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GENERAL CONSIDERATIONS ON PALLADIUM CATALYSED ALLYLIC SUBSTITUTION
TONS AND THEIR MECHANISM

R ARARAN AVAASN A R4 RANALILIVA,

1.
REACTI
A number of electrophilic allylic derivatives which do not behave as allylating agents under usual

SN2 conditions, may do so, provided that catalytic amounts of appropriate soluble palladium(0) complexes
are present in the medium (eq. 1). Such catalytic allylic alkylation reactions constitute a very useful tool for

[P&°] cat.
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synthetic organic chemistry3. Aside from the fact that these electrophilic allylating reagents are more readily
available and handled than allyl halides, they also display unique regiochemical and stereochemical
characteristics. The use of optically active ligands on palladium also permits enantioselective allylic
alkylations.3¢.3h

Many nucleophiles may pamclpate in catalytlc allylation reactions including both carbon

as enolates derived from B-dicarbonvl compounds and Qrgannmpmllwq (Mg, Zn...) as well

d from f3 onyl com etallics (Mg, Zn.
icleophiles such as amines and azides.

The mechanism of the palladium catalysed allylic substitution reaction ( the Tsuji-Trost reaction) is by
now well understood, at least in its main features. The question of the exact nature of the active catalytic
species is a rather complex matter. With some approximation, it may be said that they are coordinatively
unsaturated zerovalent palladium entities of general structure Pd°Ly or PdLyX- ( X- being Cl-, AcO-..
depending on the nature of the anionic species present in the medium).4-3 The ligands L on palladium are
generally tertiary phosphines -typically triphenylphosphine- or phosphites. The active species may be formed
in situ in several ways:

(a) - h licand dissociati
a) ligand sociat

L () )
PdL, ———» Pd°L, — Pd"L2 2
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first equilibrium is largely in favor of the tricoordinated species while the dissociation of Pd(PPh3)3 to
Pd(PPh3); and PPh3 on the contrary, occurs only to a very small extent ( for instance, Kpdiss = 1.5x 10-5M
in the presence of chloride ion in THF).

(b) -From air-stable palladium dibenzalacetone (dba) complexes such as Pd(dba); or Pdp(dba)s.
CHCl3, by ligand exchange with phosphines. Recent studiesS (L= PPh3) have shown that, in this process,
most of the resulting complex retains one molecule of dba in the coordination sphere of the metal. The active
catalytic species however results from further deligation of dba from palladium (eg.3).

dba
Pd°(dba), + 2L __l. Pd°Ly(dba) «——"___ L,Pd°(solvent) +dba  (3)
(¢) -From nucleophilic attack on the m—allyl palladium(Il) chlorodimer in the presence of ligands’
(eq. 4)
/o \
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including organometallic reagents (Grignard reagents, organoaluminum compounds...)® or hydride donors

such as formic acid, borohydrides or tributyltin hydride. Electrochemical reduction is also possible.40.8

i PdL, + 2x© @)

Pd"X,L,

(e) -By reduction® of palladium(II) diacetate in the presence of phosphine (eq. 6).

PR,

Pd'(OAc), Pd°(PRs), + R3P(0) + AcOAc (6)

R Tk sl TRAY

The catalytic cycle of allylic alkylation reactions (fig. 1) involves two major steps, in which the PdL;
fragment acts successively as a nucleophile (while in its zerovalent state) and then as a leaving group (once in
its divalent oxidation state). In the first step, after prior coordination to the double bond, the Pd°Ly fragment
displaces the leaving group Y, leading to a m-allyl complex. Except for some very specific cases!0, this
process occurs with inversion of configuration at the carbon atom bearing the Y group and may be roughly
considered as an intramolecular SN2 process. From the point of view of organometallic chemistry, it

nstitutes an oxidative addition process!! in which the formal oxidation state of palladium is raised by two.

1e question as to whether the m-gﬂvlnallad um complex exist mostly as a cationic species with a 16-electron

pe wi 2 el 1A LR B AR v oIl

outer shell for the metal or as a neutral 18-electron species with the Y leaving group coordinated to palladium

» [
; <

P, ~ 4,-_“_A Lo~ - |

has not been definitely resolved!2 and its structure can in fa depend on many faciors such as ihe natur
the ligand L, the solvent and the leaving group. The picture is further complicated by the fact that the x-allyl
complex is in rapid equilibrium with ¢-allyl forms as represented in eq. 7. Most of the time and for the

)
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sake of simplicity, we will assume in the following review that the only reactive species in the medium is the
presumably more elecirophilic cationic complex
® e
S Y
SN — _AUPALY (D
Pdl e v
4
L L

The second step of the catalytic cycle is the attack of the nucleophile on the nt-allyl complex. From the
organometallic point of view, this corresponds to a reductive elimination process!l in which the PdL,
fragment is restored to its initial zerovalent oxidation state. Mechanistically speaking, this step may occur in
two ways: 13-14 soft nucleophiles, especially enolates derived from B-dicarbonyl compounds, react directly at

alladinm (anti mechaniem) Hard nucleonhilec tvnically
AR \“”" ll‘wll“ll‘l’ll‘/l A AddiNG .Ilu\r.l\./\.ltllxuuﬂ, LJPL\:HLL
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organozing compounds organomagnesium compounds or hydride species tend to coordinate first to the

llyl complexes. Reductive elimination then occurs through internal

PN | PO Lo, to —irdeal mm <7 .

palladium, leading to neutral n-allyl or G-:
delivery of the nucleophilic entity from palladium to carbon. The distinction between these two mechanisms
is usually made on the basis of stereochemical studies.13:14 The first (anti) mechanism entails inversion at
carbon. Given the first inversion of configuration during formation of the xm-allyl palladium species, overall
retention of configuration is therefore observed. By way of contrast, the second (syn) mechanism occurs with
retention of configuration and results in overall inversion of configuration for the whole process.

