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1. INTRODUCTION

Solid phase chemistry has been used for the synthesis of molecules for over 30 years, first for peptide,!;2
and then nucleotide? synthesis. In the seventies, the synthesis of small organic molecules on the solid phase was
545 However, the wide range of chemical reactions that needed to be
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smail number of molecules required. The advent of combinatorial techniques, first for peptides and nucleotides®:
then for small molecules,8.% has brought about a major revival in the study of solid phase organic synthesis.

Large numbers of reactions have been translated from solution phase to solid phase!%-12 and more continue to be
developed.

Critical to this process is the attachment of the molecule to the solid phase. This is achieved through a
cleavable linker.13.14 A linker has been descri i

lir 1 ibed as a bifunctional protecting groun (Figure 1) - it is attached to

prot g group (Figure 1) - it is attached
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alkanes). This definition gives a clear picture for many of the linkers used, and is readily visualized by synthetic
chemists familiar with protecting group methods used in standard synthetic approaches. Indeed, linkers perform
similar functions to protecting groups and many of the linkers developed in recent years are based on protecting
groups frequently used in solution phase synthesis. There are, however, many linkers that are not based on
common protecting group methods, such as the increasing range of traceless linkers, and those that rely on fi-
cleavage or cyclization. These fall into the broader definition of a linker as a connection between the molecule
being synthesized and the solid phase polymer that is cleaved to release the desired molecule. This cleavage may

involve a range of techniques and give a range of functional groups. The functional group obtained may be

a
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Figure 1. Linkers can perform a similar function to traditional protecting groups.
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ideal

¢ It would be cheap and readily available.

* The attachment of starting material would be readily achieved in high yieid.

e The linker would be stable to the chemistry used in the synthesis.

¢ Cleavage would be efficient under conditions that do not damage the final product(s).

Given that linkers are often applied to the synthesis of large libraries of compounds, a further important

criterion for the ideal linker is:

¢ The cleavage method should be easily worked up in large numbers and should not introduce impurities

a
although the choice of synthetic route may determine the choice of
are often harsh, for example TFA, and not all molecules will survive these conditions. It is important to assess

this when planning a library synthesis.
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The last point is probably open to the greatest contention. Many work up procedures add to the number of
post-cieavage manipulations. Most cleavage methods use excess reagents to ensure complete cleavage. Many
use reagents that are volatile, and excess reagent is removed by evaporation. Other methods use reagents that
may be remaved by lyopholization, for example, NH;OH. A number of cleavage methods, though, use reagents
that are not readily removed by these simple methods, for example cleavage using lithium aluminum hydride.
Until recently, there were very few methods suitable for purifying the cleaved products in high numbers.

However, new techniques of hagh throughput purification, 15 the use of dlsposable short columns!® and solid

impurities!7-19 may make t
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It is important to consider how these extra manipulations may be performed in the numbers required for a
library. The use of solid phase reagents to remove impurities is limited to cases where solid phase reagents
suitable for the purification step are available. However, the process is easily performed in large numbers,
requiring only a filtration step to separate the solid phase purification reagent from the purified product. Other
methods, such as the use of short Solid Phase Extraction columns and high throughput HPLC are useful for
small to medium numbers of compounds, but can be very time consuming if large numbers are being prepared.
Aqueous work up can be automated with modern robotics, though these can typically handle up to only a few
hundred compounds at a time. With these factors in mind, the selection of linker and cleavage method is not only
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based on the compounds being prepared but also on the size of library.
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and functional groups that may have to survive the cleavage conditions, and the wide range of functional groups

through which a substrate may be attached to the solid phase.

This review covers papers published up to August 1998. It will focus on the use of linkers for the synthesis
of small organic molecules. Linkers that were initially developed for peptide synthesis and later used for the small
molecule synthesis are also described. After a brief discussion on the general design and use of linkers, the
emphasis of this review is on the functional group obtained after cleavage.

the reaim of this review, but inciude such issues as solvation (poor soivation may hinder the release of the
product molecule) and the presence of functional groups that may interfere with the chemistry. Similarly, spacers
are not emphasized in this review, but the presence of problematic functional groups within the spacer has been
reported. The method of attachment of the linker to the solid phase may also present problems to the subsequent
synthesis on the solid phase. For example, the amide bond used to attach a photolabile carboxylic acid linker 1b
was believed to interfere with subsequent chemistry.20 Replacement of the amide with an ester bond 1a resulted
in successful synthesis. Unnecessary heteroatoms were removed from the spacer of linker 2 so as to improve the
talyst 21 Although pre
combination required some synthetic effort, the workers were rewarded with significant improvements in the

yields.



Gives superior yields for Sc(OTf); chemistry than
Wang or chloromethylpolystyrene derived linker

3. TYPES OF LINKER

3.1. Acid Labile

Strong acid is one of the most common cleavage conditions used in solid phase synthesis. Volatile acids,

such as HF or much more commonly TFA, allow easy removal of excess cleavage reagent by evaporation. The

lability of an acid labile linker is dependent on the relative stability of the protonated linker versus the cation

formed upon cleavage. Therefore within a series of linkers, the more stable the cation formed, the more labile the

linker is to acid. This is best illustrated using ester linkers. The stability of the illustrated cations increases from

left to right as the number of electron donating groups increases, hence it is not surprising that the same trend is

the
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As is mentioned below, linkers based on ester bonds, such as 3, 4, and 5, may also be cleaved by
nucleophilic attack, e.g. with NaOMe to give the methyl ester. Hence, the acid labile linkers for carboxylic acids
may also be cleaved, by these nucleophilic conditions. This is more of a problem with the Wang linker than it is
for the Sasrin linker, primarily because of steric factors. Lability towards nucleophiles can be reduced by using
sterically congested linkers. For example, both the trityl linker 8 and the hindered handle 9 are significantly
hindered such that cleavage by even reactive and unhindered nucleophiles is limited.
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3.2. Base Labile
Although the term ‘base labile’ is used, two types of cleavage are included under this heading. The more
common type actually involves nucleophilic addition/elimination, usually on an ester, whereas the less common
type involves a base catalyzed reaction, such as elimination or cyclization. The nucleophilic labile linker is
typified by the ester linker derived from hydroxymethylpolystyrene 3, already discussed above as an HF labile
linker. Treatment with NaOH solution leads to the cleavage as the salt of the carboxylic acid (Scheme 1).
Cleavage may also be achieved using NaOMe in MeOH to give the methyl carboxylic ester, or by an unhindered
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determined by the basicity of the cleavage reagent.22-
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3.3. Photolabile
B Y O

Photolabile linkers are not as commonly used as either the acid labile or base labile linkers. The most
common type is based on the nitrobenzyl moiety.26.27 On irradiation of 11, a 1,5-hydrogen abstraction occurs
(Scheme 3). Further rearrangement leads to the formation of the acetal 12, which then undergoes elimination
releasing the product.28 Generally, it has been found that, for th

for the example illustrated having an alpha-methvl
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group, which leads to formation of a ketone 13b rather than an aldehyde 13a, gives superior yields. This is due
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to two factors: the ketone is a superior chromophore than the aldehdye; and the product, once cleaved, can

reattach to the solid phase through the aldehyde group. Electron donating alkoxy substitutions on the aryl group
also generaily improve yields. 2% Photolytic reactions take significantly longer for polymer bound substrates than
they do for compounds in solution, because of shadowing by the polymer present. This prolonged treatment may
be damaging to some compounds. One of the key challenges in this field is to improve cleavage rates and yields
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st ensuring that cleavage does not occur inadvertently under ambient laboratory lighting. With the potential
of developing a linker that wiil be stable to a large range of chemistries, then cieave under relatively neutrai
conditions, there continues to be significant research into photolabile linkers, and further improvements should
be expected over the next few years.

3.4. Traceless Linkers

Most linkers leave a residue attached to the cleaved molecule; that is the functional group (or a derivative
thereof) used to attach the molecule to the linker, i.e. a carboxylic acid, an amide or an alcohol. This is not
gated linkers tha

always desirable for a library. For this reason
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leave no obvious

residue on the cleaved molecule, traceless linkers. For the purpose of th is review, a traceless linker is defined as
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he most common form are the aryl
silyl linkers that are used to attach aromatic molecuies and cieave forming a new carbon-hydrogen bond (e.g.
Scheme 4).30.31 These are discussed in detail below (Section 8.1), but they usually rely on cleavage by strong
acid such as HF, or TFA. Other strong electrophiles may be used for cleavage, such as I", but that application

does not fall into the above definition of a traceless linker.
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3.5. Cyclative Cleavage
If the bond being broken in an intramolecular reaction is involved in attaching the molecule to the solid
phase (i.e part of the linker) then it is possible to achieve both cyclization and cleavage in the one step, i.e.

x

cy clative cle avage. This is best illustrated hv attack of a m glegphilg such as an amine. onto an ester derived
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linker (Scheme 5) to release a lactam. Rates of cyclization are dependant on the side-chains present on the cycle
1.
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One of the ideals of solid phase chemistry, especially when used for preparing libraries, is to obtain
products in high purity on cleavage from the solid phase, avoiding the need for purification. Using cyclative

.

cleavage, only molecules containing the nucleophile will undergo cleavage, hence even if the synthetic step(s)
whis intrndnecad tha marlanhila inta the molecnle went 1in noanr convercin mninlv the APQ T n ﬂl“l ct Wl" hP
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example, treatment of an amino acid attached to hydroxymeth
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15 (Sct 6).32 Treatment of 15 with base leads to nucleophilic attack on the ester and cleavage of the product
as the hydantoin 16. Uniy the urea 15 will undergo cleavage under these conditions, any unreacted amino acid 14
will remain on the solid phase. The yields can vary widely, although the purity is generally high.

RN
o R i
i "
~ /ﬂ NH OCNR = ,.)k N\f DIEA - 0.5_7\/ ~=0
O '
~— 14 R R HN N N\
‘Rn R,‘ R
15 16
DIEA
No reaction
Scheme 6
3.6, Safety Catch Linkers
Safety catch linkers are those that rely on a two step cleavage process.33 The first step involves activation

of the linker, the second step involves the actual cleavage. This is illustrated using two examples. Kenner’s safety

catch linker 177737 is siable io both acidic and basic conditions uniii the nitrogen is aikylated either with
diazomethane or iodoacetonitrile (Scheme 7). Once activated by alkylation, cleavage proceeds under
nucleophilic conditions. A second example is the pyrimidyl linker 18 (Scheme 8).38 The thiol linkage is stable to
a range of conditions, but once activated by oxidization, cleavage is achieved by aromatic nucleophilic
substitution with an amine.

The view is held by many that these linkers are advantageous as they are stable to a range of conditions,
cleavage occurs under mild conditions. In contrast, the conditions for the activation steps are often harsh. The

imilar to the cleavacge conditions

1eed to use conditions simi 1 age condi

catch linker, the target molecule must be stable to the strong alkylation conditions, as well as the basic conditions
of cleavage. Similarly, for the pyridyl linker, the target molecule must be stable to both the oxidation conditions,

as well as the nucleophilic conditions. These stability issues must be considered when planning the application of
these linkers.
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Usually, the starting compound is attached to the support-bound linker. This method is acceptable when
the attachment process is achievable in good yield. However, for some linkers, this attachment of the starting
material is problematic. This may be for a number of reasons. It may be that the reaction is disfavoured on steric
or electronic grounds, leading to low loading on the solid phase. It is possible that an unstable intermediate is
formed on the solid phase that leads to unwanted by-products, which are released on cleavage and contaminate
the final product. Either way, this will lead to unsatisfactory results. One way of circumventing this problem is to

attach the starting material to the linker in solution (Figure 3). The combined linker-starting

PO

aavantage that mgn 1oaamg of pure mater1a1 can be acmevea HOWCVCT me msaavan age is wnat ine Sﬂ[)liiﬁ@ﬁ
phase syntheses may requ1re muitipie steps and may not be amenabie to high tnrougnput if oniy a limited variety
of starting materials is used, this is acceptable, but if significant diversity is planned at the stage of the starting

materials, then production of the library may be greatly retarded using this method.

Spacer—Linker + Substrate
Polymer—Spacer—Linker
| T
l Substrate Spacer—Linker—Substrate _puriniea by
brmodibimmal toanbvmira ine
* iu C\JHIU! al Culn "WUQ
Polymer— Spacer——Linker —Substrate Polymer

Polymer— Spacer —Linker—Substrate

Normal Attachment Process Attachment via Solution Phase
Relies on effective formation of Robust bond formation can be used
bond between linker and substrate for attachment to polymer
Figure 3
5. SCAVENGERS

During acidic cleavage, a carbocation is typically formed on the solid phase. This carbocation may react
with nucieophilic species. If the nucieophilic species is part of the product molecule being cleaved, then the
molecule may reattach to the solid phase by a non-cleavable bond, resulting in iower yieids of cleaved product.
This has erroneously been interpreted as failure to cleave, when in fact it is due to successful cleavage followed
by undesired reattachment. Adopting harsher cleavage conditions would not markedly improve the yield, instead,

it is necessary to quench the cation prior to its reaction with the cleaved product. This is achieved by

scavengers.3? The selection of scavengers is based on a number of factors:
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he type of molecuie being cleaved. The presence of nucieophilic sites in the tempiate or side-chains
needs to be noted.

e The scavenger itself may interfere with the template or side-chains of the cleaved molecule.

In many cases, no scavenger is required, and a large number of cases quoted below use a TFA/DCM
mixture for cleavage. By far the most common scavenger reagent used for solid phase organic synthesis is water.
It is frequently used at 5-10% and is suitable for a wide range of molecules, however, if more reactive moieties
such thiols, thioethers, and electron rich aromatic systems, are present in the cleaved molecule, then more
hylsulfide 40 ethanedithiol (EDT),41:42

u ISR £ -1t n NoLEATREEWALE LEZINSE

anisole,*3-44 thioanisole, 4546 and p-cresol 47 Triethylsilane (TES) and triisopropylsilane (TIPS)48 have also been

.=y

found to be effective scavenger agents. There are cusadvantages to each of the scavengers. Water, apart from not

effective scavengers mav be re
i1 scavengers may oer

being sufficient for all systems, may hydrolyze the desired product, for example hydroxamic acids to carboxylic
acids. Anisole and thioanisole are not volatile and need extractive removal from the cleaved product. For
peptides, this is usually done by trituation from the precipitated peptide with ether/petrol. This is not suitable for
many non-polar organic molecules, hence alternative purification methods would need to be used. EDT is very
effective, but requires extractive work up and it does have the problem of stench. TES is attractive in that it does
not have the stench problem and is volatile, however, it does partake in a number of side reactions, including
addition to indoles and reduction of double bonds. TIPS is similar to TES but side reactions are less problematic

because of its bulk. The selection of scaven

e v Ui IV SV LIRARR L+

may result in significantly improved yieids and aiiow for the preparation of more diverse iibraries.
6. WANG AND RINK LINKERS
Two of the most widely used linkers in solid phase organic synthesis are the Wang and Rink linkers. They

were designed for use in peptide synthesis giving carboxylic acids and primary amides respectively. Their scope
has been greatly broadened in recent years such that they are now used to attach a broad range of functionalities.

