despite many attempts, neither the yield nor the
diastereoselectivity of the aziridination of (R)-allylglycine
derivative 16 could be further improved, the best reaction
conditions were now applied to (5)-16 having the same C-2
configuration as arginine and enduracididine. As expected
then, ‘one-pot’ aziridination of (S5)-16 with SesNH,
provided an inseparable 7:3 mixture of aziridines 17 in
28% vyield (65% based on consumed starting material)
(Scheme 4). Attribution of the C-4 configuration of each
isomer was made possible after intramolecular aziridine
ring opening by the secondary amine of 17, the resulting
cyclized products being more amenable to NMR analysis.
Thus, when the diastereomeric mixture of aziridines 17 was
heated at 110 °C for 70 h in DMF, two major compounds
were obtained. Separation of the compounds by column
chromatography afforded the cis 4-aminoproline (S,S)-24 in
46% yield®® and the diastereomeric trans-4-aminoproline

| | NSes
a b
co,H 45% copBu 5% CO,tBuU
19 20 rac-21
J J }NSes
- cd - b -

B _— B e H

BocHN™ “CO.Et 92% PhFHN"CO.Et 26%  PhFHN" “CO,Et
(R)-12 (R)-22 (R,RS)-23
Scheme 3. Aziridination of test substrates. (a) ~-BuOH, DCC, DMAP,

CH,Cl,, 1t, 20 h. (b) SesNH, Phl=0, 25 mol% Cu(CH;CN),PFs, CH;CN,
rt, 16 h. (¢) HCl,, CHyCl,, 1t, 5 h. (d) PhFBr, K3PO,, CH3NO,, rt, 72 h.
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| NSes

a
PhFHN" ~CO,tBu 28% PhFHN" “CO,tBu
(S)-16 (S,8)-17 + (S,R)17

Jb

Hy Hs
+SesHN,.. D

H/\H

4 M3

SesHNaZ__° W
Haz Ha

N - COztBU N S COztBU
PhF PhF
(8,5)-24 (S,R)-24

Scheme 4. Determination of the stereochemistry. (a) Conditions for step b
in Scheme 3. (b) DMF, 110 °C, 70 h.

derivative (S,R)-24 in 17% yield. The configuration of the
Ses-amino group of the major compound (S,5)-24 was
clearly established by 'H NMR NOESY and NOEDIFF
experiments. Thus, while no direct correlation was observed
between H-2 and H-4, strong NOE effects between H-2 and
H-3 on one hand and H-3 and H-4 on the other hand were
evident, indicating a cis relationship between H-2 and H-4.
No such correlation could be observed between H-3 and H-4
in the minor product, though H-2 and H-3 were still strongly
correlated, thereby corroborating the H-2/H-4 trans
relationship in (S,R)-24. Based on these results, it may be
deduced that the major diastereomer formed by aziridina-
tion of ($)-16 is the (2S5,4S) isomer and that of (R)-16 the
(2R,4R) isomer.

In order to prepare the required diamino intermediate of
type 9, opening of the aziridine ring of compound 17 (a
mixture of the (S,S) and (S,R) isomers) by azide anion was
then investigated (Scheme 5). Careful control of the reaction
conditions was required in order to minimize the afore-
mentioned intramolecular aziridine ring opening (heating
with NaN3 in DMF at 65 °C for 80 h in the presence of
boron trifluoride etherate). The 'H NMR spectrum of the
crude reaction mixture showed that two major ring-opened
products 25, separated and purified by a combination of
column chromatography on silica gel and HPLC, had been
formed in a ratio identical to that of the diastereomeric
components of starting material 17 (7:3). The major
compound could thus be assigned the (2S5,4S) configuration
and the minor compound the (25,4R) configuration.

The synthesis of the target rigid arginine derivatives was
completed as shown in Scheme 5. Thus, reduction of the
azide function of compound (S,5)-25 with triphenyl-
phosphine in the presence of water afforded the intermediate
amine?® which was reacted directly with S-methyl N,N'-
bis(benzyloxycarbonyl)isothiourea® to give the protected
guanidine derivative (S,5)-26 in 80% yield. Treatment of
this compound with cesium fluoride in DMF at 90 °C for
24 h then provided in one step the dihydroaminoimidazole
derivative (S,5)-27, HPLC of which showed a diastereo-
meric purity of 99%. Identical treatment of (S,R)-25
provided compound (S,R)-27 (de of 98%). The latter is a
protected form of enduracididine 7.

In summary, we have described herein the first application
of the one-pot copper-catalyzed iminoiodane-mediated

N3 N3
NSes
a NHSes ““NHSes

PhFHN" >CO,tBu /5% PhFHN" >CO,tBu PhFHN" >CO,tBu
(S,8)17 + (S,R)-17 (S,5)25 (S,R)-25
b,c b,c
80% 51%
CbzHN.__NCbz CbzHN._NCbz

Y ¥
NH NH
/([NHSes KNHSes

PhFHN™ ~CO,tBu  PhFHN" ~CO,tBu
(S,5)-26 (S,R)-26
d d
35% 33%
H H
N N
)—NHCbz )—NHCbz
N N
PhFHN” “CO,tBu  PhFHN" ~CO,tBu

(S,5)-27 (S,R)-27

Scheme 5. End of the synthesis. (a) NaN3, BF;-OEt,, DMF, 65 °C, 80 h.
(b) PPh;, THF, H,O, reflux, 20 h. (¢) MeSC(=NCbz)NHCbz, HgCl,,
DMF, EtN, rt, 84 h. (d) CsF, DMF, 90 °C, 24 h.

aziridination procedure to an «-allylglycine derivative.
This subsequently permitted the preparation of novel rigid
analogues of arginine (i.e. 27) starting from the stereo-
isomeric aziridinated products 17. Interestingly, the
(25,4R)-isomer of 27 is a protected form of a marine natural
product, enduracididine 7. The present methodology there-
fore represents a versatile approach for the preparation of
this compound, its isomers and its analogues.!