The reaction of eq.1 may be seen as the deprotection of a Y function initially protected as its allylic

derivative. A necessary condition for successful removal of the allyl group is that the Y function possesses
sufficient leaving group ability to allow the formation of the x-allyl complex. Carboxylic acids, phenols,
phosphoric and phosphonic acids are among the main functional goups which fuifill this conditions, but the

deprotection reaction of eq.1 has also been apphcd to other compounds such as allylated oximes, imides,
quaternary allylammonium ions, and allylamines in their protonated form.



38 ]
=
N
Ea.)

>
S
(38
[S0)
\0

~]
—

aso o al ™0

thers, thioethers, and allylamines in their basic form are not cieaved by a Pd°
catalyst. This difficuity may be circumvented by using the allyloxycarbonyl group instead of the allyl group
for protection. The allylic cleavage is then usually accompanied by decarboxylation (eq.8).

0 [Pd°] cat
. Il ~ TN // —. /AA o~ Ny I\ 1o\
R-X o ONF X RXH + \L,UQ , £ \/'W) ()
Nu’, H*
X=0,NH, S

Many nucleophilic species have been used as allyl acceptors in the deprotection reactions of eq. 1 or 8.
From the outset, an important distinction can be made between reversible allyl group scavengers, which, once

allylated, may revert back to n- allyl complex, and irreversible ones which do not. Refore reviewing them

iaiutl, llay dack O AApath, Al ATVl R 2RI AAAVIY villp AL

roe 17
78

a v £ Aanl
, WC al wi

11 ot
WI1li 111050 W

ar
prorecuo of ai y carbamates wil

Q..

carbamates. Some general comments on possibie side reactions i
also be made.

2. MAIN METHODS OF FORMATION OF ALLYL CARBOXYLATES, CARBONATES AND
CARBAMATES.

As with most alkyl esters of carboxylic acids, allyl carboxylates may generally be obtained2d-2¢ by one

£ thrams manin nranadnrace 3\ dirant nnzd ~ weo actarifinntian ~AF sha B Y2 P 1A +h 1 alaal
1 HUCC liidlll PIVULCUUIL). 1) ULITLL daLil Lalalydtd OhiClilivauvll 01 Ui vathxyup acia WlUI au_y1 arLull

o ol; ii)
reaction of allyl aicohol with an activated carboxy-derivative; iii} nucleophilic displacement of allyi halides
with carboxylates salts. Allyl carbonates or carbamates are usually obtained by the reaction of the alcohols or
amines with allyl chloroformate in the presence of base.

More sophisticated reagents for the introduction of the allyl or the allyloxycarbonyl group include
diallyldicarbonate 115, allyl isopropenyl dicarbonate 216, 1-(allyloxycarbonyl)tetrazole 317 and allyl

1-benzotriazolylcarbonate 4.17

2% o 0 HC? SN "
"N 2 & \ 2, ’
N0 00N e~ Mo ,;\,O‘er-—N' XN
1 2 0 0o N\F
3 a
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preparation of N-Alioc or O-Alioc protected forms of nucieobasesi? or reiated entitiesi7.1% in nucleosides (see

section 6). 1 and 2 have been used in the DMAP mediated esterification of carboxylic a01dsl6,20 (eq. 9).

?Q [ co,
#—0COCOR +RCOH 2 | & ohOR+ HO : R-CO, - (9)
-+ Lo
_co, l ~" J - Ho.
1R=Al N~ (R = All)
2R = isopropenyl or - CH3COCH,
(R = isopropenyl)
3. THE PROBLEMATIC SIDE REACTION OF ALLYLAMINE FORMATION DURING

PALLADIUM CATALYSED DEPROTECTION OF ALLYL CARBAMATES.
The formation of allylamines as a side reaction during palladium catalysed deprotection of
allylcarbamates is a matter of serious concern and may occur in different ways.

Firstly, the deprotected amine may compete with the nucleophilic allyl group scavenger in the trapping
of the x-allyl palladium complex. Therefore, it is better to use deprotection systems which lead to the amine

in protonated or other masked non nucleophilic forms, or to use the allyl scavenger in large excess.
With protonic reversible allyl group scavengers AH (eq. 10 ), allylamine may also be formed through

the equilibration process of eq. 11 .

BRNHCO” .+ AH  ———=  RNHp + A NF  (10)

Finally, Alloc derivatives of amines in the presence of palladium catalysts and without any added
nucleophile are known to undergo decarboxylative rearrangement to allyl amines. The rapidity of the process
is highly dependent on the nature of the amine. In general, secondary amines rearrange faster than primary
ones.21-24 The following half-life times have been determined?3 for carbamates 5, 6,7 ( 25 °C, 0.25 M

solution in dichloromethane containing 2 mol% of Pd(PPh3)4): 5, 58 min.; 6, 16 min.; 7, < 5 min.

SRS SEEEERRAINE SRV b Vi Vbt

CHs —
r—< >—CH -
AlocNH”NCOMe NH 3 AN P

The N-Alloc to N-allyl conversion must involve an intra-molecular (intra-ion pair) decarboxylative
condensation between the cationic n-allyl entity and its carbamato counter-anion22 (eq.12, see also paragraph

4-5). In the case of Alloc derivatives of primary amines, the free monoallylamine, once formed, may react
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intermolecularly with the m-allyl complex and self-propagation of the process becomes possible by way of eqs
13 and 14.