6.1, Wang Linker
)
7 OH BN
PPN ,@ DIC/DMAP /\g!/\ R 50% TFADCM o
l,/\\!( © i — M

b
o
{
A
L3

xy benzyl, or Wang linker*® was developed for the attachment of carboxylic acids (Scheme
9). Attachment to 19 can be achieved using a range of couplmg methods but the most common is DIC/DMAP.

i
e dialkoxv henzvl
€ ClaiKOXy denzy:
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derived linker that requires HF 51,52 The acid is attached through an ester bond, which is susceptible to
nucleophilic attack, hence the linker may also be considered base labile. For example 4 can be cleaved with
NaOMe?3 or TEA/MeOH/KCN34 to give the methyl ester. The electron rich benzylic position is also susceptible

to oxidative cleavage.55-56 DDQ has been used cleave the ether of the Wang linker 20 ( Scheme 10).57»53 It has

, ou age would P ly also occur if it was bei Usea
attach acids. It is unlikely that the cleavage is due to the acidity of mCPBA or its reduced form, as the solution
was buffered with NaHCO;

oA oad
= e oDQ = N
N 2
o = L J
Scheme i0
™" 0H
a (]
vxo/'\/
19 \Mitsunobu
| reaction
halogenation ! \ or CLCCN, DBU
l \then ROH, BF;.0Et,
W O g ~ R
g i = NaOR = 0
a P
& [ NTR———— @ [ |
Wy R "O’ \/ haaly o il
(@) s I
a X = Cl, Br, 20

I
Cieavage: 8 FA/DCM . =
(i) RNH, () R'NH;
(i) OCNR (i) CICOR

o N

f\/\/lkR NS B
e (I i e ("
o e R o X R
23 22
Cleavage: 95% TFA/TES Cleavage: 85% TFA/DCM
Scheme 11

The Wang linker has been used to attach a range of functionalities (Scheme 11). It can be converted to the
chlaride 60,61 bromide, 61,62 jndide 62 or trichloroacetimidate, 63 4 nf' which can be further denivatized with a

LALINT, LU LN L LRIVINRIRVALLAAIIIER L1OWILRLAD Lal

range of nucleophiles. For example, displacement with an amine, then sulfonylation gives a sulfonamide linker 21
that is cleaved with 95% TFA,%2 whereas acylation of the amine gives an amide linker 22 that cleaves under
similar conditions. Acid labile urea linkers 23 also have been developed from Wang amines 64 The ether 20 can

be cleaved using 20% TFA/DCM,37 although the TFA ester was observed as a major by-product (20-30%).
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pfabietnziic and use of the trichioroacetimidate
this.86.67 The Wang phenol linker is cleaved using 50% TFA/DCM.

Amines attached directly to the Wang linker are not readily cleaved with TFA, although, as has already
been mentioned, the amides, sulfonamides, and ureas derived from them are cleaved. To use the Wang linker for

or attachment via solution pnase has been used to avoid

amines, the amine is attached in the form of the carbamate 24 (Scheme 12).68-70 Treatment with 50%
TFA/DCM cleaves the linker to give the amine after in situ decarboxylation. The carbamate can be cleaved by

reduction with T 1Al ta mve the meothyl amine 71 Annlication of the carhonate of Wano ac a notential aleohol
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Me, HN-R
N-R
H
Scheme 12
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een extended to include aminosulfonylureas,”? amidines,’

and phosphonates.’® Tertiary amides have been achieved by treatment of the Wang ester linker with a secondary
amine and AICl; or ZrCl,.77 The Wang linker can also be used for cyclative cleavage’8.79 as is discussed in detail
in Section 9.1.

6.2. Rink Linker

The Rink linker80.81 is widely used in solid phase organic chemistry. The three electron donating alkoxy
grnnne orantly ctahiliza tha catinn farmad Aan eclasunga Indaad tha enlid nhaca tiene 2 dAsan rad ralonr an
Eluupa slcally SLAVIMLG LUC Lalilvil 1UlLINCU Ul vivavagu. Luubhu, 1w duiilu Pllaa‘l Uil a UUU}I IVAR WAIVIWE Wil
_______ Al TINT A IR, IS IR Nt MIPRS OISRy o AU S — - NS JF Y TR o
treatment witn 1I'A, DECAUsSEe OI tne Staoiiizea Ldll()n 1Nne aininec dalyldicd il 4 1&11gT VUl

reagents and cleavage is achieved with typically 20-50% TFA/DCM (Scheme
26 can also be prepared, with 20% TFA/DCM being used to achieve cleavage 83

_ O . ~_ -O... _ _ P
1) T @y rtw @ LT
\/\]/\!/ w _ N S— W

. O.
Oy NH © Me NH. O, o~.s’NH Me

' < Me “3

R 6 25 26
Cleavage: 20-50% TFA/DCM Cleavage: 20% TFA/DCM

Scheme 13
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is prepared from the Rink alcohol 28 using PPhs/C,Cls or 1% HCI in DCM/THF .35 Treatment with a nucieophile
then allows the linker to be used to attach a range of functionalities, including primary and secondary amines,
anilines, alcohols, phenols, thiols, thiophenols as well as acids. Cleavage is achieved using 5-10% TFA/DCM.80
An N-substituted hydroxamic acid linker 29 has been prepared from the Rink chloride with cleavage achieved
using 90% TFA 35 It has also been reported that the cation formed by treatment of the Rink linker with TFA
may be reacted directly with nucleophiles such as alcohols, amines, anilines and phenols, thereby avoiding the

need to prepare the chloride 80,86
O O
T
Rink alcohol
lPPh;;, C,Cle
O O. O O. O O.
@y v @y v @’y
= x “RXH = X — = x
[ [ RR'NH P
N Q. N. N
R'x o Me / 27CI Me R N R o Me
Rink chioride R = aikyi, aryl; R = Me, H
X=0, § /9
Reallanl Ao RCOLH R=H_

TN “Me UY “Me Y "R Me
Q)\R, R R
29
o e = 1 A
a1 lclllc 14

The linker has been used to prepare secondary amides, although its bulkiness may lead to problems in some
cases. The Rink amine has been reductively alkylated with a range of benzyl aldehydes and ketones to give

secondary amines.87 Amination of the Rink chloride has also been used to prepare secondary amines 34

Acylation of the secondary amines is typically achieved using the highly reactive acid chlorides® or anhydrides87

S

avage to gi'v'c ine seconaary arnide is achieved with 5%TFA in DCM.

Unlike the Wang linker, which usually involves an ester or carbamate bond, the Rink linker is not highly
susceptible to nucleophile attack, because of both steric hindrance and increased electron density. Therefore,
when used to attach carboxylic acids, it is relatively stable to nucleophilic conditions. The highly electron rich
benzylic position is prone to oxidation though, as has been observed for electron rich benzylic protecting
groups.33,56 Unpublished work within the laboratories of Chiron Technologies in Australia has shown that

treatment with mCPBA or DDQ can cleave the Rink linker.
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From these two examples it can be seen how a linker, developed initially to give a carboxylic acid or an
amide, can be expanded for a range of functionalities. Many of the linkers discussed below are based on the same
principles as those described above. They are extensions of linkers initially developed for peptide synthesis.
These have proved very useful, although it should be recognized that organic chemistry uses a much wider range
of reaction conditions than those used in peptide chemistry. This may invalidate a number of peptide derived
linkers and provide challenges for the development of new linkers.

7. FUNCTIONAL GROUPS ACHIEVED BY CLEAVAGE FROM A LINKER

7.1, Alcohol
7.1.1. Acid Labile

Trityl: Attachment of the aicohol to trityl chioride 38 on the solid phase may be achieved using pyridine as
the solvent (Scheme 15).88 Cleavage can be achieved using <5% TFA/DCM?? though the use of concentrations
as high as 100% TFA38 as well as TFA vapour”? has been reported. The trifluoroacetate ester is a potential by-
product when using these conditions, although it can be hydrolyzed by treatment of the crude product with

sodium carbonate. Alternatively, 0.3M HCI in dioxane has been used for cleavage.91-% Dry HBr also gives
rlpnuarv 88 95 fhnnnh hraminatinon 1

vivavagsw, UL Ul ominaien i

Also used are the 2-chlorotrityl linker 31, which is cleaved with 50% TFA/DCM,% and the 4-
methoxytrityl linker 32, which is cleaved with 1% TFA/DCM 97
Trityl synthesis examples: perhydro-1,4-diazepine-2,5-diones. 90

) ® ®
/'_ A
- /7 ROHpy = /= T TFA 50% TFADCM am /=\ T C'

H_,,/ Cl————*.——&ﬂ// -O-R ~ HO-R \ /H_o -R

I1 % TFA/DCM

20 o

u
=]
<3

Scheme 15

DHP Linker: The DHP linker 33 is an example of the development of a new linker based on a common
solution phase protecting group. Attachment of an alcohol is catalyzed with PPTS in DCE at 80°C or pTsOH at
0°C (Scheme 16).98 Cleavage is achieved with 95% TFA in water. This method has been used a number of
times, 29101 but the loading is dependent on the substrate and has been reported to be poor for highly hindered
tached using this linker 103

Qyg 102 Phonnle have QISO been a

a].‘uhnu £ 11CN0ISs Nave at

Synthesis examples: pyrrolidines!?3 and ropanes.‘04
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Scheme 16

Vinyioxy Linker: An acetai linker 34 may be prepared from the vinyioxy linker (Scheme 17).102 The acetal
is formed in solution then attached to the solid phase, i.e. attachment via solution phase. Cleavage is achieved
with 30% TFA in DCM. Although less hindered than the DHP linker, use of this linker has not been widely

reported.

o o] o]
1 e Ho N O~ DIC HOBt @ L o _ sowwavem
\/\OMO\/ 0 I wQ I
Y L= VAN
R 34 R

Scheme 17

Aminals: Alcohols can be coupled to 35 using NIS in DCM, 195 with 9:10:1 TFA/DCM/H,O being used for

cleavage (Scl
(=] \

1eme 18).

R.
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Scheme 18
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Wang Linker: As discussed above in Section 6.1, cleavage of t
Wang derived linker, 20, using 10-50% TFA has been reported.>” TFA ester formation was found to be a
common side reaction during cleavage The alcohol can be attached either by treatment of the Wang chloride 36

o
wa

:r
8

g
g

with sodium alkoxide37 or by conversion of the Wang alcohol 19 to the trichloroacetimidate 37 then treatment

with the alcohol and boron trifluoride etherate (Scheme 19) 63

R
& (7 o _Neo Ao R TR ok

nd > A = HO-R
- W
36 20
}
| ROH, BF3.0Et,
! NH
KT\OH Ci3CCN = I O)l\CClS
@ . —@._
o [P{=10] \O" N

Scheme 19
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Rink linker: The Rink linker has been derivatized as the chloride 27 for the attachment of alcohols (Scheme
~any QA4 ru . 1 TV P ViaTa Vi
20).5% Cleavage is achieved with 5% TFA/DC
Me Me
o o

.Me P .me
(0] ROH, DIEA O 5% TFA/DCM
~ HO-R
Cl =

o O
| |
® @
Scheme 20
Siloxy linkers: The trialkyl sily! ether 38 is acid labile (Scheme 21 106 107 The attachment, using pyridine
hFAR 1 ARAARW A T . R RBAW RLIXRGBADA YA WJIAY LA WhiiWwa PAVANE ARV AANS AT AR ALANS dw A F. O R AAN WRLLRRWEARAAWRLL, weLr

(R = Me) or imidazole (R = Et, Bu), is selective for primary over secondary alcohols and secondary over tertiary
alcohols. Cleavage is successfully achieved using HF (R = Et), HF/py (R = Me,1% Bu)!08 or 6:6:
AcOH/THF/H;0 for primary alcohols (R = Me), 106 whereas cleavage with TBAF was found to be sluggish. 10

Although the early reports claim the solid phase bound silyl chloride to be relatively stable, 109 recent papers have

1
i
07

discussed ways of masking the silyl chloride in a stable form such as the silanel%6,110 or an electron rich aryl
ane 111

Pl ited 8 LN

ROH, base .\/\ HF/py
.\/\S!’CI > Si O HO-R

/ N or
X X X X ACOH/THF/H0
X = Me, Et as
X=Me, Et
Scheme 21

Triaryl siloxy ethers 39, which are discussed below as base labile linkers, are also cleaved under acidic
fluoride conditions (Scheme 22). Cleavage conditions include HF pyridine with an anisole scavenger,!12 or
TBAF and AcOH in THF 113,114 The dnsopropylaryl s1loxy ethers have been reported to be superior to the

X

. \/—\‘— X ROH, DIEA l \r-—\/— S TBAF, AcOH
N\ / s|’|"C| or \ "’0 R THF HO-R

X ROH, DIEA, DMAP

X = PhorlPr X= P;hgor iPr
Scheme 22
Carbonate linker: Similar to the attachment of amines via a carbamate (Section 7.8), alcohols have also
been attached to 4-hydroxymethylpolystyrene via a carbonate 40 (Scheme 23).72 The carbonate was formed by

L2213 iy1 2

reaction with DSC/DMAP then the cohol/DMAP The relatively electron poor benzylic systems required HF

o)
&
0
=
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treatment for cleavage. It would be expected that the carbonate would be unstable to strongly nucleophilic
conditions although it is stable to basic conditions such as 5% DIEA treatment
= o. .0 HF
\ /T R — HOR
o)
AN
v

7.1.2. Base Labile

Ester Linker: Hydrolysis of an ester can be used to cleave alcohols from the solid phase. The succinate
linker 41 has been utilized in this manner by a number of groups (Scheme 24). The alcohol is attached via

solution phase 119 with the succinate 42 attached to the solid phase as the amide. Hydrolysis of the ester to
release the aicohol is achieved using ammonia in MeOH or hydrazine in DMF. Oligosaccharides have been
prepared using a succinamide linker at the C-2, C-3120 and C-612! positions. Cleavage was achieved using
concentrated aqueous ammonium hydroxide or NaOMe in MeOH/dioxane.

Q . .H
/j( o o
. DMAP, py HO il R DIC/HOBt n 1] R or N2H4
—— e st - e e - ettt
° ROH i O _ NH; T ] HO-R
L 2 -

O 42 41
Cohama 24
WDICAITIIT L

The benzylic ester 43 has frequently been used to attach alcohols. The alcohol is attached to the solid
phase bound acid chloride 44 using DMAP, TEA122 or pyndme (Scheme 25) 123,124 A wide range of cleavage

conditions have been developed including: NaOMe in THF/MeOH(4:1)123.125 or dioxane,126-128 NaOH in
H,O/EtOH/dioxane, 129 NH,OH in Hzo,'dioxaﬂ.e,lw,wl K,CO; in 1:2 MeOH/THF, 122,132 of Bu.NCi, KOH in
TY M revewes 134

20/ T 124

Synthesis examples: isoxazoles,125 isoxazolines!?5 and polyisoxazolines,!2? cyclopentenones via the

Pauson—Khand reaction 124

ROH .