1. Experimental
1.1. General

Melting points were measured in capillary tubes on a Biichi
B-540 apparatus and are uncorrected. IR spectra of samples
were obtained either as KBr pellets or as films with a Nicolet
205 FT-IR or Fourier Perkin—Elmer 1600 FT-IR spec-
trometer. '"H NMR and '*C NMR were determined on a
Bruker AC 200 (200 MHz), AC 250 (250 MHz) or Aspect
3000 (300 MHz) instrument. 'H and '3C NMR chemical
shifts are given as & values with reference to Me,Si as
internal standard. Electron impact and chemical ionization
mass spectra were recorded on an AEI MS-50 and AEI
MS-9 spectrometer, respectively. High-resolution mass
spectra were obtained using a Kratos MS-80 spectrometer.
Optical rotations were determined with a JASCO P-1010
polarimeter. Thin-layer chromatography was performed on
silica gel 60 plates with a fluorescent indicator. The plates
were visualized with UV light (254 nm) and with a 3.5%
solution of phosphomolybdic acid in ethanol. All column
chromatography was conducted on silica gel 60 (230-240
mesh) at medium pressure (200 mbar). All solvents were
distilled and stored over 4 A molecular sieves before use.
All reagents were purchased from the Aldrich Chemical Co.
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and were used without further purification. Elemental
analyses were performed at the ICSN, CNRS, Gif-sur-
Yvette.

1.1.1. (S)-N-(t-Butyloxycarbonyl)allylglycine (13) and
ethyl (R)-N-(z-butyloxycarbonyl)allylglycinate ((R)-12).
These compounds were obtained by selective enzymatic
saponification of the (§) enantiomer of racemic ethyl N-(z-
butyloxycarbonyl)allylglycinate ((R,S)-12) with a-chymo-
trypsin following the procedure of Schricker et al.?! The
optical purity (ee) of each compound was determined by
HPLC on a reverse phase C-18 Waters Symmetry column
(4.6X250 mm) after derivatization using o-phthaldialde-
hyde and N-acetylcysteine as described.>> Compound 13:
[a]® +13 (c 1.15, MeOH), ee=98%; '"H NMR (200 MHz,
CDCl3) 6 1.46 (s, 9H), 2.50-2.70 (m, 2H), 4.40-4.52 (m,
1H), 4.95-5.05 (m, 1H, exchangeable with D,0), 5.10—
5.33 (m, 2H), 5.62—5.78 (m, 1H). Compound (R)-12: [a]¥
—10 (c 0.92, MeOH), ee=94%; 'H NMR (200 MHz,
CDCl3) 6 1.29 (t, 3H, J=7.1 Hz), 1.48 (s, 9H), 2.50-2.60
(m, 2H), 4.27 (q, 2H, J=7.1 Hz), 4.42-4.52 (m, 1H), 5.10-
5.28 (m, 3H, 1H, exchangeable with D,0), 5.60-5.88 (m,
1H).

1.1.2. (S)-Allylglycine ((S)-14). To a solution of compound
13 (2.7 g, 12.7 mmol) in dichloromethane (12 mL) held at
0°C was slowly added trifluoroacetic acid (9.7 mL,
127 mmol). After completion of the addition, the reaction
mixture was stirred for 2 h at rt and then evaporated to
dryness under vacuum. The residue was dissolved in ethanol
(20 mL), 4 N HCI (3 mL) was added and the solution was
once again evaporated to dryness, leaving (S)-14 hydro-
chloride as a white powder (1.9 g, 98%): mp 206-208 °C.

A sample of the latter (500 mg, 3.3 mmol) in absolute
ethanol (6.6 mL) was treated with propylene oxide
(1.15 mL, 16.5 mmol), the mixture was refluxed for 7 h,
cooled and the white precipitate of (5)-14 was collected by
filtration and washed with ether (324 mg, 85%). ESMS m/z
116 (MH)™; '"H NMR (300 MHz, D,0) 6 2.53-2.72 (m,
2H), 3.80 (dd, 1H, J=5.1, 7.1 Hz), 5.23-5.32 (m, 2H),
5.69-5.85 (m, 1H); '3C NMR (75 MHz, D,0) § 35.5, 54.6,
121.1, 131.9, 174.7.

1.1.3. (S)-N-(9-Phenyl-9H-fluoren-9-yl)allylglycine ((S)-
15). To a suspension of (S)-allylglycine (S)-14 (300 mg,
2.61 mmol) in anhydrous dichloromethane (5 mL) was
added trimethylsilyl chloride (0.35 mL, 2.75 mmol). The
reaction mixture was stirred at rt for 10 min and then
refluxed for 2 h. The solution was cooled to rt, triethylamine
(0.73 mL, 5.22 mmol) was added followed after 15 min by
addition of lead (II) nitrate (0.59 g, 1.79 mmol) and of a
solution of 9-bromo-9-phenylfluorene (1.14 g, 3.56 mmol)
in dichloromethane (5 mL). The reaction mixture was
stirred for 84 h at rt. Methanol (2.5 mL) was added, and
after 2 h stirring, the mixture was filtered through Celite.
The filtrate was evaporated in vacuo and the residue was
chromatographed on silica gel (heptane—ethyl acetate 4:1
followed by 1:1) to afford compound (S)-15 as a colorless
solid (566 mg, 61%); mp 59—61 °C (lit.?** mp 63-64 °C);
[l — 152 (c 1.01, CHCl3); IR (film) 2957, 2926, 1710,
1637 cm™!; '"H NMR (300 MHz, CDCl3) & 1.93-2.06
(m, 1H), 2.38-2.50 (m, 1H), 2.70 (t, 1H, /=5.4 Hz), 5.10—

5.24 (m, 2H), 5.42—5.58 (m, 1H), 7.18=7.70 (m, 13H); 13C
NMR (75 MHz, CDCl3) & 37.5, 54.9, 72.7, 120.5, 120.6,
124.9, 125.6, 125.9, 127.9, 128.2, 128.6, 128.9, 129.3,
129.4, 140.3, 141.3, 143.0, 146.6, 148.3, 174.7. HRESMS
mlz  378.1466 (M+Na)t (CyH,NO,+Na requires
378.1470).