I//—_‘@\",;.\ @ co + P 12
HNH-%A‘O pdll i RNHN + 2 [ ] ( )
. Pd
0 N
O Q} S N -{Pd P a4
RNH—C—0  ~ Iy . mNHoNF ——— RN +ANH2 (13
Pd ' - COz VS
0 N\
L
D - [Pe]
RNH—C_OG e Tl /?HNH —_— F’\NHM + RNHa (4]4)
i L Pd’ 2 -CG,
0 N

Allyl carbonates also undergo decarboxylative rearrangement leading to ..llyl ethers in the presence of
palladium catalyst . However, alcohols and alkoxide rather poor nucleophil ards w-allyl palladium
complexes and side formation of allyl ethers is generally not observed during deproiection of allyl carbonates

in the presence of ailyl scavengers. Acyiation with ailyl chioroformate foiiowed by paliadium catalysed
decarboxylative rearrangement is a useful method for introducing allyl groups on alcohols under moderately
basic conditions (see part 1, paragraph 1-3).

4. NUCLEOPHILIC SYSTEMS USED IN PALLADIUM-CATALYSED REMOVAL OF ALLYLIC

A large variety of nucleophilic species have been employed as allyl group scavengers in eqs 1 and 8
and these include oxygen, nitrogen, carbon and sulfur nucleophiles, as well as hydride donors.

AT N W W %W
4.1 Uxygen nucieopnies
Carhavylic aride and carhavvlate aninne mav act ac allyl oaun ecavanaerce (e 15) Theca reactions
LALUUA YIIU abiud il Caivuay 1aiv alizvils (idy avik G5 duyl gUUY SVATVIEVIS (Wi v ), L IVOV 1VRVLVILS
Pd°] cat.
0.0 [ 0,0
R—COAIl  + R—CO,; M ————" R—COAIl + R—CO; M (15
(or R—CO.H) (or R—CO2H )

of course equilibrated and conditions must be devised to displace the equilibrium in the sense of the
n. A

desired deprotection reaction. As early as 1982, Jeffrey and Mc Com mbie25 proposed to use potassium 2-ethyl-

L ALY PIUDIUNLAL LU WAL pPreaailill
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2-ethvlhexanoic acid wag gimilarlv tected far the denratectinon aof allul carhamatae  hut
- vleJ Azawiawmaavaiw e AN Y e WVEAiiAAAL LJ LAV A AN Y AV AL UUPI\JIU\&‘LUII L Ly s VAL UQALILIALW O, wus
HH M tassium 2-ethylhexanoate HH Me
Ph-CH,-CO-NH,.» =S e po Y! Ph-CH,-CO-NH. ' = .S
He N7 Mo PAPPh,), 1-3Moi%, PPh, N7 eMe (165
\ | 1 i |
AN . DCM/ACOE, tt, 30 min AN LR
o} COAll Y ©o%) “O2K
4
r
Ma potassium 2-ethylhexanoate Me
HH - Pd(PPh,), 2 moi%, PPh, HH /(:\ 27
HO™ .2 ?)\ S \ ¥ PPk oo Ho” -1 ?)\ S \ # )
[~ & | R
4N \ acstonitrile/DCMACOE, 1t, 30 min J—N 9
o COLAl 0 COK  (72%)
t e Lema{ion nf allyl aminae ac a cignifirant cide raartinn wace nhearvad hath in tha m-.—.m..hn25 and tha
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. The procedure was neverineiess used successfully in the deproteciion reaction of eq. 18,
perhaps because in this particular case the deprotected amino group is immediately trapped through

intramolecular condensation onto the enone moiety.

L —\O —\
’/% 2-ethyl hexanoic acid N 0O
! Pdl Dph'.. V. 1 molos !
Y‘ 374 \/ "
3 W - e (18)
“Y PPhy , 4 mol% AN
é(/j N-Alloc DCM, it, 24h (:l \, (87%)
° r 0 N
Ph (W Ph

Acetic acid in large excess has recently been used in the deprotection of the allyl phosphates and allyl
carbonates30 (eq. 19); it should be noted however that these two allylic functionalities are especially prone3!

e by palladium(0) complexes. When applied to allyl carbamates,?8.32 the same procedure was

to cleavage by palladium ) complexes. When applied to allyl
found to lcad to sluggish reactions, either incomplete?8, or necessitating continued additions
0 Oa 0O DPO OAII Pd(PPhs ),
Aloc0™ Oy NOYTeTeR e
ACOH/THF
(Anm)popo“"'\/’NH A“OCO'\I/ ﬂM(CH»wCHs S|
CHy(CHale O /=0 Oy (CHaECHs |
1] i 30
Alloc(l) 0 wOR O OAlioc Y (19)
CHa(CHoe ~ .
0 (0] O O \UFU3H2
(R = cis or trans A'-tetradecencats) HONY Y Y Y o' d

o
o)
D
o

of further catalyst.32 More rapid reactions are possible through association of acetic acid with a base such as

morpholine and N-methylmorpholine (see paragraph 4-2).
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through the equilibrium process deplcted in eq. 11. Clean deprotection could be achieved by using O—benzyl
hydroxylamine as the allyl acceptor33 (see paragraph 4.2).

As already mentioned (see part I, paragraph 2.3), cleavage of an allyl glycoside has been achieved
with palladium (tetrakis)triphenylphosphine (30 mol%) in hot acetic acid.34

The highly nucleophilic N-hydroxysuccimide35 (in association with formic acid) and hydroxy-
benzotriazole36-37 (HOBt) has been used as the allyl acceptor in aminoacid and peptide chemistry (see
section 5).

=\
Alloc.\ A~ -COx-t-Bu (Ow
f: — NHBoc
OBzl H"NH-Z .2\.