Q
R
= DMAP/TEA - NaOMe
a |
g .

. 0
synthesis, the alcohol is cleaved using TBAF. Further manipulation (in this case flash chromatography) is

necessary to remove the fluoride salts.



1. W. James/

"R

o £

Ph
|
a8

Z
XN
a
€4

py, ROH

O &

7
=\ 3
\_¢

Ph
Carbonate: A fluoride labile carbonate linker 47 has been developed.133 It is formed via the imidazolide

carbamate, which is subsequently treated with the alcohol and DBU. CsF in DMF at 90°C is used for cleavage
T
v

(Scheme 27).

Scheme 27
Scheme 29
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7.1.4. Reductive Cleavage

7.1.3. Photolabile
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esters 4,139 benzylic esters 3,137 and alkyl esters138.139 also have been reductively cleaved with DIBAL to give

the alcohol. For all of these examples, purification would be required to remove the excess reductant from the
cleavage solution prior to screening of the products.
7.1.5. Oxidative Cleavage

Wang Linker: As already stated, alcohols have been attached directly to the Wang linker via an ether 20.57

These can be cleaved with TFA, however, the TFA ester was found to be a common impurity (20-30%). To
ﬂ‘l(\;l" t ;S n;r‘n fﬂﬂﬂ‘;f\ﬂ n]an‘n)nn nan I'\o an ID‘IDA nV;AQfI‘Iﬂl‘I IIG;ﬂn nnn ;“ '7“ 1 Tr‘.l'm n {Ql“‘lﬂmﬂ ‘Zn‘ 57
QAavuiu 1L AN lwuuuu, \.«Auavasv Wil UL auviivywvud uvaluauivel uau|5 I.Ill\( Ll LT | B L%
Tenanas T e TYPWTTY S ',_,. PR, PR, SRR Ik JURGR [N | VRIS NI WS SRRy N PRy S Y
LAUCOSS LN ana UWH IS TCHIOY EU. U.Slll& 1011 CACIHAIIEC TOUSHT aUUCU ULTCLLY LU LHC 10HYVICAYAT HIIXLULT, 1t
was reported that no DDQ derived resxdues were observed by HPLC analysis of the samples resulting from this
approach.
=  "Sgi ROH, NaH _ "o R ppa

7.1.6. Enzymatic Cleavage

As an interesting addition to the range of methods available, enzymatic cleavage has recently been
reported. The carbonate linker 51 can be cleaved to release the alcohol using lipase RB 001-05 in 50mM MES
n

er/methanol (80/20) with 0.2M NaHSO; at pH 6.5 at 30°C (S Scheme 31). 140 Thig actually involves enzyma tic

th at pH 6.5 at 30°C (Scheme 31) 14V This actuall involves enzymati
hydrolysis of the acetate followed by elimination of the carbonate then decarboxylatxon.““ The alcohol would
need to be isolaied from the cleavage solution using purification techniques, although separation should be
relatively straight forward. This method has been demonstrated for a range of functional groups and these are
reported in the relevant sections. It should be noted that this cleavage method has been performed on a relatively
hydrophilic polymer, polyethyleneglycol grafted polystyrene.

O OAc Q (OH
i i O~ Il {
./O\/\m lipase RB 001-05 ‘/ m HO-R
A 50mM MES buffer/MeQH (80/20) “) 0
it 0.2M NaHSO3, pH 6.5, 30°C >
l\O,J\O,R 2M NaRSOs, P (A R
51 L o
Scheme 31

1,2-Diols 52 have been used to attach aldehydes to the solid phase.142-146 The aldehyde is attached using
p-benzenedisulfonic acid in dioxane or pTsOH in benzene, with azeotropic removal of the water released during
the reaction (Scheme 32). Cleavage is achieved by acid hydrolysis using HCI or pTsOH in aqueous dioxane. The
1,3-diol has also been used an aldehyde linker 147 Attachment via solution phase is used and cleavage is achieved
with 90% TFA.
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A recent alternative to the acetal linkers involves the use of threonine or serine on the solid phase 53 to
form an oxazolidine linker 54 when reacted with an aldehyde (Scheme 33).148 The linker is stable to both basic
and strongly acid conditions, but it is cleaved in mild aqueous acid. Therefore, acid labile protecting groups may
be removed with neat TFA then the product cleaved with 0.1% TFA in 60% MeCN/H,0.

o) i) TFA
HO_ . x T uool WX ii) 0.1% TFA in
AN n.oo~y o
T H R™H X 1 H 60% MeCNH,0, 60°C O
N Lot N\ N
HN Y N | MeOH 60°C RN T RH
< 1l H " ' o
(o] O
53 54
X=H, Me X=H, Me
Scheme 33
Semicarbazones 55 have also been used (Scheme 34).149 The aldehyde is attached to the linker via
solution phase and cleavag he final product is achieved using formaldehyde in dilute aqueous acid.
[®)
NS )J\N-NQ/R 0=CH,, H,0, H* 0
H H H -
N J\ J H/u\R

Scheme 34
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Nitroaryidioxalanes 56 have been used as photolabile aldehyde linkers.*~"
catalyzed with pTsOH in benzene (Scheme 35). Cleavage is achieved with visible light (Pyrex filtered Hg lamp)

in typically 34 - 97% yield after 7 hours.

./\ ?)KrOH p-TsOH ./\ O/U\L’C_)Xs hv ﬁ)
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§

7.2.3. Reductive
Reductive cleavage of solid phase bound Weinreb amides 57, thioesters 49 and phenacyl esters 58 has been

used to yield aldehydes (Scheme 36). The Weinreb amide 57 is prepared by coupling the carboxylic acid to the
e 59 151152 At the end of the synthesis, it is cleaved with LiAlH, to give, after

solid phase bound mpthnxva
lution. This procedure requires the use of an aqueous

olid P jeLiv B Le)

collapse of the tetrahedral mtermedlatc, the aldehyde in so
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hence potential reduction in yields. DIBAL reduction of thioesters 49°>- AIH(OB

and LiAIH(O'Bu); reduction of
phenacyl esters 58152 have also been used to yield aldehydes. Over-reduction to the alcohol was reported as a
side reaction for the phenacyl derived linker. For all approaches, it is necessary to remove the aluminum salts

after the cleavage to achieve clean samples. This adds to the complexity of post cleavage manipulations.

Me.. Me
Me. RCO.H 0 LiAIH ~
& ° . @ hr—e @ iR
-V_N\H BOP, DIEA hil N
59 57 O H OH
lKHSQ; (aq)
o)
- ks R g s. R DIBAL o
® . — "y g
43 O "R
50 /
s s ass ssumbom o
LIAIH{O'Bu),
- 0 /
a BOP, DIEA .\ . 7
L. PN ~
AN N ~ Q
NH o H PPN
HO™Y ™S O ra 0O R
S o*R 9
Scheme 36
7.2.4. Oxidative
o o
0 . BOP YT
/I_!\ — .HJLKQH —_— '\ _1///\ i) 03
R” H . /H\ MBHA resin N 60 R wHﬂ2
H
61 O
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] .
& PPhaEr : . R /603
L 4 inrcho @ i) Me;S
62
Scheme 37

Alkenes on the solid phase may be cleaved oxidatively to give aldehydes (Scheme 37).154 The alkene 60
can be prepared in solution by first forming the o, B-unsaturated acid 61 then coupling this to the solid phase. 155
Ozonolysis of 60 gives the free aldehyde. The resulting solution requires aqueous workup to remove the excess
thiourea. Alternatively, the alkene 62 can be prepared directly on the solid phase using Wittig chemistry.156 In
this case, the ozonide is treated with Me,S to produce the aldehyde. The cleavage reagent is volatile hence
removing the need for any aqueous work up, which may be problematic for simultaneous cleavage of large

numbers of Samples_

1
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he Wittig reaction can be used to cleave solid phase bound phosphonium saits. 137 The phosphonium salt
63 is prepared by treatment of solid phase bound triaryl phosphine 64 with a benzyl halide (Scheme 38).
Treatment with base (NaOMe) and aldehyde results in cleavage of the product as the alkene. Excess aldehyde is
removed by either derivatization as a water soluble hydrazone and aqueous work up, or formation of the imine
with aminomethylpolystyrene. The latter is a simple method, which, if successful, may be performed relatively
easily in large numbers.

ha 3 .
“  DMF, 70°C N P
Ar Ar

A
Br * - K
.—PP ArCH, .—F'? Ph,Br RCOH, NaOMe h/

Ring closing metathesis reaction has been used to cleave alkenes. 138 Attachment via solution phase is used,
then treatment with Grubb’s reagent forms the cyclic alkene on the solid phase and releases the desired alkene
into solution (Scheme 39).

O . B
-0 /L S~ (Cy3P),ClL,Ru=CHPh O)p %

- L 4
v Iy w A=l
EtO” O = Et0” 0O R
R
Scheme 39
B-Elimination of a cysteine-derived linker 65 has been used to prepare dehydroalanines.159 The sulfide is
oxidized to the sulfone 66 with mCPBA, then elimination and release of the product is achieved using DBU in
TYAA FCrbhien s AND
LACAVE {OUHCHIIT 4U)
e QP
NS ‘
Li\/' mCPBA ﬁ/\/v DBU R JJ\“/R.
' ' N
R\N R R‘M R H -
H I ﬁ 1l O
o 0
65 66
Scheme 40
7.4. Allyl

For linkers that cleave to give an allyl functionality, see Section 8.3.
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the product as the bromide (Scheme 41) 38 Note that this is not a clean reaction, as removal of the acetate by-

Rink: One of the most common linkers used to access primary amides is the Rink linker 80,81 The nitrogen

product is required.
7.6.1. Acid Labile

7.6. Amide

Q

L

1

M, aithough lower concentrati

1

nx

=

1

achieved wit

~
(N

=

(Scheme 42) 82

(]

5
@
)
d

Me
™
Me

NH, O

acylation

reductive
alkylation

25

5% TFA/DCM



Thao garnndnmy amina darivatioa ~Ftha Dinl linlbar €@ cna ha aranarad atthar he aminatinn af Dial ~hlarsida
4 HU DU\JUAIUQI)’ 1T UTLIvVAalivo UL LT IR LHIACTL OO Ldill UT Pl cpax CU ciuic v 14 LIV UL INIIA. GIRVL UG
~mQA 1 it YR DS ~ 1 [ | . m~m 1 PR gl oy . . 0 it .2
275% or reductive alkylation of the Rink amine 25 (Scheme 43).37.160 Reactive reagents, such as the acid

chlorides, are required for the acylation and the product is cleaved by 5%TFA/DCM to give the secondary
amide.

Synthesis examples for Rink amide linker: benzimidazoles,161 1 4-benzodiazepine-2,5-diones,!62
benzofurans, 163 benzofurans via Sml, radical cych7at10n 164 dihydropyrimidines,32 imidiazo[1,2-a]azines, 165 2-

imidazolidones 166 indoles 163,167 5,168,169 jsoxazolidines,170 isoxazolines 169 2-oxindoles 171 2-

micaz nes, 100188, 1SOX_QZ0IES, X nes, SOXRZ0:ANLS, OXInQo:
_____________ 72 aoeamnlac 82168173 oo 174 ot e 178 et __R) -1 __ R)
oxopiperidines,* /¢ pyrazoles, >4 13,173 1nes, pyriginium  saits,* pyrimidines,>~ pyridines,®

-: . <

pyrroles, 176 tetrahydroimidazopyridines,177  tetrahydroisoquinolines,i77  quinolines,!’  an 1,2,3,4
tetrahydroquinoxalin-2-ones. 179

Sieber: The amine of the Sieber linker 69 is not as hindered as that of the Rink linker and is readily acylated
(Scheme 44).180 The amide 70 is very acid labile, cleaving in 1% TFA/DCM. 18! The linker can also be used to

prepare secondary amides. 182 The amine is reductively alkylated then acylated by a carboxylic acid using
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Sasrin: The dialkoxy Sasrin linker has been modified to attach secondary amides.183-185 The aldehyde 71 is
reductively aminated with a primary amine, then acylation with either symmetrical anhydrides or acid chlorides
gives the amide 72 (Scheme 45). Cleavage is achieved with 30% TFA/DCM. This approach also has been used
mateg 183 The

(

ta 1 amine itealf dneg not cleave in TFA hence even if incomnlete
AV S AARAIAMW AVWWIL WU W ARV L Wiw N A LY LV NVI/RA XA RALNVAATRASRS SIS

w

acylation (sulfonylation etc) occurs, only the desired amide (sulfonamide etc.) will be cleaved from the solid

phase. Thus, the purity should remain high, although the yield may vary.

Me
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P‘Am- Tho triallbAavy PAT |5nbnr186,187 ran he 1ced tn generate nrimarv amidec 72 and ic claaved in
> W MIAIDNUA FRVa VEVERD SS T P N W § WOl U Uovul L 6““\-’1 Ui }Jl Alllul) (2589 4 AN ) ForF BiIIVG D WVIWVIAY WA Ris
TN/ TLA/MYNA (Qabivin ALY Tha salatad cannndar: amida linkbar koo haon davalanad he sadsintizrza aminatinn of
/U701 AVIJUIVE (OCIECITIE 40). 1 0€ TEIal€a SeConaary amiae iniker nas veen Geveioped oy requciive aminauon O
the aldehyde 74 then acylation (Scheme 47).188.189 Cleavage of the secondary amide is achieved with 90% TFA.