1.1.4. t-Butyl (S)-N-(9-phenyl-9H-fluoren-9-yl)allylglyci-
nate ((S)-16). To a solution of compound (S)-15 (150 mg,
0.42 mmol) in dichloromethane (1 mL) was added a
solution of #butyl 2,2,2-trichloroacetimidate (184 mg,
0.84 mmol) in cyclohexane (0.85 mL). The reaction mixture
was stirred for 72h at rt, filtered through Celite and
evaporated to dryness under vacuum. The residue was
dissolved in dichloromethane (1 mL), treated again with the
same quantity of reagent in cyclohexane and stirred for
another 60 h. The residue obtained after filtration and
evaporation was purified by chromatography on silica gel
(heptane —ethyl acetate 19:1), affording compound (S5)-16 as
a pale yellow solid (172 mg, 87%): mp 54—-55 °C; [a]¥
—173 (¢ 1.13, CHCl3); IR (film) 3312, 2977, 1724,
1448cm™'; ESMS m/z 434 (M+Na)™; 'H NMR
(250 MHz, CDCl3) 6 1.22 (s, 9H), 2.21-2.32 (m, 2H),
2.71 (t, 1H, J=5.8 Hz), 3.12 (br s, 1H), 5.02—5.10 (m, 2H),
5.68-5.89 (m, 1H), 7.20-7.50 (m, 11H), 7.68-7.80 (m,
2H); '3C NMR (75 MHz, CDCl3) & 28.1, 40.4, 56.0, 73.2,
80.7, 117.3, 119.9, 125.5, 126.3, 127.2, 127.9, 128.3, 134.7,
140.3, 141.0, 145.1, 149.5, 149.6, 174.6. Anal. calcd for
C,3HyoNO»: C, 81.72; H, 7.10; N, 3.40. Found: C, 81.99; H,
7.17; N, 3.13.

1.1.5. t-Butyl (R)-N-(9-phenyl-9H-fluoren-9-yl)allylglyci-
nate ((R)-16). A suspension of compound (R)-12 (2.6 g,
10.7 mmol) in 6 N HCI was refluxed for 18 h. The reaction
mixture was cooled and evaporated to dryness under
vacuum by repeated co-evaporation with ethanol, affording
(R)-allylglycine as the hydrochloride salt ((R)-14 HCI) in
quantitative yield. Treatment of this compound in the same
manner as for (§5)-14 HCl provided compound (R)-16
identical in all respects to (S)-16 except for the optical
rotation: [a]& +152 (c 5.0, CHCl5).

1.1.6. t-Butyl (2R,2'RS)-2-N-[(9-phenyl-9H-fluoren-9-
ylDamino]-3-[N-(2-trimethylsilylethanesulfonyl)aziridin-
2/ -yllpropanoate ((R,RS)-17). To a suspension of activated
3 A molecular sieves (250 mg) in acetonitrile (1.3 mL) were
successively added compound (R)-16 (310 mg, 0.75 mmol)
and Cu(CH;CN)4PFg (70 mg, 0.19 mmol). A mixture of 2-
trimethylsilylethanesulfonamide (178 mg, 0.98 mmol) and
iodosylbenzene (217 mg, 0.98 mmol) was then introduced
in five portions over a period of 1.5 h. The reaction mixture
was stirred overnight at room temperature then filtered
through a pad of Celite and concentrated under reduced
pressure. The residue was purified by flash chromatography
on silica gel (heptane—ethyl acetate 19:1 then 9:1) to afford
the N-(Ses)aziridines (R,RS)-17 (142 mg, 32%) as an
inseparable 7:3 mixture of diastereoisomers: IR (film)
1725, 1449, 1323 cm™!; ESMS m/z 591 (MH)™*; 'H NMR
(300 MHz, CDCl3) 6 0.05, 0.07 (2s, 9H), 1.05-1.15 (m,
2H), 1.20 (s, 9H), 1.25-1.45 (m, 1H), 1.8-2.05 (m, 2H),
2.4-27 (m, 2H), 2.75-3.1 (m, 3H), 7.2-7.45 (m, 11H),
7.65-7.75 (m, 2H); '3C NMR (75 MHz, CDCls) § —1.9,
—1.8,9.4,10.0, 28.0, 32.9, 33.6, 37.0, 37.5, 37.9, 48.7, 49.0,
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54.6, 73.2, 81.5, 119.9, 120.1, 120.2, 125.6, 126.2, 126.4,
127.4, 128.0, 128.1, 128.3, 128.4, 128.5, 140.1, 141.2,
144.5, 144.7, 148.9, 149.2, 174.1, 174.2. Anal. caled for
C33H4oN>0,SSi: C, 67.07; H, 7.16; N, 4.74; S, 5.43. Found:
C, 67.27; H, 7.38; N, 4.56; S, 5.34.

1.1.7. t-Butyl (2S,2'RS)-2-N-(9-phenyl-9H-fluoren-9-yl)-
amino-3-[N-(2-trimethylsilylethanesulfonyl)aziridin-2'-
yllpropanoate ((S,RS)-17). Following the same procedure
as for the preparation of (2R,4RS)-17, compound (S)-16
(2.39 g, 5.8 mmol) in acetonitrile (25 mL) containing 3 A
molecular sieves (3.75 g) was treated with Cu(CH3CN)4PFq
(0.63 g, 1.68 mmol) and a mixture of SesNH, (1.37 g,
7.6 mmol) and iodosylbenzene (1.7 g, 7.7 mmol) in five
portions. After the usual work-up, the crude product was
purified by chromatography on silica gel (ethyl acetate 1:19
then 1:9) affording compound (S,RS)-17 as a 7:3 mixture of
diastereomers (0.95 g, 28%) whose spectral characteristics
were identical to those of compound (R,RS)-17.

1.1.8. #-Butyl 4-pentenoate (20). A solution of 4-pentenoic
acid (1 g, 10 mmol), #-butanol (2.2 g, 40 mmol) and DMAP
(20 mg, 0.16 mmol) in dichloromethane (5 mL) was treated
at 0 °C with DCC (2.25 g, 11 mmol). The reaction mixture
was stirred for 15 min at 0 °C and then for 20 h at rt. The
precipitate was removed by filtration through Celite, the
filtrate was evaporated under vacuum, the residue was taken
up in dichloromethane (20 mL) and washed successively
with 0.1 M HCI (2X20 mL), saturated aqueous NaHCO;5
(20 mL) and water (2X20 mL). The organic phase was dried
over MgSQO,, the solvent was evaporated and the residue
was chromatographed on silica gel affording compound
2033 as a colorless oil (710 mg, 45%): IR (film) 2979, 2932,
1732, 1153 cm™!; ESMS m/z 179 (M+Na)*; 'H NMR
(250 MHz, CDCl3) 6 1.45 (s, 9H), 2.31-2.35 (m, 4H),
496-5.10 (m, 2H), 5.73-5.92 (m, 1H); '3C NMR
(62.5 MHz, CDCl3) 6 28.2, 29.2, 34.8, 80.3, 115.3, 137.1,
172.6.