‘\\-/’\N/\/\/;C(_Jz-t’-ﬁu \‘q(n N HN"TO
: N
OBz H NHZ Y 'S
o o KA o pn
10

Finally, despite the fact that water is a notoriously poor nucleophile in palladium catalysed allylic
substitutions38, allyl ester 10 has been successfully deprotected in water/dioxane.39

4.2 Nitrogen nucleophiles

In 1984, Kunz and coworkers40 described the use of morpholine in the palladium catalysed
rotection of allyl esters of amino-acids and glycopentides (eq. 20). Since allylammonium species are able

"'r Ly 1 dillifiu-al aill LILIL D il dllylal ulil CL ALy Al

to transfer their allyl group to palladium zerovalent compounds (see paragraph 4.3), this reaction cannot be

Since Kunz' original report, many amines, especially secondary ones, have found service as allyl
acceptors not only in the cleavage of allyl carboxylates or phosphates, but also, albeit more rarely, in the

deprotection of allyl carbamates. 24:41-44 In this case also, the scavenger is used in excess in order to avoid

inetic competitive allvl tranning bv the liberated amine ornholine itcelf has been rountinelv nced in the
kinetic competitive ally! trapping by the liberated amine. Morpholine itself has been routinely used in the
aminoacid, 4346 peptide,4748 and glycopeptide field, 23:49-52 as well as in other areasS3-55 (eqs 21-24). As

e aalLY - Vol D TGS [ e NP Sy

exemplified in eqs 21, 23, 24, the deprotection procedure is compatible with the presence of labile O-serine
anomeric linkages and O-SEM and O-TBDMS protections. In the deprotection of alkynoic allyl esters>>
(eq.24), use of a chelating diphosphine ligand- namely dppb- is mandatory. With the monophosphine
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ZNH. _COAI - an U
H LNR o
o 1 Pd(PPha)s, 10 mol% CiH
B20 ¢ ~ BZIO O CHy (pyy0
BzIO- 0 Y ! (21)
BzIO O NH, 10equiv. BzIO iy
L — 4 s
THF rt PR,
B (97%)
i : Pd(OAc), 5 mol%, PPh; 1.5 equiv. , morpholine, rt, 12 h
0
)L L N — J
£ e~
TBDMSO \ A -
i YV
.7 OTBDMS
O
e
NN—=—CO0- Al
A R (24)

TBDMSOW/\ N
OTBDMS NG 0

i P:_!(r_il_)g)g +dppp, morphaline, THF

P e e RS, TR & -~
+2BuP TBOMSO ¥ NWNAL

OTBDMS

PBu3 as the ligand, concomitant decarboxylation, which is made possible by ligand decoordination55 during

the catalvtic process, was found to take nlace

120 Laldal YL 9 LW ] d> 1O 1O LaKe

A multicomponent system consisting of DMSO/THF/0.5M aqueous HCl 2/2/1 v/v and morpholine (in
e’

Lo o €0 1d oninn e IIAN oo oo daclond ko nlada fanls amd nmieraslasg fom thhn Alansnga ~f AN
Cd. UITEEI01a EXCESS OVer avl) 1idd beell UCVIdOU Uy ALUCIICIV, \Jllall a.uu bUWUll\Clb 1UL UIC viCkavage vi nu

&
J
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and Alloc groups on resin-bound peptides. ore basic and more nucleophilic pyrrolidine has been

m
=
Y

used in the deprotection of quaternized carbapenems>” (eq. 25), for which neither morpholine nor potassium
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2-ethyl-hexanoate were found to be satisfaciory. In the deprotection reaction of eq. 26,77 the allyi carboxylate

is selectively cleaved and the acetoxy group, which also forms part of an allylic system, but with a tetra-

pyfroliding O

OH g iR
i F Pd(PPha)s 2.5 mol% V,l.‘_q ’
o PPhs 5 mol%
[T >scr® O 22— (T >scn® @
)—N\/(- 2w on acetonitrile, 0 °C, 10 min. 4L—N\/(
° COLAIl ° coP
Mo (65-90%)
e =
YT . N
N7 Me” Y “Me
Ma
P“‘-’”-E"—’Q””W I/S PhCH,CONH s
) L YT ) 26)5°
7 NFNOAe O4L—N\%\,0Ac (26)
M2 (88%)

substituted double bond, is retained in the process. Pyrrolidine or piperidine have also been utilized in the
aminoacid and peptide field.60.61 Miller and coworkers have repeatedly resorted to O-benzyl hydroxylamine
as the allyl scavenger with good results33:62,63 (eq. 27). Palladium catalysed deprotection of monoallyl

H
H
Bz!O-f:I’\{I";(NYO PhCH,ONH,  BZIO-NH" N\, N 20
! H NN, OB 10 equiv. - 62
e T -~ e L s wom @

CO,CH,CCly

Iz

cochzcms
(71%)

phosphotriesters with Pd/n-BuNH>7 and Pd/EtoNH has been carried out by Hayakawa and Noyori on model
dinucleotides.64 More recently, the same authors have employed diethylammonium hydrogenocarbonate in
the deprotection of allyl and allyloxycarbonyl derivatives of nucleobases%3 (see section 6 ). A procedure for

Aamentantian 11 an amnanzae aroanis madinee (ITANOVOTT AN or in trwn_nhaca cvucterm HaANV/Et+alN) hac hean
aeprotection in an agueous organic medium (n2U/Cn3tLINj Or in two-pnaseé system (ri2U/Sizu) nas ockn
AL 124 A A4 _ P T D, 1 1) cmncramcas and th o csrntoe ikl

devised Dy Genét and coworkers<®42,%% lyl deVCIlgCI' ang € wair-so1unic

catalytic system Pd(OAc)2 + TPPS (eq.28)<* (TPPS: 3,3

N ~
AllocNH, s NN
3 Pd{OAc), 2 mol%/TPPTS 4 mol% J
1 j / N\/A_ (28) 24
OJPN\Iﬂ\ CH3CN/MeOH/H,0 O T
CO,Bzl en (ra%) CO25%