Synthetic examples: 1,4-benzodiazepine-2,5-diones!8? and diketopiperazine.1%0

a_— O ¥g i O h.ﬁe
l (@) (o] . (o} o}

N)L("T = acylation N)kb’f = 70% TFA HN R

H 4 T\‘;/\/NHQ ~y—_' H 4 ‘\l//’\,/'u R— \n/
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Me’O Me ©
PAL linker 73

Me
o O reductive 0o o H
./ | o amination ./ 7\/1 R'CO,H, EDC ./ ﬁ R 90%TFA R._N\‘rR'
N0 T AN R '
T I o}
le] (9]

Me/u n Me,u Me’v v
74
Scheme 47
Wang Tha Wang linkar hae haan uisad for nranaration of secondary amides 191 Prenaration of the amide
yyailg. 11U yvvdilg AL i1a0 UL UOSVU 1Vl plvpalativii Vi ovvuliual y Galiauws LIVEPGIGUHVIE Vi Wiv Glnuv
-~ L1 111 1 m= g '1-__1 Al o 7O 1 AON Moot aablioi o Lo Q7 £0/
44 TTOom the algenyae /9 is similar to that described above (dCneme 40). LiCavage is aCiievea using ~>/7.07e
TFA/TES. Alternatively, the Wang bromide 76 can be aminated then acylated with acid chlorides to give 22. 61

Cleavage is achieved using 95%TFA/H,0.
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Lewis acid (AICi; or ZrCly) catalyzed aminolysis of the Wang linker 4 with a secondary amine has been
used to cleave secondary amide products (Scheme 49).77 Solid phase extraction was necessary to remove the

aluminum or zirconium residues.
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Indole: An indole derived linker 77 can also be used for secondary amides.!92 The aldehyde 78 is

reductively aminated then acylated (Scheme 50). Cleavage is achieved with 50% TFA/DCM, with the cation

formed on the solid phase stabilized by the indole group.

o g
=0 N
AN\ R
\ S AN 50% TFA/DCM o
~ i — e \ / = AL LR
k L\\\‘/l\ R g

Benzhydryl: The benzhydryl amine 79 and related p-methylbenzhydryl amine linkers are also used for the
eparation of primary amides. Being significantly less electron rich than the alkoxy substituted linkers such as
e 51).193,194

pre
Rink and PAL, the strong acid HF is required for cleavage (Schem

Synthetic examples: cyclic ureas,193 3,4-dihydro-2(ll])—qumolmones,w5 perhydro-1,4-diazepine-2,5-

(474

diones, 194 and thiomorpholinones. 196

B-Silyl Linker:

| . TFA/EDT/PhOH/PhOMe

TMS - Il
S 90:5:3:2 HQNJLR

O an
ou
Scheme 52
As mentioned in Section 5, the carbocation formed on the solid phase may react with the molecule being
Y PR I TUUL TEUPE T, TRSUE TUE BN LUV PR cirna mrmrmarnd fQalkama &Y <xrith N Aliaicmatimm ~ + 1
cleaved. To reduce this, the p-silyl linker 8¢ was prepared (Scheme 52), with P-elimination of the trimethylsilyl

group acting as an internal scavenger.'lg"' With an indole present in the molecule (tryptophan), the linker gave
improved results over both the Sasrin and Rink linkers, although scavengers such as EDT, phenol and anisole

were found to improve the yield of cleaved material greatly.
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7 £ Boca I qhils
/. 0.c. DGS (2111
ES(Q 1A Q_I_(_' er: The Denzync ester linker can be treated with an unhindered amine to cieave the product as an

amide incorporating the amine used for cleavage (Scheme 53). Primary amides can be prepared by the aminolysis
of the HMB 81198 and glycolamido 82199200 linkers with the glycolamido linker being preferable for hindered
compounds. 199 Similarly, treatment with a primary amine has been used to achieve secondary amides. Examples
using the PAC ester 83201 the HMB ester 81,202 and the Merrifield ester203,204 have also been reported.

Typically an excess of amine is required, therefore the use of less volatile amines may introduce the need for a

T O
= )'L NH o) NH n )L
H /\F/\D R 3 - 1 <————-——-———-3 A \I}/\Q R
N\N vapour or in MeOH H-)N)j\R vapour w o..
- 82

X o~ i

' (@] 1
H Yy o TR RN MW Ao R
N\/\o)\/’ N R a/l\\) 3

Scheme 53

The thioether 84 was prepared as a safety catch linker, and activation by hydrogen peroxide oxidation of

rioether to the sulfone 85 followed bv cleavag ge with a primary amine gives the amide lthgmg 54). 205,206

AL 2 DALY e VY

t

Recent studies though have shown that oxidation of the thioether is not necessary for effective cleavage even

t'h

’)n'7 . . .oge - . . o
when using limiting amounts of the amine.2/ Excess amine in pyridine may be used to achieve more rapid

cleavage, although solid phase extraction of the cleavage reagent is then required. 16

o.__R o.__R
= Ho05 ]/\I/ R'NH; o}
Jr_=. U7l = X

& s . N"°R
-w “I

vooas

Kaiser Linker: Kaiser’s oxime linker 86 has been used to couple carboxylic acids, which then may be
cleaved with nucleophiles. For example, treatment with ammonia gives primary amides208,209 or with primary
amines and anilines gives secondary amides (Scheme 55).210 As above, the excess amine needs to removed from

the cleaved product, which may be problematic if the amine is not volatile.
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Scheme 55

7.6.3. Photolabile

2-Nitrobenzyl amide linkers have been used as photolabile amide linkers (Scheme 56). As discussed in
Section 3.3, the a-methyl derivative 87a gives superior cleavage kinetics compared with the non-methylated
linker 875 29 212 ,\1 . A TS FUNPE SRS R _....,\.M_,..: . . fimsriog tha Alansrane ot ,
LIIRTI O/ h wugu d.ll\UAy SUODSUILUNION Oi1 ui€ aroimatic 1 g ubuuuy HllplUVCS uic vicavapv tcy, HIIACGID

without the electron donating groups on the aromatic ring have been used successfully for both primary27.213

and secondary?!5 amides. Cleavage is typically achieved using a 350 - 365nm light source.
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Scheme 56

ER P4

A linker has been developed to give tertiary amides upon cleavage (Scheme 57).216 A secondary amine is
attached to the Wang linker. Treatment with an acid chloride acylates the tertiary amine 88 which is cleaved
from the solid phase to give the tertiary amide, probably via a mechanism involving the chloride ion. The excess

acylating agent is removed using aminomethyl polystyrene.
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The PAC linker 89 has been converted to the amidoxime 98 via the p-nitrophenylcarbonate 91 (Scheme
o TA2Y T vt 1 ¢ i o1 s enn/ T A 1 FATE N ¢ Tme & e i =
20). 7R Lleavage 1s achieved with either >U0% THFA and 5%H,0 i DCM or 95%TFA/H;O.
y (P oH a0 )N I I
N ) oo
2 Yoy py gL <
o 89 o Yo m
© | NH
(s
| o
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l L N e T A
l noLiU3 OF 1CA
O NH
NH 50% TFA % o ‘N,J\A
r
AL H 7 ° N
HoN™ TAr ./"‘\l(\o/\\\:/
lo] 90
Scheme 58

7.8. Amine
7.8.1. Acid Labile

There are two main routes to attach an amine to solid phase so that it may be cleaved using acid. The first
involves attachment directly to a linker, such as the 2-chlorotrityl or Rink derived linker, which can be cleaved
with TFA. The second involves attachment of the amine through a carbamate to linkers originally developed to

attach carboxylic acid. The linker is cleaved using similar conditions to those used to cleave the carboxylic acid.

When TFA is used in the cleavage reaction, the products are generally isolated as the TFA salts
® ®
Z =
s Cl  RNH, — ol
i -~ @ >~
- N/ - A\ V/4 H
g "]
Ny NV
31 |
. Me |
(e} 50-95% TFA
i/\ ! R )
“AoMe s Tra 95% TFA B
_ J\ > HN-R = H /
o | “NH - N\ /
i
X R 92

Scheme 59
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the amine with DIEA in DMF,218 or by using a large excess of the amine and no other base (Scheme 59).219,220
Cleavage is achieved with 50-95%TFA/DCM. As has already been illustrated in the preparation of secondary
amides, the Rink linker has been derivatized as an amine linker 68 either by amination of the Rink chloride34 or
by reductive alkylation of the Rink amine. The linker is cleaved with 5% TFA/DCM. The PhF] linker 92, based
on the 9-phenylfluoren-9-yl protectmg group, has recently reported 221,222 This linker is more acid stable than
uiring 95% TFA/H,O for cleavage

quiring 95% TFA/H,O for cleavage.

P oy

(Scheme 60).223 Cieavage is achieved with 95% TFA/DCM for the PAL linker and 3% TFA/DCM for the Rink
linker. These amines are in conjugation with an ester and this may render them more acid labile than
unconjugated amines.

Rink or p 85%
PAL linker R* 0

OR® e oR'|___. RC orR®
S .—NH M eeiea [N s A
H

Scheme 60

Carbamate Attachment: A number of linkers initiaily used to attach carboxyiic acids have been adapted to
attach amines in the form of a carbamate. Cleavage involves initial release of the N-substituted carbamate then
decarboxylation. The conditions for cleavage of the carbamate amine linker are usually similar to those used to
release the carboxylic acid.

The carbamate of the Wang linker, 24, is formed via either the chloroformate 63 the imidazolide

carbamate 68 or the p-nitrothenvicarbonate (Scheme 61) 69,224-226 Typ! callv. cleavacge to give the amine is
carbamate,®® or the p-mtrophenylcarbonate (Scheme 61) ally, cleavage to give the amine 15
cmbiacrnd cindil €00/ TTA /TNORA Mot md casibble T 2ATET <ot olom cliccres 4l Dol cce don ot b snamdbees] msmnisna 71
achieved with 50% TFA/DCM. Treatment with LiAlHs will also cleave the linker to give the metny: amine.

Successful use of mCPBA has been reported when using the Wang linker,227 aithough in another instance
unwanted cleavage was reported using similar conditions.®
Synthesis examples: benzoxazoles,228 2, 3-dihydrothiazoles,229 thiofurans,230 thiophenes,22? and

triazoles.231

o Nr\u ? RNH2 - R 0% AJOUGM
@ |\) T—a FYY—@a ] N T -HNR
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S
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Y =p-N02-C5H4-, Im, Cl

!
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Wang Linker

[ MY & |
Scneme ol

The PAC linker has been similarly derivatized for the attachment of amines.232.233 Cleavage is achieved
using 75-92% TFA with scavengers. Hydroxymethylpolystyrene has also been adapted for the attachment of
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f the hindered handle 9 has also been used 235236 The lin
or the imidazolide carbamate 93, which requires alkylation with methyl triflate prior to
treatment with an amine for efficient formation of the carbamate 94 (Scheme 62).235 10-20% TFA/DCM is

required for cleavage. The steric hindrance of the dimethyl substituent would reduce the probability of
nucleophilic attack on the carbamate that leads to undesired cleavage.
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NG Y R
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Scheme 62

7.8.2. Base Labile
Carbamate Attachment: The carbamate linker approach has also been applied to hydroxymethylpolystyrene
to prepare pyridyl derivatives (Scheme 63).237.238 The chloroformate 95 is treated with pyridine to form the

reactive acylium complex 96, which is immediately treated with a Grignard reagent. If any of the acylium
complex does not react in the second step, it is cleaved from the product in the acidic work up used, leaving only

the cyclic amine attached to the solid phase 97. The linker itself is cleaved with NaOMe in MeQH, although it
wonld alen he lahila tn traatmant ag dacrrihad ahAve
TYVWMIAN IW Uw ZGUVILIW VU L AL W wGlilIviLIL Q0 MWVDVL AUV AUV YV .
== RMgX, THF o]
N ,—OMe ~ 7g P 9 1l

Al
g ~" “OMe R™ ™ "o n
95 96 97 H
Labile to HsO* Stable to H;O"
Scheme 63

The carbamate linker 98 has been developed and it is fluoride labile (Scheme 64).133 Either TBAF in DMF
at 60°C or CsF in DMF at 90°C can be used for cleavage.
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Scheme 64
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used as the attachment process (Scheme 65).22.23 The cleavage involves a 2 step process. The tertiary amine 100
is treated with an active alkyl halide (e.g benzyl or allyl bromide) to form the quaternary ammonium salt 10,
which is then eliminated using DIEA in either DMF or DCM. This Hofmann elimination releases the tertiary
amine and reforms the acrylate ester on the solid phase, which may be recycled. Aqueous work up is used to help
purify the products Alternatively, the cleavage may be performed using either Amberlite IRA-95 ion exchange
resin or Rink resin in DMF 239 The basic resin is st i
k up.
hydrobromide salt. The basic resin then frees the amine to catalyze the B-elimination. Alternatively, it may also
be due to trace base, either present in the solid phase from previous steps, or as trace dimethyiamine in the DMF.

o T = =] Y [= LA ] am

Fa Y Lol § nm
" , R"X LIEA
O/u\/ ————-'———P-./\O N,R —r—— ./\O/U\/\Ni: -‘—-—————’- . N\
R .. pR R
99 100 v
Scheme 65

The sulfone derivative has also been explored?4:25 with similar attachment and cleavage methods being
used. It has been reported to be much more stable than the acrylate derivative to nucleophiles such as PhMgBr.

7.8.3. Reductive Cleavage
The Wang derived carbamate linker 24 may b

<
amines (thpmn 66\ 7l Aaueous workun and solid nhase extraction are used to remove aluminum salts
............... \queous workup and solid phase extraction are used to remove aluminum saits.

7.8.4. Pd Catalyzed Cleavage

Carbamate methodology has also been used to attach amines to an allyl linker.70 The carbamate 101 is
formed using the p-nitrophenylcarbonate method, and cleavage is achieved using palladium-catalyzed allyl
transfer (Scheme 67). Purification is necessary to remove the cleavage reagents.
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Scheme 67

Conver solid

ly, solid phase bound allyl esters 102 may be cleaved as the allyl amine (Scheme 68) 240 Both

e
secondary and t emary amines have been prepared this way.

5 R
o '// Pd(PPh3)4 _ R /)
./\O/u\/\rro\A NHRR . /&\/j\
102 ©
Scheme 68

7.8.5. Enzymatic Cleavage
T b Bty b 1t nNn1t L i EN__ WA AACO L I _/____4L .1 7ONN
10IC CAIUdIN4dlC IHIKCT 1UJd Cdll D ClEc U Ublllg llpdbc I\D UU1-UD I JUIMLVL VIEDS DUNC meinanot {oV/ILV})
at pH 5.8 at 40°C to release the amine (Scheme 69).140 (See also Section 7.1.6.)
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7.8.6. Others
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chloroethyl chloroformate (Scheme 70).241 Heating in MeOH is required to decompose the carbamate
intermediate 104 that is the initial cleavage product. All of the by-products are volatile, so high purity products
can be achieved after evaporation. The use of heating, though achievable, does increase the complexity of the
cleavage step if large numbers of individual compounds are being prepared.
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R MeOH, 50°C R
N bl N _O_Me
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-CH3CH(OMe), © ¢
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Scheme 70
Formamidine Linker: Transamination can be used to attach secondary amines to formamidines on the solid

hase (S chemea ?1\ 2423243 F

WA AR

eavage is achieved using hydrazine and acetic acid in ethanol at 60°C. Aqueous

work up is used to remove excess cleavage reagents. As above, the use of heat during the cleavage step adds to

AMTT TroaxT

complexity. LiAiH,, KOH in MeOH or ZnCl, in EtOH are also reported as cleavage reagents.
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Scheme 71

Dimedone Linker: Attachment via solution phase is used to attach amines to a linker derived from
acetyldimedone (Scheme 72).244 The linker 105 is stable to bases such as piperidine and DBU and to acidic
conditions, however, it is cleaved rapidly with 2% hydrazine in DMF. The related linker 106 is prepared in a
similar manner and cleaved with 5% hydrazine in 50% THF/H,0 245
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7.9. Aminosulfonylurea

Attachment to the Wang linker using the carbamate method used to attach amines has also been used for
the aminosulfonyl moiety (Scheme 73).73 The linker 107 would probably be acid labile giving the
aminosulfonamide after decarboxylation, but in the reported example it 1s used to prepare the aminosulfonylurea
by treatment with a primary or secondary amine in refluxing THF. The amine used for cleavage is the limiting
reagent and is mostly consumed in the reaction, hence giving high purity products following evaporation of the

cleavage solution(s).
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7.10. Aniline
7.10.1. Acid Labile
o tagi o £ il TAT Llas hoo Lonm ol ds o b ot s eb a2 b 246 Tho nelilian o
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attached by reductive amination of the aidehyde 74 and cleavage is achieved with 90%TFA/5%Me,S8/5%H,0

(Scheme 74). The chloride 27 has been used as a means of attaching anilines to the Rink34 and PhFI
linkers.221.222 Cleavage is achieved using 5% TFA/DCM and 20% TFA in 9:1 DCM/MeOH respectively.
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PhFl linker

Scheme 74

AL AR aaR

Hydroxymethylpolystyrene has been adapted for the attachment of anilines using the carbamate method.234
The carbamate is prepared via the chloroformate and HF is used for cleavage.
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/od i€

A safety catch version of the carbamate linker has been used to attach aniiines. 247 The linker 108 is
activated by oxidation of the thioether to the sulfone, 109, with mCPBA (Scheme 75). Treatment with NH;OH
cleaves the product either by f—elimination and decarboxylation or by direct attack of the hydroxide on the

carbamate.
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Scheme 75

7.11. Aromatic Group
A number of traceless linkers have been designed which give aromatic groups on cleavage. See Section

.12. Aryi Bromide
Electrophilic bromination with Bry/pyridine may be used to cleave the aryl silane linker 110, which was
developed as a traceless aromatic linker. The product is the aryl bromide (Scheme 76).248 Aryl germanium

linkers may also be cleaved to give the aryl bromide 30
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Scheme 76

7.13. Aryl Todide
Aryl triazines 111 have been cleaved with Mel at 110°C to form the aryl iodide (Scheme 77).249,250 The

excess alkylating agent would have to be removed prior to screening.