1.1.9. t-Butyl (R,S)-3-[N-(2-trimethylsilylethanesulfonyl)-
aziridin-2'yl]propanoate (rac-21). Following the same
procedure as for the preparation of 17, compound 20
(211 mg, 1.35 mmol) in acetonitrile (5.3 mL) containing 3 A
molecular sieves (0.7 g) was treated with Cu(CH3CN)4PFq
(126 mg, 0.34 mmol) and a mixture of SesNH, (318 mg,
1.75 mmol) and iodosylbenzene (385 mg, 1.75 mmol) in five
portions. After the usual work-up, the crude product was
purified by chromatography on silica gel (ethyl acetate—
heptane 1:4), affording compound rac-21 as an orange oil
(115 mg, 25%): IR (film) 3297, 2954, 1729 cm™~!; '"H NMR
(250 MHz, CDCl3) 60.07 (s, 9H), 1.10—1.17 (m, 2H), 1.44 (s,
9H), 1.62-1.75 (m, 1H), 1.90-2.02 (m, 1H), 2.13 (d, 1H,
J=4.6 Hz), 2.38 (t, 2H, J=7.0 Hz), 2.60 (d, 1H, J/=7.0 Hz),
2.73-2.82(m, 1H), 3.04—3.12 (m, 2H); '3*C NMR (62.5 MHz,
CDCl3) 6 —1.9, 9.8, 26.9, 28.2, 32.6, 33.7, 38.0, 48.9, 80.9,
171.8. HRESMS m/z 358.1481 (M+Na)™ (C4H,0NO,SSi+
Na™ requires 358.1484).

1.1.10. Ethyl (R)-N-(9-phenyl-9H-fluoren-9-yl)allylglyci-
nate ((R)-22). HCI] gas was bubbled through a solution of
compound (R)-12 (4.0 g, 16.4 mmol) in dichloromethane
(50 mL) for 75 min. The reaction mixture was stirred at rt
for 5h and then evaporated to dryness under vacuum

affording ethyl (R)-allylglycinate hydrochloride (3.0 g,
100%): mp 89-91 °C; [a]¥ +1 (c 0.65, MeOH); IR (film)
3406, 2981, 1744, 1487 cm™!; ESMS m/z 144 (MH)*; 'H
NMR (250 MHz, CDCl3) 6 1.30 (t, 3H, J=7.1 Hz), 2.75-
2.95 (m, 2H), 4.05-4.35 (m, 3H), 5.26 (dd, 1H, J=1.5,
10.1 Hz), 533 (dd, 1H, J=1.5, 16.9 Hz), 5.75-5.95 (m,
1H), 8.70-8.90 (br s, 3H); '3C NMR (75 MHz, CDCl3) &
14.2, 34.6, 52.9, 62.6, 121.5, 130.3, 168.8.

A solution of this compound (500 mg, 2.78 mmol) in
nitromethane (5 mL) was then treated with potassium
phosphate (1.18 g, 5.54 mmol) and 9-bromo-9-phenyl-
fluorene (1.07 g, 3.3 mmol). The reaction mixture was
stirred at rt for 72 h, ethanol (2 mL) was added and after
5 min of stirring, the mixture was filtered through Celite.
The filter pad was washed with ethyl acetate, the filtrate and
washings were combined, evaporated to dryness under
vacuum and the residue was purified by column chroma-
tography on silica gel (heptane—ethyl acetate 19:1),
affording (R)-22 as a pasty solid (985 mg, 92%): [a]¥
4195 (c 2.01, CHCly); IR (film) 3314, 3062, 2979, 1729,
1447 cm™!; 'H NMR (300 MHz, CDCl3) & 0.96 (t, 3H,
J=17.1 Hz), 2.10-2.29 (m, 2H), 2.65-2.73 (m, 1H), 2.93 (br
s, 1H), 3.58-3.70 (m, 1H), 3.70-3.82 (m, 1H), 4.97-5.01
(m, 1H), 5.01-5.05 (m, 1H), 5.61-5.76 (m, 1H), 7.13-7.72
(m, 13H); '3C NMR (75 MHz, CDCl3) § 14.1, 39.9,
55.7, 60.5, 73.1, 117.7, 119.9, 120.0, 125.5, 126.3, 127.3,
127.5, 127.9, 128.4, 134.4, 140.3, 141.1, 144.9, 147.0,
149.3, 175.7. HRESMS m/z 406.1793 (M+Na)*t
(Co6H,5NO,+Nat requires 406.1783).

1.1.11. Ethyl (2R,2'RS)-2-N-(9-phenyl-9H-fluoren-9-yl)-
amino-3-[N-(2-trimethylsilylethanesulfonyl)aziridin-2'-
yllpropanoate ((R,RS)-23). Following the same procedure
as for the preparation of 17, compound (R)-22 (210 mg,
0.55 mmol) in acetonitrile (2.2 mL) containing 3 A
molecular sieves (0.3 g) was treated with Cu(CH3CN)4PFq
(50 mg, 0.134 mmol) and a mixture of SesNH, (131 mg,
0.72 mmol) and iodosylbenzene (156 mg, 0.71 mmol) in
five portions. After the usual work-up and chromatography
of the residue on silica gel (ethyl acetate—heptane 1:9 then
1:5), compound (R,RS)-23 was obtained as a 1:1 mixture of
diastereomers (80 mg, 26%): IR (film) 3310, 2953, 1730,
1449 cm™!; '"H NMR (300 MHz, CDCl3) 8 0.05 (s, 9H),
0.07 (s, 9H), 0.80-1.13 (m, 10H), 1.30-1.60 (m, 2H),
1.77-2.00 (m, 2H), 1.87 (d, 1H, J=4.4 Hz), 2.06 (d, 1H,
J=4.4Hz), 243 (d, 1H, J=7.0Hz), 2.63-3.2 (m, 9H),
3.63-3.87 (m, 4H), 7.08—-7.47 (m, 22H), 7.66-7.76 (m,
4H); '3C NMR (75 MHz, CDCl;) 8 —1.9, 9.5, 10.0, 30.5,
32.7, 33.3, 37.0, 37.1, 37.2, 37.3, 48.8, 49.0, 54.2, 54.4,
61.1, 73.1, 120.0, 120.2, 125.5, 126.2, 126.4, 127.5, 127.6,
128.2, 128.4-128.7, 140.1, 141.4, 144.3, 144.5, 148.5,
148.6, 148.9, 149.0, 175.2, 175.3. HRESMS m/z 585.2200
(M+Na)™ (C3;H3gN,0,4SSi+Na™ requires 585.2219).