= i ie annthar natant allul accentar which hac heen nced for instance in R-lactam

1vTLiIV UL CQUEILRIIS (LIVIVAZSR ] 1D aUiVALILE pulwiie aiiy s WARAUL VY RRAAVIL JIAD UWVIE WOV AVE AIROWRLIVES 222 prTSSVRASIES

. £7 1~ 1 oL n 1. KQ aramiEgal 1Y oo TN s Sao B L 4 AMMAA ~fCnes
chemustryV/and tor removal oI the FaloCcv® (S€¢ paragrapit /-1) group . Lu€ 10 18 10W DasICILy, 1NiviAa OLISH
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the very significant advantage, especiaily in peptide chemistry, and over other secondary amines inciuding the
albeit relatively weakly basic morpholine57, of being compatible with Fmoc protection.69.70

Another way to ensure Fmoc compatibility has been to use N-methyl-morpholine (NMM), a tertiary
amine of low basicity, either in DMSO/THF/HCI 0.1N71 2/2/1 v/v (NMM in 100% excess over HCI) or in
CHCl3/AcOH 95/05 v/v (AcOH in 100% excess over NMM).57. 7274 The latter system has been specifically
designed for deprotection of both allyl esters and carbamates during solid phase peptide synthesis in a
continuous flow apparatus.57.74

Dimedone 11a75 and N, N-di methylbarbltunc acid (NDMBA) 12a76 are both -dicarbonyl compounds

: 3 respects Jor YV axrhinh hawva hann fntenadiinad hoe WWitien s amwa a0 alle
high acidit; Ka= 5.3 and 4.7 tively ) which have been introduced by Kunz and coworkers as ally
& Y { Pia Lopt

group scavengers in the aeprotecuo of ali y carbamates. The auy1 transfer Pprocesses which lead to the mono-

and di-C-allyl derivatives 11b,c and 12b,c may be considered as irreversible.’7 At the start, they are likely to

H
¥ R R
0]
11a-¢c 12a-c 13

a: R=R'=H; b: R=H, R'=All; ¢: R=R'=All

involve a prototropic exchange between the carbamato n-allyl intermediate and the -dicarbonyl compound
EHj, leading to the corresponding enolate EH- and the carbamic acid which then undergoes decarboxylation
to amine, while irreversible condensation of the enolate species with the n-allyl palladium complex allows
regeneration of the Pd® catalyst, thus completing the catalytic cycle (eq. 29a-c).78 Of course, as the reaction

proceeds , the concentration of the enolate species in the medium increases steadily as a result

e 7z s‘® Sad @

RNH—CO; ; I + EH; = ANH-CO,H + EH ~ ;d” (29a)
I/ \I N
co,
+EH2 ®
RNH—COH _A. RNH, ﬁ" RNH; Etp (29b)
o #® , .. g
R 7 by NP+ PoLe (aq)
YN

(EH, = 11a or 12a)

of proton exchange between the liberated amine and the scavenger. A possible complication?6.7% when using

vdrolytically stable80 ketoenamine 13 b
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are unreactive, seems more advisable.

The Pd/dimedone and PA/NDMBA systems have been extensively employed, in the glycopeptide
area’5.76.81-83 (see paragraph 5-1) as well as in other fields.84-87 An impressive example concerns the
simultaneous removal (55% yield) of the N-Alloc and of the ten O-Alloc groups of compound 14.87

AllocO  OAlloc
AllocO, _A

AIIQGO"\(O

. N
s

A"°°°"1/Lo AHOCNH])LPro Gly-lle-Val-Gly-GIn-OH
i L Ser

N ~ U
AllocO 0 Y

i\iiocé \r NH o The PEO
th Gly
" o ne Thr
AllocO OAlloc Plo
AllocO C!y-v'l. Asp- C"y

4487

iy

Thanks to the irreversible nature of the reactions, their relative rapidity, and the fact that the liberated
amine is protonated by the allyl scavenger (used, as a rule, in excess), the side-formation of allylamine during
deprotection of allyl carbamates by the Pd/dimedone or the PA/NDMBA systems is highly improbable and
has, in fact, never been reported. Furthermore, as we shall see below, allylamines are themselves cleaved by
the PA/NDMBA system. Instead of dimedone or NDMBA, dimethyl malonate, a 3-dicarbonyl compound of

much weaker acidity has also been occasionnaly used88-92(eq. 30). Simultaneous

OAc Treoc-Ser-Ala-Ot-Bu OAc Treoc-Ser-Ala-Ot-Bu
Aco’\ﬁ/\ / PA(PPhs), cat Aco’&\
b 90
Acow CH,(CO:Me), (30)
AllocNH NHz
>80%

deprotection of allyl esters and allyl carbamates®6 (eq. 31) with dimedone, as well as the deprotection of allyl
A HH H H
A ,COZA“ Dimedone /I'T_i/g_ o
n_ ) CHN, AP N /) CHzNHz 31
7 ‘CO,AN 4 cat NG T
o X A THF o .
COAIl COH

esters in the presence of the preformed enolate of dimedone?3 have also been reported. Other literature
data52.94 however, seem to indicate that dimedone or NDMBA are, in fact, acidic enough to allow
deprotection of allyl esters without the need for an extra base (eq. 32), as for example in eqs 33 and 34.