‘ | Mel 110°C
; N, N, ——— |—Ar

Scheme 77



he aryl silane linkers 110, 112, developed as traceles

c
iodination using ICl to obtain the aryl iodide (Scheme 78).248,251

7.14. Carbamate
7.14.1. Acid Labile
The Sasrin linker183

Q.
.
o

inker!92 have been modified for the preparation of carbamates. For

N
Q..

both, the solid phase al _xgt_:ve_ely aminated, and treated with a chloroformate to form the carbamate
(Scheme 79). Cleavage from the Sasrin linker 113 is achieved with 5% TFA/DCM, whereas 50% TFA/DCM is
required for cleavage from the indole linker 114
Me Me
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Scheme 79

7.15. Carboxylic Acid
7.15.1. Acid Labile

The carboxylic acid group of a given alkoxybenzyl linker is more acid labile than the corresponding amide
derivative. For example, cleavage of a carboxylic acid from the Rink linker is reported to require as low as 10%

AcOH/DCM whereas 5-50% TFA/DCM typically is used for an amide 30 The monoalkoxy benzyl linker, the
Wang linker 4,49 which is cleaved with 50% TFA/DCM, is more frequently used than the Rink linker for

carboxylic acids. Other acid labile linkers used to attach carboxylic acids are the PAC ester 83, cleaved with 95%

108 252 R T JRO S - P ‘ 1
TFA,198.252 the dialkoxy benzyl Sasrin linker 5,253-255 and 11550 b th 1-3%



_____ PPN | S, - LS TR " M ne noe o anm s ey 284
TFA/DCM (Figure 4). The trialkoxy b y 1 HAL linker 116 requires only 0.05-0.1% TFA or 10% AcOH.2>6
e

The benzylic ester with no alkoxy group 3, usually derived from chioromethyi- or hydroxymethylpolystyrene,
and frequently referred to as the Merrifield linker, is significantly more acid stabile. It can withstand high
concentrations of TFA and requires the use of HF,51,52 HBr/AcOH/TFA,257 or HBr/TFA258.25%¢ cleave the
desired compound. AICl; in DCM/MeNO,;20 may also be used, although removal of the aluminum salts is not as
51mple as removal of the other cleavage reagents which are removed by evaporatxon The PAM linker 114 is

attach the carboxvlic acid is tvnicallv achieved with m or using the acid chloride and
formation to attach the carboxylic acid is typically achieved with DIC/DMARP, or using the acid chloride and
| SCWTCRPS 7y PR, A L OIS M P DN L M I T Py S R A 1S NS DI NS Je R PR W 3 a1
uase, lt‘;[hﬂuh descrived peiow 101 tne pase iavlie IINKErs may aiso bpe usea. As with all es(efs

cleavage may occur if unhindered nucleophlles for example, NaOMe,33 are used in the synthesis. Prolonged
treatment with (Bu;Sn),0 has been reported to cleave the Wang and PAM linkers to release the acids. 262 The
PAM linker is also labile to TBAF.3H,0.263

0
— 4 PN ~ N
e .. e U o x
N7 NT S e
3 H 114 4 o]
hydroxymethyl polystyrene PAM linker Wang linker
HF 50% TFA/DCM

HF

N~ \n/R "\///\/GYH '\\/\/UYR
S 'sr ki © PACal?nker o 118 o
asrin linker -
1-3% TFA/DCM 95% TFA/DCM 1-3% TFA/DCM

~ \./R
_A__O__R
o. o) 9
116 Me Hindered handie
HAL linker 95% TFA/DCM

0.05-0.1% TFA/DCM

Figure 4
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When using trityl linkers to attach carboxylic acids, the 2-chioroirityl linker 117 is used insiead of the
unsubstituted trityl linker as the latter is generaily too labile. Attachment is performed using DIEA and cieavage
is achieved using 1:1:8 AcOH/trifluoroethanol/DCM,265-268 5% TFA/DCM,269 or 2:1:7 AcOH/TFA/DCM
(Scheme 80).270 The chloride of the 2-chlorotrityl linker 31 is highly reactive and, unlike most linkers where
excess of the acid being attached is used, effective loading can be achieved even when limited amounts of the
sed. This technique has been used in the synthesis of Taxol™ derivatives to limit the use of the

acid are u

expensive baccatin-1II derivative 270 The 2-fluorotrityl 11827! and the 4-(carboxamide)trityl 119 linkers272 can
be used in a similar manner to the 2-chlorotrityl linker. The PhFl linker 120, based on the 9-phenylfluoren-9-yl
protecting group, is more stable than the 2-chlorotrityl linker.221,222 ]t is stable to AcOH, but it is cleaved with
20% TFA in 9:1 DCM/MeOH.

Synthetic examples using the Wang linker: benzimidazolones,2’3  benzopiperazinones,274
-benzoaxazine-2-ones,2’5 coumarins, 276 cyclopentenones,2’” cyclopropanes,2’8  dihydropyrimidines,27?
280 imidazoles, 281,282 indoles, 283 isoxazolines, 284 pyridines,254 pyridopyrimidines,254

ines,280 imidazoles,281.282 indoles,283 isoxazolines idines 254 pyridopyrimidine
quinazolinones, 285 quinolones, 286 tetrahydro-B-carbolines,?87 and tetrahydroquinolines. 288.289
Hydroxymethylpolystyrene derived (Merrifield) linker: dihydro- and tetrahydro-B-carbolines®! and
indazoles.257
Sasrin linker: P-lactams,290.291  pyrrolidines,292  pyridines,254  pyridopyrimidines,234 quinazoline-
2,4-diones, 293 and B-sultams 294
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Solid phase bound esters may be cleaved by hydrolysis to give carboxylic acids. The acid can be attached
to the solid phase bound alcohol using Mitsunobu conditions,297:298 or by means of the acid chloride?®® or
anhydride (Scheme 81).198 An alternative method for the attachment is displacement of the solid phase alkyl
bromide or chloride with the cesium salt of the acid.390 A range of esters have been used as base labile
carboxylic acid linkers, including (with cleavage conditions in brackets): the ester of hydroxymethylpolystyrene
or Merrifield linker 3 (0.85M Bu,NOH in THF 299301 LiOH in 5:2:1 THF/MeOH/H;0,3%2 K,CO; in

MeOH301303) the hydroxymethylbenzylamide or HMB linker 81 (0.1M aqueous NaOH),201 the glycolamido
eSs

linker 82 (NaOH in 70% ‘PrOH/water),300 and 121 (3% IM aqueous NaOH/' ‘PrOH at 50°C) (Figur
The carboxylic acid is released as the salt and can be neutralized by treatment with a volatile acid.

a
Y .

~ R(‘()z'
.\/OVR Nbese HOL R

n 2H o
. -~ acylation
OH
. _OH

Scheme 81

. 3 ] o
Merrifieid linker HMB
0.85M BuysNOH in THF

N

e O R 0 o
e} ~ \[r“ -\N/\/UYK
O
121 82
PS-PEG-OH glycolamido
3% 1M aq. NaOH 0.01M NaOH
in iPrOH at 50°C in 70% iPrOH/MH,0
Figure §

Thioesters can be prepared on the solid phase by acylation of the thiol 122 with the acid chloride (Scheme
82).153 Treatment with 20% 1M aqueous NaOH in dioxane releases the product acid.

.__( _\/ RCOCI — Jof 1) 0.2M NaCH Jcﬁ
N/ e / ) e
u ‘SH -w \\ // \S/ ‘R 2) H Hor \R
122

Scheme 82
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attached using either the anhydride394.397 or the acid chioride (Scheme 83).395.306 On completion of the
synthesis, the acid is cleaved from the solid phase by treatment with LiOH in 75% THF/H,O. This process also
regenerates the chiral auxiliary/linker.

X X
O NH o N R
/ (RCO),0, DMAP, TEA  \_/ LiOH in 75%THF/H,0 0
E: rBul i than DOAC] 2\ A /lL
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Scheme 83

A fluorene derived linker 124 has been developed with cieavage achieved by morphoiine or piperdine in

DMF (Scheme 84).308,309

HO\
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o K\ ]/é\ RCOH /\/z 20% morpholine/DMF )OL
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o _5 I
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-
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A fluoride labile, silicon derived linker 126 has been developed.133 Carboxylic acids are coupled to the
alcohol 126 with DIC/DMAP (Scheme 85). Cleavage is achieved via 1,6-elimination using either TBAF in DMF
at 65°C or CsF in DMF at 90°C. Further work up would be required after cleavage to remove the fluoride salts.

The related linkerc 127310 and 128311 have aleo heen renorted tachment of the acid ig via enlition nhage and
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126 TMS 425 TMS T Py 128
R” “OH
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Scheme 85
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Carboxylic acids are attached to silyl linker 129 via solution phase.312 The linker is labile to both 50%
TFA in DCM and TBAF (Scheme 86). Apart from the desired carboxylic acid, this linker also releases the
quinone methide 130, which is scavenged by thiophenol in the cleavage solution. The finai product has to be
purified from this by-product.
0
'Bu pPh ’//\l/\o R TBAF o =\
H H stk ; J o+ =_ )=
N N 0 or50% TFA HO ™ "R =
@ 1V Tt 130
O A L v
129
Scheme 86
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The 2-nitrobenzyl 131,26,313 o-methyl-nitrobenzyl 132,314 2-nitrobenzhydryl 133,31 and 4,5-dialkoxy-2-
nitrobenzyl 13420,29:316 photolabile linkers have all been used to attach carboxylic acids (Scheme 87). Cleavage

is performed by irradiation at 350-365nm.

Synthesis examples: B-lactams?91 and B-sultams.2%4

RCO,H, TEA
. ,(\,(\ 2 o H [ OR '\(j/\ﬂ R
" NO, LY

U YOS No, N

556"1 1 I
350nm
i
OH NO, AN \ v
i
_

R® O NO,
AN NA, ReoHbce o LA

Me Me o / 354-365nm
.0 RCO,H
59y =0
6/\ X ‘NO, DIC, HOBT, DMAP ‘/\

NU2
1 v-'

7.15.4. Oxidative Cleavage

The phenyl hydrazide 135 has been used as an oxidatively labile linker for carboxylic acids.317 The acid is
coupled to the hydrazine 136 using DIC/HOBt (Scheme 88). Cleavage is achieved using copper(Il) and oxygen.

O\\//O N/ o
./STAW RCO,H, DIC, HOBT ‘,-\n,qj Cu(S04),0, )t
H »
R NP N 1 - \%N/NYR py, AcOH, DMF, H,0 HO” "R
136 H 135 H ¢
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15.5. Reductive Cleavage

Esters aitached to hydroxymethylpolystyrene may be cleaved by palladium catalyzed hydrogenation
(Scheme 89) 318,319 Treatment with Pd(OAc), in DMF at 40°C under 4 atmospheres of hydrogen may be
used.318.319 Alternatively cyclohexene may be used as the hydrogen source with the cleavage performed at

70°C 320

o
o~~~ Pd(OAC),, DMF, Hy, 40°C o
L “r M
\\-v F—2Y IIO R
o or PA(OAc), {_) , DMF, 70°C
— 3
Scheme 89
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YU UL U 10W 1IIACIDS UadCTu uUll Llicial \/Ulll}JlUACD 1MVULIVYCD UIU UdU UVl UG WU@Il\LlIl U aitwavii aviuo

i
(Scheme 90).32! The compiex with either bis(ethyiene diamine) or tetraammonia ligands and the carboxylic acid
is prepared in solution then attached to the solid phase. Cleavage is achieved using DDT and DIEA in DMF. The
cobalt-sulfide by-product is removed by precipitation and the excess DDT is removed by extraction.
4 O
y O 'C°\OJLR DDT, DIEA, DMF o
o' o R
o]

L4 = (HzNCHchzNHQ)Q

Iz
y

or (NHg)
Scheme 90
7.15.6. Pd Catalyzed Cleavage
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Scheme 91



Attachment of the carboxylic acid to give 137 is performed in solution phase and cieavage is
achxeved using Pd(PPhs)4 and morpholine in 50% DMF/DMSO. Purification is required to separate the desired
product from the palladium catalyst. This ethylene glycol linker was found to be more stable to nucleophilic
conditions such as secondary amines than the initially developed crotonyl derived linker 138.325 Using a similar
approach, linker 139 is cleaved with PdCL(PPhy); and Bus;SnH,326 or Pd(PPhs), and morpholine in 2:2:1
THF/DMSO0/0.5M HC1.327

The ester linker 140 can be cleaved using lipase RB 001-05 in 50OmM MES buffer/methanol (60/40) at pH
5.8 at 30°C to release the acid (Scheme 92).140 Tetrahydro-B-carbolines have been prepared using this linker.
(See also Section 7.1.6.)