1.1.12. ¢-Butyl (25,45)- and (25,4R)-1-N-(9-phenyl-9H-
fluoren-9-yl)-4-N-(2-trimethylsilylethanesulfonyl)-
aminoproline ((S,5)-24 and (S,R)-24, respectively). A
solution of compound (S,RS)-17 (147 mg, 0.25 mmol) in
DMF (2 mL) was heated at 110 °C for 70 h. The solvent was
removed under vacuum and the residue was purified by
column chromatography on silica gel (heptane—ethyl
acetate 7:1) affording by order of elution compounds
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(S,5)-24 and (S,R)-24. Compound (S,5)-24: (67 mg, 46%):
[a]® +102 (¢ 0.91, CHCl,); IR (film) 3274, 2956, 1720,
1450 cm™!; '"H NMR (300 MHz, CDCl3) 8 0.03 (s, 9H),
1.00-1.10 (m, 2H), 1.26 (s, 9H), 1.60—1.70 (m, 1H), 1.95-
2.05 (m, 1H), 2.85-2.95 (m, 2H), 3.04 (dd, 1H, J=1.7,
10.7 Hz), 3.12 (dd, 1H, J=4.4, 9.7 Hz), 3.30 (d, 1H,
J=9.7 Hz), 3.85-3.95 (m, 1H), 6.37 (d, 1H, J=10.3 Hz),
7.10-7.20 (m, 1H), 7.20-7.50 (m, 8H), 7.50-7.60 (m, 2H),
7.60-7.65 (m, 1H), 7.75-7.80 (m, 1H); '3C NMR (75 MHz,
CDCly) 6 —1.8,10.7, 28.0, 38.5, 50.3, 53.5, 56.7, 59.4, 76.0,
81.4,120.0, 120.4, 126.7, 127.0, 127.5, 127.6, 127.7, 128.2,
128.5, 128.7, 128.9, 139.4, 141.9, 142.4, 145.5, 148.1,
176.3. HRESMS m/z 591.2675 (MH)* (C33H43N,0,SSi
requires 591.2713).

Compound (S,R)-24 (25 mg, 17%): [alk +18 (c 0.66,
CHCly); IR (film) 3271, 2926, 2854, 1735, 1450 cm™!; 'H
NMR (250 MHz, CDCls) 6§ 0.00 (s, 9H), 0.85-0.95 (m, 2H),
1.29 (s, 9H), 1.50—-1.70 (m, 1H), 1.95-2.10 (m, 1H), 2.58 (t,
1H, J=9.0 Hz), 2.80-2.90 (m, 2H), 3.32 (dd, 1H, J=1.8,
9.7Hz), 3.52 (dd, 1H, J=6.4, 9.0Hz), 4.02 (d, 1H,
J=8.9 Hz), 4.05-4.20 (m, 1H), 7.05-7.45 (m, 8H), 7.50—
7.60 (m, 3H), 7.60-7.75 (m, 2H); '3C NMR (75 MHz,
CDCl;) 6 —1.9, 10.8, 28.0, 40.0, 49.5, 52.1, 55.1, 60.3, 76.5,
80.5, 120.0, 120.3, 126.4, 126.8, 127.5, 127.6, 127.9, 128.1,
128.6, 128.7, 128.8, 140.3, 141.0, 142.6, 146.9, 147.6,
174.3. HRESMS m/z 591.2714 (MH)" (C33H43N,0,4SSi
requires 591.2713).

1.1.13. ¢-Butyl (25,4S)- and (2S,4R)-5-azido-2-N-(9-
phenyl-9H-fluoren-9-yl)amino-4-N-(2-trimethylsilyl-
ethanesulfonyl)aminopentanoate ((S,5)-25 and (S,R)-25,
respectively). To a solution of compound (S,RS)-17
(870 mg, 1.47 mmol) in DMF (12 mL) were successively
added under argon at rt solid sodium azide (400 mg,
6.15 mmol) and boron trifluoride etherate (0.75 mL,
6.1 mmol). The mixture was heated at 65 °C for 80 h, and
after cooling to rt, water (120 mL) was added. The solution
was extracted with ethyl acetate (3X200 mL), the organic
extracts were combined, dried over MgSO, and evaporated.
A first purification of the residue by column chromato-
graphy on silica gel (ethyl acetate—heptane 1:7) provided
(5,5)-25 and (S,R)-25 as a mixture (760 mg, ~75%)
contaminated with a small amount of the aminoproline
derivative 24. The isomeric azides were partially separated
by careful chromatography on silica gel using ethyl
acetate—toluene (1:18) as eluting solvent. Pure (S,5)-25
(major diastereomer) was finally obtained by preparative
HPLC of the enriched fraction on a PrepPak Deltapak C18
cartridge (15 pm, 100 A, 47X250 mm) using 35:65 isocratic
H,0+0.1% CH3CO,H/CH;CN+0.1% CH3;CO,H: [a]®
—134 (¢ 1.0, CHCI3); IR (film) 3286, 2926, 2103, 1728,
1449 cm™!; 'TH NMR (300 MHz, CDCl3) § 0.08 (s, 9H),
1.05-1.15 (m, 2H), 1.25 (s, 9H), 1.50—1.60 (m, 1H), 1.70—
1.80 (m, 1H), 2.65-2.75 (m, 1H), 2.85-3.05 (m, 2H),
3.08 (dd, 1H, J=6.1, 124 Hz), 3.18 (dd, 1H, J=5.8,
12.4 Hz), 3.45-3.60 (m, 1H), 7.20-7.50 (m, 11H), 7.70—
7.80 (m, 2H); '3*C NMR (75 MHz, CDCls) § —1.8, 10.6,
28.0, 35.9, 50.0, 52.4, 54.2, 54.5, 73.3, 82.0, 120.1, 120.4,
126.0, 126.2, 126.4, 127.6, 128.2, 128.3, 128.8, 129.0,
140.3, 141.3, 143.6, 147.9, 148.5, 173.6. HRESMS m/z
656.2727 (M+Na)™ (C33H43N504SSi+Na™  requires
656.2703).