Et2 ®
a0
- A PdOLz —-I\l\e Ae - Ie ’/h ) PdﬁLz — lA.é am
o/\'/ — HRHUU Bl =4 ra’ —— N Y o)
RCO; PAEN N
M RCO;H I
EH; = 11a, 12a
Boc-Ala- Ser(t-Bu)-Thi(t-Bu)-Thi(#Bu)-Thr(t-Bu)- Asn-OAl
-3
Ac,Gal-£2Glc-NACP ! NDMBA
f P(PPhy) cat. (33)%
ACfUC o THF

hr(£Bu)-Thr(t-Bu)-Asn-OH ™=
(93%) Ac,Gal MCISIE-NAC B

AcgFuc *!

-oms L)-ores

BOCNH N\ o BocNH’\=\

~ Nien, ~
r—-u Winouw iIio . O
HN Pd(PPhy), cat uM): (34)
Q 0 THF, 1t 0 0
Allozc\_j -ﬁJkH HOC, N }l\ (879%)
H H
$ O

Such a procedure may be helpful when basic conditions must be avoided. This point is well illustrated in the
deprotection of the dipeptides 15, 16 and 17.95 Selective and quantitative deprotection is achieved

Boc-Asp(OAll)-Phe-NH, 0
15 BOCNH‘,‘. .’C\....Xaa-NH "
vH N
Rar Aen/NAIN. Oy NLE \(\=r{
=LV LV I'\DP\\J"\II’ AW 1] 1A 1] IZ L) Ll‘.
16 Hz2 "o

A i e sy 18 Xaa =Gly, Ser
Boc-Asp(OAii)-Ser-NH, :
17

by the use of dimedone as the allyl scavenger. However, with the more basic morpholine, in the case of the
sensitive Aps-Gly and Asp-Ser sequences, partial formation -6% and 2% respectively- of the :
(ASU) derivative 18 has been noted. This reaction, which invoives an intramoiecular nucieophilic
condensation on the B-carbalkoxy group of the Asp residue, is commonly encountered in aspartyl peptide
chemistry.

Simultaneous deprotection of allyl esters and carbamates with dimedone in the presence of catalytic
amounts of zerovalent nickel complexes (eq. 35 ) has been described in a patent.9697 The trichloro-

ethoxycarbonyl group (Treoc) can be selectively removed in the presence of allyl esters52.98 (eq. 36) and
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OH ( :N—Alloc o
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/'\—n/< < - / M sy
S m el

ML il .L
U Nl(l’l’"a) Cal ”~
NG Me,CHOAG, 30 °C 4
(8] 3
COAI of "
COH
ZrASOH
Treoc-Thr(t-Bu)-Thr(t-Bu)-OAll —————— H-Thr(t-Bu)-Thr(t-Bu)-OAll (36)%2

8h

carbamates.98 Since the reverse is also true (eqs 27, 30), the All, Alloc groups on the one hand, and the Tre
(trichloroethyl) and Treoc groups on the other, are orthogonal. The cleavage of allyl aryl ethers with
palladium and dimedone under neutral conditions has been recently reported on compound 19 but without
any details concerning the reaction conditions.?? Previous attempts to perform deprotection of allylic phenolic

ethers of tyrosine derivatives under similar conditions, were unsuccessful.100 The problem of the
comnatihilitv of dimedane or M asnnlatac with 'macs nratectinn ag annaraently nat hoon tharanchly
VVILLPGRUILILY Vi GLIUVUAVIIY UL LVASLVAL O VIULAILS Wi DUV PIVIGAVUIULL HAD appaiviiuy UL UVl MIVIVU gL

i I = = i \\ =
P 0 =
AllO <:> d k/Lo,t\u

As mentioned above, the PA/NDMBA system allows deallylation of allylamines under mild
conditions.!0! This reaction is possible because, once protonated by NDMBA, the allylamine is sufficiently
electrophilic to react with the Pd® catalyst and generate the ®-allyl palladium complex. The whole process

may thus be considered as a palladium mediated transfer of the allyl group from the protonated allyl

ammeonium species to its enolate counterpart. Some examples are given in eqs 37 and 38. The deprotection of
tha mathianins derivativa wac fannd ta acenr with littla ar na raceamiratian (<200
QI LHVHHVIHULC UVLLIVALUL VLY Wad LUULIU IV ULLVUL WL LV UL HU 1 AVULTULAWRVLL \ T /U .
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\/\ NDMBA 1.5 equiv.
SN—CH—COMe 47T HN-CH—COMe (370"
! DCM, 30 °C !
#7"  CH(CHa) CHICHa)2 10000
AcOAIl N NDMBA 1.5 equiv. N
HCIH,;N—CH—CO,-Pr  Pd(PPhy)4 cat N —CH—COQ,Pr Pd(PPhs)s2mol%  HaN—CH—CO,+Pr (38"
_—— —
(ICH \-SCH, DIEA 7 (CHy), SCH, DCM, 30 °C (CHy)-SCHy
S/IR =100 : 1 (82%) &/ R undetermined (95%) S/R=99:1

Allyl and diallyl amines, as volatile and inexpensive compounds, can be used in large excess on a
d

should therefore constitute useful Gabriel synthons for the synthesis of primary amines.