0 OAc
No\/\--k)\\\
H U ] lipase RB 001-05 o)
- il
o) bl A
JI_ 59mM MES buffer/MeOH (80/40) HO® R
140 o” R pH 5.8, 30°C

cheme 92
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7.16. Carboxylic Ester
7.16.1. Base Labile

with an alkoxide to release the product as the ester (Schen 93). Published examples of this reaction are mamly
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1I lllKCr J lS Clea_veﬂ Wllﬂ meun aﬂﬂ IDA or
NMM?204,328 or with NaOMe in THF at reflux.32%.330 The HMB linker 81 is cleaved with 90% MeOH/TEA at
50°C331.332 and the Wang linker 4 with NaOMe,53 TEA/MeOH/KCN,3* or LiBi/DBU/MeOH.333 The PAM
linker 114 is also cleaved with LiBr/DBU/MeQH 333,334

Synthesis examples: dihydropyrans32? indoles,331.332 and tetrahydro-1,4-benzodiazepine-2-ones 3
i X
~
/\;/\OJLR T
PN a7
\ A 4 81
MeOH/TEA\, / MeOH/TEA

o
o Ao )LR LiBr, DBU, MeOH 0 NaOMe/MeOH I/Y\OJLR

Scheme 93



4900 1. W. James / Tetrahedron 55 (1999) 4

linker (Scheme 94).365,3%7 C

Py

eavage with NaOMe/THF3%5 or lithium benzyloxide generates the methyi ester or
. This process regenerates the chiral auxiliary/linker.

o 0
O)LNJ\R
/

the benzyl ester respectively

LiOBn or NaOMe

\\\"

Q
] XOJ\R
L//!\ /\_ X =Bn, Me
123 '

Scheme 94

The 5-membered cyclic ketal 141 has been used as a linker for 1,2-diols. Attachment via solution phase can
be used and cleavage achieved using 95% TFA/water (Scheme 94).102

¢ e ' B
R R’ )k/x DiC, HOBt J\/Y 95%TFAMH,0 HO OH
..A/lk_/\/ e —— HO o o™ o 1o o D —— -
Y ] H2S04 \_{ y{ R R’
e} / \ / \
R R’ R Rl
141

Scheme 95

Alternatively, 1,2-335.336 and 1,3-diols337 can be attached using pTsOH directly to a solid phase bound

benzaldehyde 142 (Scheme 96). The 1,2-diols are cleaved with 1% AcCl/MeOH or 1% TFA in 80% AcOH/H;0O
whereas the 1,3-diols required 90% TFA/water.
R’
HO—<
L 9 n R’ R
LA AN
.@H R o C :O ( 1% AcciMeor__ HO—
o pTsOH, -H,0 o ) n or 90% TFA/H,0 HO n
142 n=01 R R
T n=0,i
Scheme 96
Solid phase bound boronic acids 143 can also be used to attach 1,2- and 1,3-diols?38 using azeotropic
removal of the water (Scheme 97). The linker 144 is water sensitive and cleavage is achieved using 20%
HzO/MCCN
Rl
HO
( j R' Rl
on  "oL” 0~ 20% H,OMMeCN  HO—
Vi /
@ 0 .—ao 0 o
R R
143 144 h=01
n=0,1

Scheme 97



7.19. Guanidine
7.19.1. Acid Labile

The acid labile guanidine linker 145 is prepared using the attachment via solution method (Scheme 98).339
The linker is stable to at least 20% TFA in DCM, but is cleaved by triflic acid in TFA at 40°C. The Wang linker
has also been modified to attach guanidines (Scheme 99).340 The imidazole carbamate 146, derived from the
Wang linker, is converted to the thiourea derivative 147, which is then protected and treated with an amine to

form the solid phase bound guanidine. Cleavage using 49% TFA in DCM gives the unprotected guanidine.

o R R
w0 A HN._ NH
HO ] o) R R
_ s @ I o o an mH R R
.\ 6o -\ﬁ/\\/ Y\HNI TfOH, TFA, 40°C HNYNH
~ NH; DIC, HOBt " SAg N NH
145 OJo
Scheme 98
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146 © 0o s
RR'NH, TEA
__ 0O, A *
R R amesoen @ 7 ] L H H
X, - SOy eo
HzN NHz Q .
147 R R
Scheme 99

An indole derived linker 148 has also been used for guanidines. 192 The aldehyde 78 is reductively aminated
then treated with BOC protected thiourea (Scheme 100). Cleavage to give the unprotected guanidine is achieved
with 50% TFA/DCM.

BOCN, N
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/\/\C [ R
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148 H

Scheme 100
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The thiopseudourea 149 has been used as a base labile guanidine linker.341 It is prepared from
chloromethylpolystyrene using thiourea, protected with (BOC),O then alkylated using Mitsunobu chemistry
(Scheme 101). Cleavage is achieved using a primary amine in DMF at 50°C. The BOC protecting groups can be
removed after cleavage by treatment with TFA.

NH NBOC ) NBOC
SC(NHy); -HCI R'NH;
ci g Sp— MR ——2 . R’
./\ D.N.I_ 5°C e /\S Nﬁz —_— /\S N DMF, 50°C R\N_)LN,
50 . . BOC H BOC
149
Scheme 101

7.20. Hydroxamic Acid
7.20.1. Acid Labile
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A range of acid labile hydroxamic acid linkers have recently been published. Typically, the nitrogen of
______________________ il el 4bn Teenam csrrmiin 342 e ao tha mhihabioacds 293 3432345 Thae nentactad
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hydroxylamine can be attached through the oxygen to the trityl 30344 or 2-chiorotrityl 31 linkers’42 by
displacement of the halide or mesylate, or to the Sasrin 5293 or Wang 4343,345 linkers using the Mitsunobu
reaction (Scheme 102). The protecting group is removed either with piperdine for the Fmoc group, or hydrazine
for the phthalimide, and the nitrogen acylated with standard conditions, e.g. DIC, HOBt. The linkers are cleaved
with acid: trityl, 25% formic acid; 2-chlorotrityl, 5% TFA/DCM; Sasrin, 1% TFA/DCM; and Wang,



1 _ _

70%TFA/DCM. The nitrogen of the hydroxymate is very nucleophilic and, for relatively unhindered linkers such
as that derived from Sasrin, may participate in side-reactions. The buik of the trityl group can hinder the reactive
nitrogen, reducing these unwanted reactions.

An alternative approach involves the trialkoxy benzyl PAL linker.346 The hydroxylamine is O-protected
with a THP group and attached through the nitrogen (Scheme 102). The nitrogen is then acylated with either the
acid chloride or the symmetrical anhydride. The tertiary nitrogen formed in 150 is unlikely to be involved in side-
reactions. The THP protecting group is removed during cleavage with 2.5% TFA and 1% H,0O in DCM releasing

[s K

N-Fmoc-N-alkyl hydroxylamme and DIEA, deprolect d then acylated with an aci (Scheme 103). On the

o O

completion of synthesis, cleavage is achieved with 90%TFA at 30°C 5>
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Scheme 103

7.20.2. Base Labile

Treatment of Kaiser’s base labile oxime linker 86 with fert-butyldimethylsilyl O-protected hydroxylamine
in DCE cleaves the product as the protected hydroxamic acid (Scheme 104).347 The protecting group can be
removed by treatment with TFA.

OYR
o]

N’ TBDMSONH, Q TFA ).‘J?\

A~ A SCE 837G TBDMSO\"')LR HO. A g

I H H
X pZ
~ NO,
~ 86
Scheme 104
7.21. lodide
The sulfonate ester 151 has been used to attach compounds through an alcohol resulting in the iodide afer

cleavage.348 The solid phase suifonyl chioride 152 is prep ed from the su

1

alcohol is attached using TEA as the base (Scheme 105).349 Alternatively, attachment via solution phase can be
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used 348 Cleavace ta oive the indide ic achieved via nuelannhilic dienlarament 11ging Nal Thic Linkaer canld he
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usCa 10 give oiner winctionaities i treatea witn suitaoie nucieopiiiles, sucn as NaUAc or NalN;. 1t has aiso oeen
used as a traceless linker using intramolecular attack by a carbon nucleophile.348
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Scheme 105

7.22. Isoquinoline

An 1soqumolme lmker has been developed based on Reissert compounds<350y351 Treatment of resin bound
i i ttached via the acyl group
at the 2-position (Scneme 106). The 1-postion was then alkylated using LDA as base. Cleavage to release the

1isoquinoline is achieved by heating with KOH in 33% H,O/THF. Aqueous work up is required after cleavage.
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Scheme 106
7.23. Ketone
7.23.1. Acid Labile
Ketals: In similar manner to the attachment of aldehydes, ketones have been attached to the solid phase as
the 5-membered cyclic ketal 155.144.352 Attachment of the ketone is performed using pTsOH and cleavage is
achiavad neing IM O in §00/4 dinvana/watar3d2 ar nTeNH in 20%, dinvane/water { Qohama 107) 144
aviluvyou UDILIB LiVE LI L 1L OV /70 ULIUAALIUV waltl Ui 1/ LD L I LV /70 UIVAGLIV walwl \o\.«uc e IUI}.
.\(OH pTsOH .\I"O HCI, dioxane (aq) o)
o ! L <R SRS
Son ROR c R "R
155
Scheme 107
Enamines:

2-Aminobutadiene derivatives have been used to give o,B-unsaturated ketones. The diene 156 is formed by
treatment of secondary amine 157 with propargyl triphenylphospine bromide followed by a Wittig reaction
itment with 3%TFA/DCM cleaves the product as the ketone. 353,354 The diene can be further

1ve tha ketane 354
Ve CLOne.
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Enol Ethers: 1,3-Diones have been attached to hydroxymethylpolystyrene as the enol ether 159.355 The

ketone moiety not involved in binding to the solid phase can be transformed using various reactions. The linking
ketone is released by treatment with 3-5%TFA (Scheme 109).
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Scheme 109

Imines: Ketones have been attached to amines on the solid phase as the imine 160 with cleavage achieved

using the mild conditions of buffered aqueous acetic acid (Scheme 110).356,357

_ - (. . ~
._ R R , HOAc/NaOAc O
NH; ——; - R
— CSA '——N R™ R
160
Scheme 110
7.23.2 Others
Treatment of a thioester linker 161 with a Grignard reagent leads to the formation of the tetrahedral
intermediate 162 (Scheme 111). This can be washed with dry THF to remove the excess Grignard reagent then
release of th duct from the solid phase as the ketone is achieved by treatment with a proton donor such as

formic acid.358 Filtration is used to remove the magnesium salts. No tertiary alcohol products were reported as
by-products in the cleaved samples.

LA
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7.24. Phenol
7.24.1. Acid Labile

The phenol group may be attached to the Wang Linker 19 using Mitsunobu chemistry (Scheme 112).65
Cleavage of 163 is achieved with 10-50% TFA in DCM. This method can be problematic with the loading being
highly dependent on the substrate. Also, hydrazinodicarboxamide derivatives have been reported as impurities in

the cleaved nrgduvt when u this method of attachment 339 An alternative method for prepar mq 163 involves

first treating the Wang linker 19 with trichloroacetonitrile and DBU to form the trichloroacetimidate 37. This is
then treated with the phenol and boron trifluoride etherate 53

Synthesis examples: 2,3-dihydro-4-pyridones360 and imidazoles.282
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Scheme 112
Tha mannallave hangul DA Linkar alen can he 11cad ae a2 nhenal linkear (Scheme 112) Tleually the nhenol
10T HMONOAIKOXY UCILAY1 LAy HIATE aldU vdll UT UdTU ad a PLVIIVL TIURUE {OWIUIHEL 1 1J 7. LUoudily Wi paiiss

is attached via solution phase,31.67 hence removing the probiem of variable loading and impurities that can be
encountered when using Mitsunobu chemistry to attach to the linker. Cleavage is achieved using 95% TFA/H;O.

Synthesis examples: benzimidalones,% 1,4-benzodiazepines,36! indoles362 and quinazoline-2,4-diones.67
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Phenols can be attached to the Rink (166),3% trityl (164),363 and 4-carboxamidetrityl (165) linkers
{Qrlansmnn 364 T A TN R 4 .
{(Scheme 114).°%% The Rink linker is cleaved with 5% TFA/DCM and the trityi linkers are cleaved with 1 and

10% TFA/DCM respectively.
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The DHP linker 33 has been used as a phenol linker using similar attachment and cleavage procedure to
those used for alcohols (Scheme 115).103
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Scheme 115

33

7.24.2. Base Labile

T

Phenols have been attached to a solid phase benzoic acid 167 as the ester 168 (Scheme 116).365 After

completion of chemistry, the ester bond is cleaved by hydrolysis with NaOH in dioxane, 306,367
NaOMe/MeOH/THF365 or K,CO; in MeOH 363 Salts can be removed by filtration from organic solvent.
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The phenols can be attached to the fluoride labile linker 169 via solution phase.368 Treatment with IM
TBAF in THF deprotects the alcohol of the linker, which then cyclizes to form the solid phase bound

oxazolidinone and releases the phenol (Scheme 117). Aqueous work up is used to remove the fluoride salts.
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169
Scheme 117

7.24.3. Photolabile
Photoiabile cieavage has been used for phenois.3%% The phenol is attached to the 170 using Mitsunobu

chemistry then cleaved using standard photolysis conditions (Scheme 118).
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7.25. Phosphonate
The Wang linker has been used to attach phosphonates,”6:370 The phosphorus is attached using 2-chloro-
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Phthalamides can be attached to chloromethylpolystyrene 50 using the potassium salt (Scheme 120).371
Treatment of the attached phthalamide 172 with aliphatic hydrazines releases the product as the
phthalhydrazide 372
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The purine group has been attached through the 9-position to the soiid phase using the DHP iinker
Attachment is catalyzed by CSA and the linker cleaved using 89% TFA/DCM (Scheme 121).
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Scheme 121

7.28. Pyrimidine

Aromatic nucleophilic substitution by a solid phase bound thiol onto a 2-chloropyrimidine has been used to
attach pyrimidines to the solid phase (Scheme 122).38 On the completion of the synthesis this safety catch linker
173 is activated by oxidation of the aromatic thioether with mCPBA to the sulfone 174 then cleaved bv aromatic

substitution by an amine to release the pyrimidine as the 2-amino derivative. A limiting amount of the amine (i.e.
no excess reagent) ed so mpurities are introduced from the cleavage step. Most primary and econdary
armines are reported to give generally acceptable yields (>80%) whereas anilines are not as successful {(~50%).
N= R H
ClI— J = N,-;* N. . N'ﬁ:\\
SH N N B R MCPBA )\ }R R R R" ):—R
> e S ————— ~ N
./\ TEA & s” N -/\,5 N N™ °N
122 A4 W oo R'
173 i74

7.29. Saccharide

A number of linkers have been developed to link saccharides through the anomeric centre. Linkers used to
attach saccharides through hydroxyls at other positions are included with the alcohol linkers (Section 7.1).
Thioether Linker: By attaching through the anomeric centre, sugars can be attached to the alkylthiol 175

e methyl ether at the anomeric centre is obtained by
cleaving using either dimethylthiosulfonium triflate in DCM/MeOH?37> or NBS in THF/MeOH (Scheme 123). 376
Using NBS in acetone/H;O for cleavage, the anomeric alcohol can be obtained.376 The phenyl thioether 176 has

-]
o

using the trichloroactamide as an activating group.

also been used.377 Attachment via solution phase is used, and mercuric trifluoroacetate is used for cleavage

Scheme 124). Post-c leavage pu ification is req uired to remove the mercury salts.
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Wang Linker: The Wang linker 177 has been used to attach sugars through the anomeric center.”5,3
first sugar is attached to the linker in solution then the combined linker-sugar attached to the solid phase

(Scheme 125). Cleavage is achieved using TrBF4’s or 10%TFA/DCM.378

;:\I,OH
rRo==Q o kS o\/. TrBF4, DCM 0
Co - ¢ CO. DMF, 50°C TN 0 \/|:/| or 10% TFA/DCW‘T p"/‘/‘\\“OH
22 ' RO A X
e O
177
Scheme 125

B-Silyl Ethyl Linker: The B-silyl ether linker 178 may be used to attach saccharides via solution phase 379
Treatment with BF3;.OEt, and acetic anhydride in toluene releases the saccharide as the acetate (Scheme 126).