Minor diastereomer (S,R)-25: IR (film) 3283, 2954, 2929,
2103, 1724, 1449 cm ™ !; 'TH NMR (300 MHz, CDCl5) 6 0.09
(s, 9H), 1.00-1.10 (m, 2H), 1.25 (s, 9H), 1.50—1.64 (m,
2H), 2.47 (t, 1H, J=6.3 Hz), 2.79-3.03 (m, 3H), 3.28 (dd,
IH, J=4.4, 12.5 Hz), 3.35 (br s, 1H), 3.74-3.87 (m, 1H),
4.25(d, 1H,J=9.1 Hz), 7.17-7.47 and 7.67-7.77 (m, 13H);
13C NMR (75 MHz, CDCl3) 6 —1.7, 10.4, 28.0, 38.5, 50.3,
50.8, 53.4, 55.1, 73.2, 81.9, 120.0, 120.3, 125.8, 126.1,
126.2, 127.5, 128.2, 128.6, 128.9, 140.2, 141.1, 144.2,
148.7, 149.2, 174.2. HRESMS m/z 656.2676 (M+Na)™
(C33H43N50,4SSi+Na™ requires 656.2703).

1.1.14. t-Butyl (25,4S)-5-[N',N"-bis(benzyloxycarbonyl)-
guanidino]-2-N-(9-phenyl-9H-fluoren-9-yl)amino-4-N-
(2-trimethylsilylethanesulfonyl)aminopentanoate ((S,S)-
26). To a solution of compound (S,5)-25 (100 mg,
0.16 mmol) in THF (9 mL) was added triphenylphosphine
(55 mg, 0.21 mmol) and water (170 wL, 9.4 mmol). The
reaction mixture was refluxed for 20 h, the solvent was
evaporated and the residue was dried under vacuum. The
latter was dissolved in DMF (1.8 mL) and S-methyl N,N'-
bis(benzyloxycarbonyl)isothiourea (68 mg, 0.19 mmol),
mercuric chloride (52 mg, 0.19 mmol) and triethylamine
(66 nL, 0.47 mmol) were added. The reaction mixture was
stirred for 84 h at rt, diluted with ethyl acetate (25 mL) and
filtered. The filtrate was washed with a 10% aqueous citric
acid solution (3X15 mL) and then with saturated aqueous
NaCl (2x15 mL), dried over MgSO, and evaporated under
vacuum. Chromatography of the residue on silica gel (ethyl
acetate—heptane 1:3) afforded compound (S,5)-26 as a pasty
white solid (116 mg, 80%): [a]3" —55 (c 0.51, CHCl5); IR
(film) 3333, 2954, 1729, 1642 cm™!; 'H NMR (250 MHz,
CDCl3) 6 0.04 (s, 9H), 1.05-1.15 (m, 2H), 1.21 (s, 9H),
1.50-1.60 (m, 1H), 1.65-1.80 (m, 1H), 2.71 (dd, 1H,
J=3.6, 8.0 Hz), 2.80-3.05 (m, 3H), 3.35-3.45 (m, 1H),
3.60-3.70 (m, 2H), 5.09 (s, 2H), 5.17 (d, 1H, J=12.0 Hz),
5.25 (d, 1H, J=12.0 Hz), 7.10-7.50 (m, 21H), 7.60-7.70
(m, 3H), 8.55 (t, 1H, J=5.3 Hz), 11.7 (br s, 1H). '3C NMR
(62.5 MHz, CDCl3) 6 —1.9, 10.3, 27.9, 35.6, 44.0, 49.7,
51.9,54.2,67.3,68.4,73.3,82.1, 120.0, 120.4, 126.0, 126.1,
126.4, 127.5, 128.0, 128.1, 128.2, 128.3, 128.5, 128.6,
128.7, 128.8, 128.9, 129.9, 134.6, 136.7, 140.2, 141.3,
143.5, 147.8, 148.4, 153.7, 156.4, 163.6, 173.6. HRESMS
mlz 940.3763 (M+Na)* (C5oHsoNsOgSSi+Na™ requires
940.3751).

1.1.15. t-Butyl (2S,4R)-5-[N',N"-bis(benzyloxycarbonyl)-
guanidino]-2-N-(9-phenyl-9H-fluoren-9-yl)-4-N-(2-tri-
methylsilylethanesulfonyl)-2,4-diaminopentanoate
((S,R)-26). Following the same procedure as for the
preparation of (S,5)-27, compound (S,R)-25 (156 mg,
0.25 mmol) in THF (18 mL) was refluxed for 20 h in the
presence of triphenylphosphine (112 mg, 0.43 mmol) and
water (350 L, 19.4 mmol). After evaporation, the residue,
dissolved in DMF (3 mL), was treated with S-methyl N,N'-
bis(benzyloxycarbonyl)isothiourea (108 mg, 0.3 mmol),
mercuric chloride (82 mg, 0.3 mmol) and triethylamine
(105 pL, 0.75 mmol) and the reaction mixture was stirred
for 60 h at rt. Work up as before followed by chromato-
graphy of the residue on silica gel (ethyl acetate—heptane
1:5) provided compound (S,R)-26 as a pasty white solid
(125 mg, 51%): [a]E —38 (c 1.04, CHCL,); IR (film) 3331,
1729, 1641 cm™'; 'H NMR (250 MHz, CDCls) & 0.04 (s,
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9H), 1.00—1.10 (m, 2H), 1.19 (s, 9H), 1.40—1.60 (m, 1H),
1.60—1.80 (m, 1H), 2.30-2.45 (m, 1H), 2.75-3.00 (m, 3H),
3.25-3.30 (m, 1H), 3.80-3.95 (m, 1H), 5.10 (s, 2H), 5.18
(d, 1H, J=12.1 Hz), 5.24 (d, 1H, J=12.1 Hz), 5.43 (d, 1H,
J=7.0 Hz), 7.20-7.50 (m, 21H), 7.60-7.70 (m, 2H), 8.40
(t, 1H, J=5.7 Hz), 11.7 (br s, 1H); '3C NMR (75 MHz,
CDCl;3) 6 —1.8, 10.5, 28.0, 39.9, 44.1, 50.0, 51.9, 53.5,
67.3, 68.5, 73.2, 81.6, 120.0, 120.3, 125.7, 126.2, 126.6,
127.4, 128.1, 128.4—-128.8, 134.6, 136.7, 140.3, 141.1,
144.2, 148.7, 149.4, 153.6, 157.3, 163.4, 174.4. HRESMS
mlz 940.3741 (M+Na)* (C5oHgoN50gSSi+Na™ requires
940.3751).