10 wifwg § LG oo 1161 o yliak

h
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4.4 Sulfur nucleophiles
~ . .
Genét and coworkers have recently advocated?4.102 the use of 2-thiobenzoic acid as an allyl group
__________ L I . . O I T O T Y Y r_gnerm Ay Af - Atimen 1o randile 3 1
scavenger. 1he corresponding thiodliyl ether, wiicn is the Uy-pluuuu of reaction, is readily eliminated by a

simple extraction into aqueous alkali. The scope of utilization of 2-thiobenzoic acid is rather similar to that of
acidic carbon pronucleophiles such as dimedone and NDMBA, and has been applied to the deprotection of
allyl carbamates24 and to the deallylation of allylamines.102,103 By taking advantage of the different

Pd(dba), 5§ mol%,
/\/ dopb 5 ot I~ ibid. but t = 60 °C
Ph-CHg-N_ con Ph-CHa-NH , > Ph-CHy-NH, (39)'%
NI
N N\esh L THR 1 (85%)
\ W/
(1.1 equiv.)
Pd(dba), 5 mol%,

S\t N g
N

AN
s ‘H H \ry)
/\/ / N\ doé: T ./ (98%)

(2.1 equiv.)

reactivity of secondary and tertiary allylamines, Genét and coworkers have been able hieve selective
removal of one ally! group from diallyl amines (egs 39, 40). The mechanism of deprotection of allylamines,
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4.5 Silylated derivatives of nucleophiles.

Clean deprotection reactions of allyl esters or carbamates has been observed throu
N-t_rimgr_hylsilvlat d secondarv am

2y 2GnAs SUA Rl

are the corresponding trimethylsilylated carboxylates which can be instantaneously converted to the parent

S -

unproiecied functional groups under neutral conditions simply by adding water or silica.
[Pd?] cat., NuSiMe, H.0O or silica R-CHR-CO,H
v A NF » R-X-CO,SiMe, icabichaiatl 27 (apy22108
B-X-C0, N~ or RNH, + CO,
X =CHR', NH

Nu=Me,N,0 N
| —

Since allyl carbamates are converted to trimethylsilylcarbamates and not directly to the free amines,
these latter ones cannot compete for trapping of the m-allyl entity . In spite of this, formation of allylamines
was observed in some cases, most likely as a result of direct intra-molecular (or intra ion-pair)
decarboxylative condensation within the intermediate carbamato w-allyl palladium intermediate (see eq. 12).
This side reaction may be completely suppressed by carrying out the reaction in the presence of a mild
silylating electrophile such as trimethylsilyl acetate, trifluoroacetate or mesylate. The role of the electrophilic

silylating agent is probably to displace the n-allyl entity from its carbamato counter-anion through a fast
T TS T D P VUL b M. OR SRR St R R S N v IR RPL. SPU. S, TR o UG UL SR JEE I N4 (SRR FS | I |
LIalidl yidllOIl PIOCCss. 111C TIdSK 01 JacCdlboxylallive Conacnsauon 18 uereiore minimzea, wnie me ailyl
trapping process, which now takes place at the new [n-allyl palladium]j* X~ ion pair , remains fundamentally

unaffected (eq. 43a, 43b).

O " MeaSiX (excess) @ <%
ANHNF  eeeeee RNHCO, Pd —=— > ANHCO:SIMes + X Pl (43a)
YL N
Me,SiNR
° ,,-;\@ 2 Pd’L, + MesSiX  (43b)
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The Pd°/R;NSiMej systems are perfectly tolerant towards the Boc and ¢-Bu groups and also towards
the 2-bromobenzyloxycarbonyl group which is widely used for protection of the phenolic hydroxyi group of

tyrosine (eqs 44, 45). Unfortunately, Fmoc groups are readily cleaved by N-trimethylsilylated secondary
amines. Allyl aryl ethers are not cleaved by the Pd°/R;NSiMe3 systems, even in the presence of electrophilic
silylating agents.,

1)N-trimethylsilylmorpholine, 1.8 equiv.

Pd°(PPh); 4 molo%, DCM, 1, 10 min

Boc-Tyr(2-Brz)-OAll »  Boc-Tyr(2-BrZ)-OH (44)22:104
2) aq. citric acid

{95%)
1) Me;NSiMe, 3 equiv., AcOSiMe; 3 equiv.
Pc°(PPhy), 4 mol%, DCM, rt, 10 min . 45)22.104

Allnr.l vefRAA_NAAA - HC' H Lys(Boc) OMe ( )
MIVGT LYy O\ LU WIS -

2) aq. HC! (80%)
G. Shapiro and coworkers105 have advocated the use of trimethylsilyl azide in association with

tetrabutylammonium fluoride wh role is to facilitate the m-allyl trapping process through anionic

The Pd/MeSiN3/BugNF has been sucessfuily used, inter aiia, in solid
phase peptide synthcsns for removal of N®-Alloc terminal groups on base labile serine phosphopeptides and
for deprotection of allyl derivatives of phosphonopeptides (see paragraph 5.1)

The use of silicon hydrides in palladium catalysed allylic cleavage is dealt with in section 4.6.d

4.6 Hydrides donors

silicon dndes, butylu ydnde borohydrides and formic acid. In the presence of these reagents, Pd(II)
pre-catalysts such as PdCip(PPh3) or Pd(OAc)2 + PPh3 are readily reduced in situ and may be
advantageously used instead of the usually more fragile Pd® catalysts. Futhermore, by doing so, the ligand
concentration in the medium is kept at low level, which usually results in increased palladium catalytic
activity. Stereochemical studies have shown that palladium catalysed allylic reductions occur with inversion
of configuration at carbon. 109 With the possible exception of formic acid for which an alternative mechanism
may also be proposed!09¢.d (vide infra), they are therefore very likely to go through the intermediacy of
hydrido palladium species.

A 1 Epewain ansd
RV N7 A 7/ u

14:.