=0 o =2 Q.0
on Me~ Me (o}
i78
Scheme 126
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photolabile linkers 179,380 180,381 181,382 182383 with cleavage generally being performed using irradiation at

350nm for 12 - 15h (Scheme 127). Both solution phase synthesis38! and direct coupling of the saccharide to the
linker already on the solid phase380.383 have been used to attach the saccharide. Although a number of linkers

are reported, surprisingly, the o-substituted version, such as in 182,383 generally has not been utilized. This is
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lﬂg reportea as oemg beneficial for the c1eavage of amides and carnoxyuc acids from pnoronaoue

despite this be
linkers.29.212
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Scheme 127

7.30. Silanol
The siloxy linker 183, used as a traceless linker for aromatic groups,384 (Section 8.1.2) can be cleaved

with TFA to give the silanol (Scheme 128).
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The Wang linker has been used as a linker for secondary sulfonamides.61:62 The alcohol 19 is converted to
the halide (chloride, bromide or iodide), then treated with a suitable primary amine and finally a sulfonyl chloride
to form the attached sulfonamide 21 (Scheme 130). Cleavage is achieved with 95% TFA. Reductive amination of
the solid phase aldehyde 76 then sulfonylation has also been used to prepare the Wang derived secondary
sulfonamide linker 191 Tt was reported that the sulfonamide but not the amine is cleaved, so high purity is

generally achieved even if the sulfonylation does not go to completion.
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Scheme 130

The Sasrin linker also has been modified for use as a secondary sulfonamide linker.183 Attachment is via
reductive amination then sulfonylation and cleavage is achieved with 5% TFA (Scheme 131). Note, though, that
a similar linker 184 was reported to give slightly inferior yields to its Wang equivalent.61
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Reductive amination then sulfonylation is also used to prepare the indole derived sulfonamide linker 185
(Scheme 132).192 Cieavage is achieved with 50% TFA/DCM.
n R
r/O O=§’
N [R
x ! N —— Z \ A\ 50% TFA/DCM Q\S,,O
——— ————————— gesIn .
L N RN
] @ N )
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78 ™ O//\N/v
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185

Scheme 132

~

7.31.2. Base Labiie

An alternative use of the Wang linker to attach sulfonamides is via the carbamate 385 The carbamate 24 is
formed via the p-nitrophenylcarbonate (Scheme 133). Deprotonation of the carbamate and treatment with a
sulfonyl chloride forms the sulfonamide 186, which can be cleaved with NaOMe in 50% MeOH/THF. Aqueous
work up is used to remove the salts. Being derived from the Wang linker, cleavage may also occur under acidic

conditions, although a hydroxymethylpolystyrene (Merrifield resin) version of this carbamate derived linker that

o 1 1Q nrnh‘nm F L8 u]cn Anurr“‘\pr‘ 385
v . Kyl SYIINg l.ll IANALRL 1D IOV wowiiUww,
o NMM CI\W,O@NOZ o
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" > P O .
\\'/; \/O. | ll) H‘zNR 24 \'fr R
19 | 0
LHMDS
lthen R'SO,CI

Scheme 133
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7.3Z. Tetrazoie
Tetrazoles can be attached to a DHP linker 187 using 1 equivalent of TFA (Scheme 134).38¢ Cleavage is

best achieved using 3%HC! in MeOH for 24h. The ester bond used to attach the linker to the solid phase allows
the compound to be removed from the solid phase by LiOH in THF/H,O to give a protected tetrazole.
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Scheme 134

297

A benzhydryi linker has been used to attach thioesters.?3/ Attachment via soiution phase is used with

cleavage on the completion of synthesis being achieved using HF (Scheme 135).
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7.33.2. Base Labiie
Treatment of the base labile oxime linker 86, initially developed as a carboxylic acid linker,208.388 with
Me;Si-S-SiMey/TBAF (an H,S equivalent) results in the cleavage of the product as the thioacid (Scheme

136).389 Aqueous work up is used to remove the salts.
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7.34.1. Acid Labile

Thiols may be attached to Rink chloride 27 using DIEA (Scheme 137).84 Cleavage is achieved with 5%
TFA/DCM.
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4.2. Reduciive ueavage

The reductively labile dithiane linker 188 is prepared in solution and attached to the solid phase with the
starting material attached (Scheme 138)390.391 After synthesis, the product is cleaved using tris(2-
carboxyethyl)phosphine to give the thiol. Purification is required to remove the phosphorus impurities.
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Scheme 138

7.35. Urea
7.35.1. Acid Labile

A modification of a Wang-aldehyde has been used to attach ureas.®4 The aldehyde 76 is reductively

aminated with a primary amine (Scheme 139). Treatment with an isocyanate forms the urea 189, which can be
cleaved from the solid phase with 95%TFA/TES. A similar

r approach has been reported using the Sasrin derived
3
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.35.2. Base Labile
Isocyanates are used to form ureas on Kaiser’s oxime linker.392.393 The linker 191 is stable to treatment
with amines at room temperature but cleaved with amines in toluene at 75°C (Scheme 140). One equivalent of

amine can be used to ensure reasonable purity of cleaved compounds.
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The phenol 192 can be converted to the carbamate 193 via the p-nitrophenylcarbonate 13 Treatment with
TEA and an amine results in cleavage of the product as the urea (Scheme 141), possibly by release as an
isocyanate, which reacts with an amine present to form the urea, or by direct reaction of the amine with the

carbamate as above. Excess amine is removed by treatment with an isocyanate resin. 18
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8. TRACELESS LINKERS

The key definition of a traceless linker is a linker whereby a new C-H or C-C bond is formed during
cleavage. This has been expanded to include linkers that cleave give an aromatic, alkyl, alkene or alkyne group
without a heteroatomic linker site, hence including other reactions such as retro cycloadditions. Other examples
sometimes described as traceless linkers, such as those involving SyAr with amines38 or tertiary amine linkers
cleaved by Hofmann elimination 22,23 are omitted from this section but are included in the relevant sections

above.

8.1. Aromatic
8.1.1. Trialkylsilane

Trialkylsilanes have been used as traceless linkers for aryl groups with cleavage by electrophilic ipso-
substitution.30,31,248,251 The acid required for cleavage is highly dependant on both the chemical nature of the
linker and the electronic nature of the aromatic group (Schemes 142, 143). Fluoride cleavage may also be used,
though extractive removal of the fluoride salts is required when using this method. A range of linkers has been

developed. Linker 194 requires HF treatment to cleave the electron poor systems studied 3031 whereas CsF
treatment at 100°C failed. For more electron rich systems, weaker acidic treatment would probably suffice. HCI
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in DCM is sufficient to cleave electron rich systems from linker 195111 and 50% TFA/DCM will cleave them
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Irom linkKer i , PV wherea.s 101 eiectron poor systems, 1BAF achieves Cleavagc.

TFA \ / 30% TFA/DCM
% \ /
ijLﬁ/ﬂ M, Me A HCIDCM /ii;%—ﬂ
X —— L AR
\‘['(\/ mR ~ R 6/\ !
0 / 4 - Me Me

197 196

N
Me Me
195
I
|TBAF
Y
= 7
! R HF i TBAF :—R
PR NP N TR 7 e \V/
M X bt
Me Me Ft Ft
194 T 196
ICSF,ﬁO“C
- s} X N
U NS
N NN ‘ISi\' ~
197 Me Me

Scheme 143 Cleavage of Electron Poor Aromatic Systems
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cleavage of 197 fails for electron poor systems, for which CsF treatment at 110°C can be used.3%4

An amazing rate enhancement is observed when a B-amide (relative to the silyl group) is introduced.251,393
Treatment with 30% TFA/DCM for only 10 minutes is required for cleavage of aromatic systems that are only
slightly electron rich (112), as opposed to the hours of treatment with stronger cleavage reagents required for



the other traceless linkers mentioned above. It has been suggested that this rate enhancement is due to either
intramolecular delivery of the proton from the protonated amide, or carbonyl coordination to the mildly Lewis
acidic silane, hence weakening the silane-aromatic carbon bond to attack by the proton. Interestingly, the related
linker 198 does not show this rate enhancement, requiring TFA treatment for 40h for complete cleavage

(Scheme 142),3% possibly due to hindrance of the amide by the benzhydryl group preventing the B-amide

assistance.
Electrophiles other than protons may be used so as to introduce further diversity. ICI may be used to
obtain the aryl iodide from either 110 or 112 (Scheme 144) 248,251 The aryl bromide may be obtained from 110
e n ’ LR AR
using Bry/pyridine, £%5
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Scheme 144

The silyl chloride used to attach the aromatic group to the linker is quite unstable, so attachment via
solution phase is usually used. A couple of ways of avoiding this have recently been reported. The linker can be

attached as the anisyl silane 199, which is stable to storage.11! The silyl chloride 200 is formed by brief exposure
to HCI in DCM, which removes the anisole group (Scheme 145). Alternatively, the linker can be stored as the

il 1eal 11 dllloi ¥,

silane 201106 Conversion to the silyl chloride 202 is achieved by treatment with 1,3-dichloro-5,5-
dimethylhydantoin (Scheme 146). In both cases, the silyl chloride is then treated with an aryl lithium species to
attach the aryl group of interest.
A/O\Me HCI, DCM cl ArLi ~ il
, . rLi J\ i
~ ,,L\ U ————————»./\S' e PN
Si” N W, e THF Si
£ Me Me
Me Me 200
199
Scheme 145
Me Me
oA, ..Cl
N
N—§ =

. . 1
‘/\,S!H Cl o] , -/\/S\i'CI...m_ﬂ—,. o §/U R
W DCM W o & THF @y S
201 202 - RH

Scheme 146



I W. James / Tetrahedron 55 (1999) 4855494

The siloxy group also has been utilized as an aromatic traceless linker 384 The chiorosilane with the
aromatic residue was formed in solution then coupled to hydroxymethylpolystyrene as the siloxy ether 183
(Scheme 147). After synthesis the aromatic group is cleaved with TBAF at 65°C. Aqueous work up and
filtration is required to remove excess cleavage reagent. TFA can be used to release the product as an
dialkylarylsilanol.
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8. 1.3. Trialkylgermane
The more labile germanium analogue of the trialkylsilane linker has been used.3? The germanium-carbon
bond is significantly labile, such that TFA at 60°C is sufficient for cleavage of even electron poor aromatic

systems (Scheme 148).
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8.3. Allyl

The allyl silane linker 203 may be prepared using the metathesis reaction (Scheme 149).397 1t is cleaved
with 3% TFA/DCM to release the allylic product.
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Alternatively, allylic groups may be attached to the solid phase through a suifone 204.398 This is prepared
by lithiation of polystyrene then sequential treatment with sulfur dioxide and an allyl bromide (Scheme 150).
Treatment with Grignard reagents in the presence of copper iodide results in Sx2' alkylation, cleaving the allyl
group. The product must be purified from excess cleavage reagents.
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The allyl ester 102 may be cleaved with palladium and a nucleophile. If a carbon nucleophile, such as
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8.4. Alkene
The alkene linkers described in Section 7.3 may all be considered traceless. Similarly, metathesis
cyclization to release the product as the cyclic alkene (Section 9.5.1) also may be considered a form of traceless

The benzyl phosphonium salt 63 when treated with NaOMe in refluxing MeOH cleaves from the solid
phase as the toluene derivative (Scheme 152).157
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Scheme 152

8.6. Furan
An interesting form of traceless linker based on a retrocycloaddition has been used for the preparation of
furans.399,400 Treatment of the diazo carbonyl 205 with Rhy(OAc), or Rhy(pfbm), at 80°C leads to the formation

of the isomunchone intermediate 206, which reacts with an electron poor alkyne to form the bicyclic
intermediate 207 (Scheme 153). This then undergoes retrocycloaddition releasing the furan. The catalyst and

2 1aaCRAGlY &V Dvnlaliv 100 :

excess alkyne have to be removed from the products. The cleavage, however, can be performed in two steps by



treating with Rhx(OAc), and acetylene at room temperature to form the bicyclic intermediate 207. The solid
phase can then be washed to remove the catalyst and the retrocycloaddition with cleavage achieved by heating at
80°C.
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Scheme 153

8.7. Active Methylene Groups
Under acidic conditions, carboxylic acids of activated methylene groups may undergo decarboxylation.

Originally, ketones were prepared on hydroxymethylpolystyrene with cleavage and decarboxylation being
achieved using HBr/TFA (Scheme 154).401 More recently they have been prepared on the trityl linker, with

prolonged treatment with AcOH used to achieve cleavage and decarboxylation (Scheme 155).492 Similarly,

mrnsmmanatsii A ac QL 1 403404 1 0 oo b o Qo 12 NA01402 o o RS | arener by
yallualtLdllnuHics (olneine 1,50), 77> " dnu ~LCYANUKCLONICS (OCIICHIC 10 7)77 5 77 wcCicC pl del Cu SHIE LT
Wang linker, with cleavage and decarboxylation being achieved using 50% and 70% TFA/DCM respectively
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9. CYCLATIVE CLEAVAGE

9.1. Cyclization onto Esters

Both acid and base catalyzed cleavage of esters involving the intramolecular attack of nucieophiles have
been used to cieave products. As discussed earlier, if the nucieophiie is incorporated late in the synthesis in a
manner that is reliant on the success of previous steps, then generally the desired product can be obtained in high
purity, although the yield may vary.