1.1.16. ¢-Butyl (2S,4'S)-3-[2'-N-(benzyloxycarbonyl)-
aminoimidazolidin-4'-yl]-2-N-(9-phenyl-9H-fluoren-9-
yl)aminopropanoate ((S,5)-27). A mixture of compound
(5,9)-26 (281 mg, 0.31 mmol) and cesium fluoride (141 mg,
0.93 mmol) in DMF (3.5 mL) was heated at 90 °C for 24 h.
Water (50 mL) was added and the solution was extracted
with ethyl acetate (3X50 mL). The organic extracts were
combined, dried over MgSO, and evaporated leaving a
crude product which was purified by column chromato-
graphy on silica gel (heptane—ethyl acetate 1:1), affording
compound (S,5)-27 as a viscous oil which slowly solidified
(65 mg, 35%). HPLC of an aliquot on a Waters C18
Symmetry column (4.6X250 mm) using water+0.1%
CH;CO,H/CH5;CN+0.1% CH3CO,H as eluting solvents
(85:15 to 12:88 gradient over 40 min; 1 mL/min flow rate)
indicated that compound (S,5)-27 was 99% pure: [a]5 —96
(c 0.84, CHCl3); IR (film) 3389, 2929, 1724, 1657,
1622 cm™!; '"H NMR (300 MHz, CDCl3) & 1.18 (s, 9H),
1.50-1.70 (m, 2H), 2.44-2.54 (m, 1H), 3.09 (dd, 1H,
J=17.3, 9.3 Hz), 3.22 (br s, 1H), 3.69 (t, 1H, J=9.3 Hz),
4.01-4.14 (m, 1H), 5.05 (d, 1H, J=12.6 Hz), 5.13 (d, 1H,
J=12.6 Hz), 6.56-6.84 (br s, 1H), 7.13-7.45 (m, 16H),
7.65-7.75 (m, 2H), 7.80-8.20 (br s, 1H); '*C NMR
(75 MHz, CDCl;) 6 28.0, 41.1, 48.1, 51.7, 53.9, 66.5,
73.1, 81.6, 120.0, 120.4, 125.1, 126.2, 126.3, 127.4, 127.7,
127.9, 128.1, 128.4-128.5, 128.9, 137.6, 140.2, 141.1,
144.3, 148.8, 149.0, 163.2, 164.8, 174.4. HRESMS m/z
603.3009 (MH)* (C37H30N40, requires 603.2971).

1.1.17. t-Butyl (2S,4'R)-3-[2'-N-(benzyloxycarbonyl)-
aminoimidazolidin-4'-yl]-2-N-(9-phenyl-9H-fluoren-9-
yl)aminopropanoate ((S,R)-27). Following the same
procedure as for the preparation of (S,5)-27, compound
(S,R)-26 (119 mg, 0.13 mmol) in DMF (1.5 mL) was treated
with cesium fluoride (60 mg, 0.4 mmol) for 24 h at 90 °C.
Work-up and purification as before afforded compound
(S,R)-27 as a pasty solid (26 mg, 33%). HPLC analysis of an
aliquot under the same conditions as for (S,5)-27 showed
(S,R)-27 to be 98% pure: [a]x —100 (c 0.9, CHCl3); IR
(film) 2925, 1727, 1652, 1622 cm™'; '"H NMR (250 MHz,
CDCl3) 6 1.18 (s, 9H), 1.50—-1.65 (m, 1H), 1.65-1.80 (m,
1H), 2.40-2.50 (m, 1H), 3.01 (dd, 1H, J=7.7, 9.7 Hz), 3.36
(t, 1H, J=9.7Hz), 3.95-4.10 (m, 1H), 5.16 (d, 1H,
J=12.5Hz), 523 (d, 1H, J=12.5Hz), 7.15-7.45 (m,
16H), 7.65-7.75 (m, 2H); '3C NMR (75 MHz, CDCl;) &
28.0, 40.4, 47.6, 53.4, 54.5, 67.8, 73.2, 81.8, 120.0, 120.3,
125.2, 126.2, 126.8, 127.5, 128.2, 128.3, 128.6, 128.7,
136.1, 140.4, 141.1, 143.8, 148.4, 149.2, 159.8, 161.1,
174.3. HRESMS m/z 603.3000 (MH)" (Cs;H30N40,)
requires 603.2971).
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Abstract—A one-pot synthesis of di-D-fructose dianhydrides (DFAs) having the 1,6,9,13-tetraoxadispiro[4.2.4.2]tetradecane and 1,7,10,15-
tetraoxadispiro[5.2.5.2]hexadecane skeleton has been accomplished. The methodology relies on the ability of per-O-protected 1,2-O-
isopropylidene (3-D-fructofuranose and (3-D-fructopyranose derivatives to undergo a tandem acetal cleavage-intermolecular glycosylation-
intramolecular spiroketalization process by reaction with suitable acid promoters, such as boron trifluoride etherate or trifluoromethane-
sulfonic acid, in apolar organic solvents. Spirocyclization proceeds then under irreversible reaction conditions to give binary mixtures of
di-p-fructofuranose (o, and o, diastereomers) or di-D-fructopyranose 1,2':2,1" dianhydrides (B,8 and «,B), respectively, the
stereochemical outcome being dependent on the non-participating or participating character of the protecting groups. Thus, benzylated
and allylated derivatives afford, preferentially, the non-symmetric DFAs (o, 3), with diastereomeric excess up to 92%. In contrast, the use of
participating benzoyl groups favours the C,-symmetric diastereomer in both series.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The spiroketal unit represents a common feature in many
biologically relevant natural products, including steroidal
saponins, polyether ionophores, macrolide antibiotics,
insect pheromones and toxic metabolites from algae and
fungi,' = being the target of much synthetic effort.>~!3 This
structural element is also present in a unique class of cyclic
disaccharides termed generically diketose dianhydrides, of
which di-D-fructose dianhydrides (DAFs) are paradigmatic
examples.'* Some members of this class of compounds have
been isolated from microorganisms'> and higher plants.'®
Their potential use as sweeteners,!”-'® bifidogenic agents'®
or chiral templates®>2! has triggered intense interest in the
synthesis of these and related spiro-sugars.>>~27 The
identification of DFAs as the major components of the
thermolysis product of sucrose and D-fructose containing
food materials, such as caramel and chicory,?®=3° and the
need of pure standards for nutritional studies and analytical
evaluation! has provided a further impetus.

Keywords: Di-D-fructose dianhydrides; 1,2-Isopropylidene-f-D-

fructofuranose; 1,2-Isopropylidene-B-D-fructopyranose; Spiro-disac-

charides; Spiroketals.
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Despite the variety of general methods existing for the
construction of the spiroketal moiety, the control of the
stereochemistry at the anomeric centres relies, almost
exclusively, on the relative thermodynamic stability of the
different isomers in the acid-catalyzed spiroketalization
reaction. When all factors that control spiroketalization, that
is, a maximum anomeric effect and minimum steric
interactions, are reinforcing, a major isomer is produced.
The stereoselectivity is lower when these factors are in
conflict. In tricyclic systems,>?>~3> however, such general
statements must be applied carefully. A range of structures
can usually accommodate the basic requirements, that is,
oxygen substituents at anomeric centres in axial disposition
and carbon substituents in equatorial disposition, with rather
small differences in energy and low interconversion
barriers.

In the case of DFAs, high yielding preparations have been
previously achieved by protonic activation of D-fructose,
sucrose or inulin with anhydrous hydrogen fluoride (HF) or
its complex with pyridine.3®~3% Under such conditions, a
fructosyl oxocarbenium cation is generated, which under-
goes in situ glycosylation into the corresponding keto-
disaccharide. Further spiroketalization is a reversible
process that leads to a complex mixture of bis(spiro)disac-
charides in which the two D-fructose constituents are joined
through a central 1,4-dioxane ring. Up to five different
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tricyclic cores (types I-V) and 13 DFA isomers that differ
in the ring size, linking position and stereochemistry of the
ketal stereocenters have been so far identified from reaction
mixtures (Scheme 1).

o) OH H" HO
| |

|

HO
HO ‘ 0] OH

H

A, X 4
I (o0 B.B; o, B) IL(B.B; a0; o, B; Brot)
CXED
0
NE(B,Be,B)
O O 0 0
0 0
IV (B,B:B,ot) V (B.B;c.B)

Scheme 1. Acid-catalysed dimerization of ketoses.

Difuranose DFA derivatives (types I and V) are formed at
the early stages of the acid-promoted dimerization of
D-fructose. However, they partially isomerize in the reaction
medium to give mixed furanose —pyranose (types Il and IV)
and dipyranose species (type III). Although their relative
proportions can be varied to some extent by modulation of
the acid strength, isolation of pure samples from the
isomeric mixtures remains a difficult task. We envisioned
that isomerization reactions would be significantly slowed
in anhydrous apolar solvents. Moreover, the use of protected
D-fructose precursors should allow blocking the cyclic form

of the monosaccharides and, eventually, controlling the
stereochemical outcome of the dimerization process.3® This
concept has now been translated into stereoselective
preparations of DFAs having the 1,6,9,13-tetraoxadispiro-
[4.2.4.2]tetradecane and 1,7,10,15-tetraoxadispiro[5.2.5.2]-
hexadecane core structure (types I and III, respectively).
Our strategy relies on the ability of 1,2-O-isopropylidene
D-fructose derivatives to undergo a tandem acetal clea-
vage—intermolecular glycosylation—intramolecular spiro-
ketalization process by reaction with suitable acid
promoters.*>* The scope and limitations of the methods
as well as the factors influencing the relative proportions of
the products are discussed.

2. Results and discussion

3,4,6-Tri-O-protected 1,2-O-isopropylidene-3-D-fructo-
furanoses 2a-c, readily accessible from the known 1,2-O-
isopropylidene-B-D-fructofuranose*? 1, were used as fura-
nose-anchored precursors for the preparation of type I
DFAs. First, a screening of their reactivity in the presence of
a series of acid promoters was carried out (see Table 1 for
selected results). Diethylaluminium chloride was found to
be inefficient to provoke acetal cleavage in either toluene or
dichloromethane, even using a large excess of reagent at
50 °C. Treatment with tin (IV) chloride or zinc chloride
(ZnCl,-Et,0) etherate resulted in removal of the isopropyl-
idene group even at room temperature, but these reagents
were unable to promote the subsequent glycosylation—
spiroketalization reaction. A slight improvement was
observed using ZnCl,-Et,O at 50 °C in toluene, although
the final DFA products (3a—c¢, 4a—c) were isolated in
disappointingly low yields (4—15%) and poor stereoselec-
tivities (Table 1, entries 1, 4 and 7). Interestingly, boron
trifluoride diethyl etherate (BF5-Et,0) and trifluoromethane-
sulfonic acid (triflic acid, TfOH) succeeded in promoting
the desired tandem transformations in toluene (see Table 1,
entries 2, 5, and 8 for results using BF5-Et,0), which is in
agreement with their broad use for the cleavage of acetal
protecting groups, as glycosylation promoters and as
spiroketalization catalysts.*>#!4344 The use of dichloro-
methane as solvent was detrimental in the case of BF5-Et,0;
in contrast, it resulted i