1.4-Benzodiazepine-2,5-diones: Cyclization of the aniline nitrogen onto the Wang linker ester of 208,
forms the desired product and cleaves it from the solid phase (Scheme 158).405 The cyclization is achieved using

NaO'Bu in THF at 60°C. Yields are moderate to good (50-80%) and purity is generally good to excellent (81-
98%).
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Scheme 158
Benzodiazepinones: Intramolecular amide formation has been used to prepare benzodiazepinones using
cyclative cleavage.32 Chloromethylpolystyrene was used for the synthesis and the final cyclization was performed
neing TREA at &N° (Crhama 1850)
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Scheme 159
Dihydropyrimidine-2 4-diones. Urea cyclization onto the Wang ester of 209 has been used to cleave 5,6-

dihydropyrimidine-2,4-diones.406 The cyclative cleavage is achieved using saturated HCl/toluene at 95°C
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{Scheme 160). These conditions would probably cileave the Wang linker firsi, with cyclization occurring after
cleavage. Heat is needed to obtain good yields of the cyclic product, as the uncyclized product is obtained by
treatment with 95%TFA/H,O at room temperature.
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Scheme 160

Diketopiperizines (DKP): DKP formation is a side reaction in peptide synthesis and can occur after
deprotection of the second residue, or during the attachment of the third residue, resulting in low yields. Many
techniques have been developed to avoid this yield reducing process. It can, however, be used to prepare
libraries of low molecular weight molecules. The first amino acid is attached through an ester. The second amino
acid is attached with BOC protection on the a-nitrogen. To cleave the DKP, the BOC group is removed with
TFA The TFA salt is neutralized with 0.1M NH,HCO; in 40% MECN/H*)O407 or 0.IM sodium phosphate

buffer,408,409 and cyclization occurs in situ at room temperature (Scheme 161). Sonication can aid the cleavage
when using NH,HCO3.407 The TFA salt also can be neutralized with DIEA, with the cyclative cleavage being
subsequently induced using either 1%AcOH or 4% TEA in 1:1 toluene/EtOH.410 Purity, using any of these
methods, is generally >90%, as product will only cleave if the dipeptide is formed. Though the yields are highly
dependent on the side-chains present. Substitution on the amide nitrogen generally aids the cyclative process. If
an Fmoc amino acid is used for the second coupling, then cyclization with cleavage will occur in situ with Fmoc
ing piperidine 411

Replacement of the second amino acid with an a-hydroxyacid realizes the diketomorpholines after

£ o AN

cyclative cleavage in 5%TEA/DCM (Scheme 162).410
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Hydantoins: Hydroxymethylpolystyren resin has been used to prepare hydantoins via cyclization of the

using 6N H 132 vn!n 4]') PR TP

31 -‘L- S TR A —a D’)Df" A|’1 o)
i} lj , = UL ul \ TICLI lylbllyl}ul

fluoroacetamide at 83°C.%** Cyclization of ihe urea onto
the Wang ester of 210 using DIEA or TEA also has been used (Scheme 163).78.79 Similar conditions are used to
cleave an alkyl ester linkage 414 In all these cases, cleavage only occurs if the urea has been formed, so again,
products are generally obtained in high purity but variable yields.
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Scheme 163
Alternatively, cyclization of the amide onto the carbamate 211 can be used. The cyclization is catalyzed by
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Lactams: Kaiser’s oxime linker has been used to form cyclic peptides. The peptide is prepared using BOC
chemistry: TFA to remove protecting groups (amine remains as a TFA salt), then coupling with in situ
neutralization. This process limits the presence of the nucleophilic free amine. To achieve cyclative cleavage, the
deprotected peptide 212 is treated with DIEA (Scheme 165). A range of sizes of cyclic peptides have been
prepared including 5-mers#16 and 10-mers 417

i) TFA R
[ . ii) Boc-AA-OH 0 '
BocHN” ~F°  BOP, HOB, DIEA b R i
N’é repeat N TFA HN— H N’é DIEA HN/U\(R
N . Rn ) A NH
NN St A
Cr ) Ly
W \%Noz W \%Noz 0o
~ -~ 212
Scheme 165

Lactones; Lactone formation is demonstrated by the cyclative cleavage of alcohols using 213418 The
alkene 214 is oxidized with mCPBA. The resulting epoxide 215 is opened with a nucleophile (e.g. N3°), forming
the alcohol 213. Treatment with TFA cleaves the desired product as the lactone. The ester 214 is not labile with
TFA, so if the oxidation failed, no product would be released. Although the purity of the products was generally
high, 75-95%, the yields were only moderate, 45 - 67%.
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Tetramic Acids: Deprotonation of the activated methylene of 220 results in cyclization onto the Wang
ester with cleavage to form the tetramic acid (Scheme 170).19:424 Both tetrabutylammonium hydroxide and

sodium ethoxide have been used as the base, with excess cleavage reagent removed by treatment with acidic ion

exchange resin.
O, A X o)
e/O\'/'\\‘ . ' m/ R BU4NOH ’7/ g
—— = O ——— N. ,
L on jl/l\'ﬁ'/\x HO/\r R
o R R
220

X = CN, P(O)(OEt),, 2-NO,-CgHy, SPh

Scheme 170

9.2. Cyclization onto Amides
Lactones: Iodolactonization onto an amide linker 221 using iodine in THF/H,O releases the product as the

lactone (Scheme 171).425,426 This process regenerates the chiral linker.

A

r\ ] oA .~ i, THF/HO i

NN \/\N 4y \. 2, o .Me
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221
Scheme 171
Lactones have also been prepared from the methionine derived linker 222.220.427 Cyanogen bromide is
used to cleave the product as the homoserine lactone (Scheme 172)
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Scheme 172
9.3. Cyclization onto Thioesters
tecting groups from 223 with TBAF in AcOH and THF at 40°C causes
pr\rrr\ t e <=n}emuered ‘acl’sﬂe {Schoama 172) 428
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Lactones: Removal of the silyl protectin

Scheme 173
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Alkanes: Removai of the acidic proton of 224 with LHMDS resuits in intramoiecuiar displacement of the
sulfonate releasing the product as the cyclic dialkene (Scheme 174) 348
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Scheme 174

9.5. Other Cyclizations
9.5.1. Metathesis

A suitable diene on the solid phase, e.g. 225, and 226, may be treated with a metathesis catalyst (usually
Grubb’s reagent, CL{PCy;),Ru=CHPh), so as to undergo intramolecular metathesis releasing the product as a
cyclic alkene. This has been used for the formation of 6-membered dihydropyrans and tetrahydropyridines

(Scheme 175), as well as 7-membered lactams*29:430 and to form 14-membered tripeptide derived

-~ X R’ (Cy3P),Cl,Ru=CHPh X
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Scheme 175
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the phosphonium salt linker 227 with an amide leads to formation of
indoles (Scheme 177).157 KO'Bu is used as the base and strictly anhydrous conditions are required to avoid
hydrolysis of the phosphonium salt. The intramolecular Horner—-Emmons reaction can be used with a
phosphonate ester linker 228 to give the cyclic alkene (Scheme 178).434 K,CO, and 18-crown-6 in benzene at

65°C are used to achieve the cyclative cleavage.
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10. SAFETY CATCH LINKERS

The previous sections have been categorised according to the products. This section is divided according
to the chemistry involved in the activation and cleavage steps of safety catch linkers. Many of these potentially
could be used to attach functional groups other than those mentioned here.

230
leﬁmination
0
HC® R
Scheme 179

Utilizing the same principles as the DKP synthesis discussed above (which can also be described a safety
catch method) a linker has been designed so that the DKP formed remains on the solid phase with the desired
product cleaving into solution.435 Activation of 229 is achieved by removing the BOC protecting group with
TFA then cleavage is achieved by neutralization at pH 7-8 (K,HPO,) to release the phenol 230, which then



imidazoles, which then cyclize cleaving the ester bond afier deprotection then neutralization 436

10.2. Cyclic Urea Formation

Linker 231 is stable to acidic and neutral conditions.#37:438 It is activated by treatment with sodium
phenoxide and forms the cyclic urea 232 via the isocyanate (Scheme 180). The linker is then labile to
nucleophiles and can be cleaved with NaOH in 70% 'PrOH in water.
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Scheme 180

Scheme 181
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10.4. Dithioacetal Protection of Keto

A photolabile linker has been converted into a safety catch linker by protection of the ketone as the

i€

dithioacetal 234,440 Activation involves removal of the dithioacetal using mercury(I) perchiorate and cleavage
of the linker is achieved by irradiation at 350nm (Scheme 182). No discussion is given on ensuring complete
removal of the toxic mercury residues, although bis[(trifluoroactoxy)iodo]benzene or periodic acid may be used
in the activation step instead of the mercury salt. The linker can be used for attaching carboxylic acid via the

ester linkage, or alcohols via the carbonate.

Scheme 182



A suifide linker 173 has been used for pyrimidines.38 It is stable to both acidic and basic conditions,
however, once oxidized to the sulfone 174 with mCPBA, it can be cleaved by nucleophilic aromatic substitution
by amines (Scheme 183).
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10.6. Oxidation of H
The diphenylhydrazide linker 235 is activated by oxidation with NBS (Scheme 184).441 1t is then base
labile, being cleaved by treatment with an amine to reiease the product as an amide. The process can be

performed in one step, using copper(II) acetate in the presence of the nucleophile and base 442

., O 0
/\\/R~r¢/lLR NBS /\\/N°,¢)LR H,NR' Q
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o 235 o)

Scheme 184

10.7. Reduction of Sulfoxide

Electron rich benzylic linkers, which normally contain methoxy substituents, can be protected by
exchanging one or more of the methoxy groups for a sulfoxide. The linker is stable to acid whilst in the oxidized
state. Reduction of the sulfoxide(s) to the thioether(s) with SiCly/thioanisole/anisole results in a more electron
rich benzylic linker, hence cleavage is achieved with TFA (Scheme 174). The reduction of the sulfoxide(s) is
typically performed under acidic conditions so the two processes actually occur in the one step. This
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Scheme 185
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The acyl sulfonamide developed by Kenner34 is stable to both acid and base prior to activation. Under
basic conditions the acidic acyl sulfonamide proton of 236 is removed protecting the acyl group from
nucleophilic cleavage. To activate the linker for cleavage the nitrogen is alkylated with either diazomethane34.33

or iodoacetonitrile (Scheme 185).39.37 It is then cleaved using nucleophiles, such as hydroxide to give the

carboxylic acid,34:33 or amines to give the corresponding amides 34-37
i i
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11. CONCLUSION

As the field of solid phase organic synthesis expands, so does the demand for new and novel linkers. Many
of the linkers used were first developed for peptide synthesis. These have performed admirably and the synthesis

of a large range of molecules has been achieved. They also have limitations though. The range of functionalities

is limited and many are n ab wide range of organic reactions. Conversely, some require cleavage
conditinng that ara tan hare ar rartain fiinctinnal aroiine In recent veare manv nratectinog arnnne devalaned
LULULLIVIES Uial al© W00 ndisil 101 Lolalli 1unliCuiUiiar giUups. 1l 10U yCdls, dilaily pirUltullilg giuups UCLYLUupLu

cleavage conditions. One of the key challenges in this area is to utilize cleavage reagents that are readily removed
from the cleaved product. This is especially the case when preparing the large numbers of compounds required in
combinatorial chemistry. Volatile reagents are ideal for this, although recently developed high throughput
purification techniques such as solid phase purification reagents have increased the scope of this process. The
area of cleavage techniques and methods of purification of the large numbers of compounds created by
combinatorial chemistry will be one of great development over the coming years. The safety catch approach may

prove useful here, using selective condmons for activation, then conditions for the cleavage which are easily

UINRGL LBy 2N QL 2aULITHS MIAES

nratecting aoronn tachninniac Alraady oreat advancec ade with the cilyl linkere for attaching
PrULLLLIE miUupy WWUIHIYuUS. Antauy, pmIivdl auyvaiives nay 11 1AAGUT VYA W% DBRY 1 MAIRSA S AVE GuGlining
et bt ereosiime T M Lttt dlens b ann i thaons laot tha tact AL tieen Ar if evary treaea lahila halbaca ara
atUllativ Oups. 1t WHi UC IICICSUIIE 1O 500 1L LHEST IddL LI 1O5L UL LT, Ul 1L LICW, 1IIVIT 1IdUHT UHNRULS alv

developed. Although the universal linker, one which may be applied to any molecule, is an admirable goal, much
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work needs to be performed before this will be possible, if indeed it is pbsswle Methods that are useful in
specific cases, i.e. non-universal, will continue to be developed, and successfully applied. What is important is to
understand fully the capabilities and short-comings of both current and new linkers. This can only be achieved by
the open reporting of conditions that work, but also those that do not, or result in premature cleavage.

As in all areas of solid phase and combinatorial chemistry, the area of linkers is rapidly developing, and
although many of the linkers reported here may not end up finding wide spread use, they will lay the foundation
for new, more effective, linkers to be developed in the future.

[*TaYa P72 T S ) e | nNn hanarteinaal 1T olacer teiaf dimanttcdncato Yeaden oot venies e
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hexfluorophosphate; CDI, 1,1'-carbonyldiimidazole; mCPBA, 3-chloroperoxybenzoic acid, CSA, 10-
camphorsulfonic acid, DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene, DCC, 1,3-dicylcohexycarbodiimide, DCE, 1,2-
dichloroethane; DCM, dichloromethane; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, DDQH, 2,3-
dichloro-5,6-dicyano-1,4-hydroquinone; DDT, dithiothreitol, DEAD, diethyl azodicarboxylate; DIBAL,
diisobutylaluminium hydride; DIC, 1,3-diisopropylcarbodiimide; DIEA, N,N-diisopropylethylamine; DMAP, 4-
dimethylaminopyridine; DMF, N, N-dimethylformamide; DMSO, dimethylsulfoxide; DMTST,
dimethylthiosulfonium triflate; DSC, N, N'-disuccinimidyl carbonate, DTBP, di-fert-butylpyridine; EDT, 1,2-
ethanedithiol; Fmoc, 9-fluorenylmethoxycarbonyl; Im, imidazole, HATU, N-[(dimethylamino)-1H-1,2 3-

................ RARLELE (VN ALRORCYRLSLNDAYY AR LUIT, Reiiraiily afiaiiaial

triazol[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate ~N-oxide, HBTU, O-

e e~ 1 .1 AT AT AJZ AT/ _.__ -.1.._.-__.._ 1o L1 a_.
enzotii 1aZ0I- 1-yl-/V,/V,/V [V ~tetrametnyluronium nexamuoropnaspnate

HOAt, 1-hydroxy-7-azabenzotriazole;,
HOBt, i-hydroxybenzotriazoie, LDA, lithium diisopropyiamide; LHMDS, lithium bis(trimethyisiiyi)amide; MES,
4-morpholineethanesulfonic  acid; NBS, N-bromosuccinimide; NIS, N-iodosuccinimide; NMM, 4-
methylmorpholine; NMP, 1-methyl-2-pyrrolidinone, pfbm, perfluorobutyramide; PPTS, pyridinium p-
toluenesulfonate, pTsOH, p-toluenesulfonic acid; py, pyridine; TBAF, tetrabutylammonium fluoride; TBDMS,
tert-butyldimethylsilyl, TEA, triethylamine; TES, triethylsilane; Tf, trifluoromethanesulfonyl; TFA, trifluoroacetic

acid; THF, tetrahydrofuran, THP, tetrahydropyran; TIPS, triisopropylsilane; TMS, trimethylsilyl; Tr, trityl.

1 1

Bradley, Beata Krywuit and Susan Eagle for their help.
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