AAAAA 10
Formic acid was the first dllyl group scavenger to be used in paudcnurn Cd[dlyse(l dllyllC meavage* v,

It acts as a hydride donor, leading to propene as the by-product. The palladium/HCO2H system, which was
further developped essentially by Tsuji and coworkers 31,108,109 and, in the oligonucleotide field, by Noyori,
Hayakawa and coworkers (see section 6 ), has been used for deprotection of allyl aryl ethers,!10 allyl
carboxylates,111-115 carbonates,116-120 carbamates 21117121122 oximates,!23 imides!!?2 and
phosphates.!17.121. 124-127 These reactions, which are faster and cleaner if formic acid is used in association

with amines (ammonia, triethylamine, pyridine, n-butylamine), generally require heating at ca 70-80°C, but



raised as to whether the deprotection is truly a hydrogenolytic process, or simply an allyl group exchange
between the substrate and formic acid or butylamine. Some examples of deprotection by the PdA/HCOH or
the PA/HCO,H/amine systems are given in eq. 46-49. The simultaneous removal of the carboxylato and the

imido allyl groups in eq. 47 is noteworthy,

0]
HC ot H,C 1l
H mee- NH O DA/DDh_\. ~nt Hums NH O A
Lol et NHAC TWrrigpn Ga e NHAC 113
HO-)—(— C.s™Y HCOH! Et.N, THF HO ,) ‘ Cs™Y (46)
i R COAll t1h ¥ \._\\< CO,H
HO™, HO™ (84%)
O (@]
il - - . 1
NN Pd(PPhy), 5mol%. NH (472
o EtgN, HCOZH, dioxane o
SN CoAll . 1.54h on (75-100%)
/\/Me Mo
L OAlloc | Lon

w “OMe 0Z N Mo ~oMe 0F N e
I { ) Pd(PPhs)s cat. | ( —> (48)

l H™ - I H*
) ~ HCO,NH,, THF J <0
Me., ODEIPS OMe
~ ~""OTIPS

T

e Me

h"'<

e
O-

o
(=

z
(]

) 0 Pd(PPha) 20 mol%, PPh3 80 mol%
v i HCOH 40 equiv., BuNH, 40equiv. < 7 NH
1 2 (49)117

A"O'P (i | {J rt, 30 min.
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decarbo yia on. Such decarballyloxylation reactions, which occur under
synthesis2f.312,b,128-131 (eq. 50).
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through reductive elimination (eq. 51). Strong support for this mechanistic proposal has been given

/\ ® Hedd .
oy P \ 1 A
or —~— Py —= L ———— PF] )
R 'S "‘ATC -cop PAl—H  -H T
] LU
[Pd"] —X H 0

by Shimizu, Yamamoto and coworkers132 who were able to isolate and characterize some formato nt-allyl

palladium complexes and to study their chemical properties. More rcccntly however, an alternative

nnnnnnnnnnnnnnnnnnnnnnn 2l Q@ alandusnie T aniitan alantianialia e Tenns tmurmlrad
lll%lldlllbul ulVUqulE a COiiCerica o-eiecion /-Center eiecir - YULIC 18«
S

A 122 rm
U, 130

his seems to account better for the I‘CglOSpCClIIC formation of terminal

Tsuji, Mandai and coworkers.1094,
olefins from unsymmetrically substituted allyl carboxylates or carbonates.

R OAc HCOP R RJQ }k
\ Q i R \ 2
or o Heoe L=y ) ) T e
R Pd° Pd
N (e [Pe’ >
AcO o~

Rather surprisingly, palladium catalysed deprotection of allyl carbamates with formic acid are not
always exempt from side-reactions leading to allyl amines.21,35,134 Such was the case for instance in the
deprotection of N®-cinnamyloxycarbonyl derivatives of aminoacids by the Pd/HCO;H/pyridine system. The
formation of cinnamylamine could nevertheless be almost completely suppressed by adding nucleophilic



i

U PP |

id ection (HCO2H (10 equiv.),
(Pd(PPh3)4, + PPh3) cat.) of N,N’-dialiyloxycarbonyihydrazine 20 ied to diallyihydrazine 21 in

49% yield.134.135

4.6.b Tributyltin hydride
Palladium catalysts such as Pd(PPh3)4 or PdCl2(PPh3s), increase to a considerable extent the reducing
properties of tributyltin hydride towards functional groups which are able to strongly interact with Pd°Lp

specie s.136 Thus electron poor olefing137.138 and alkvnpc139 141 which rnnrd‘n‘ngg remhlv to nalladmm to

form n—alkcne or wt-alkyne complexes are readily hydrostannylated, while hlorlclt:sl‘*2 and allylic
»144 which give oxidative addition products, Tesp""-tj"ely acyl-chloro palladium

F-&] o1

complexes and m-allyl complexes are rapidly reduced (eqs 53, 54). Most of these reactions are almost

instantaneous (ca 1 min.) at room temperature. Other potentially reducible functions which do not interact

o e H  SnBus
i e/
i Per] (pe] BuSnH /N
— or _.Y——-» or (53)
EWG
— e ) R EWG
I [Pd°]
EWG = CN, CO-R [P'do] H SnBu3
R-CO-Cl o RCO-[Pd"]-Cl AGHO
P BuaSnH o
or or - nr {CAY
T e vi )
N '/‘l‘\e . i //»\/H
X = Hal, OC(O)R [Fdiy X~ {Pde], BuySnX

with palladium are left unreacted under these conditions. Such is the case of nitro compounds, inactivated
olefins, non conjugated carbonyl compounds and aldehydes.

In the presence of a palladium complex (and of palladium metal as well) and in the absence of suitable
substrates, tributyltin hydride itself decomposes rather rapidly into hexabutyldistannane and dihydrogen
(eq. 55). This may constitute an additional advantage for selectivity since tributyltin hydride, if present in

[Pdcat. _/

Y T T, Y . L1
Dusan'DnDus + |-|2

,\
a
o

2 BuaSnH



excess, will be readily converted to the even more inert hexabutyidistannane. On the other hand, if the desired
reduction is too sluggish, for instance as a result of unfavorable steric factors, this decomposition reaction into
hexabutyldistannane may become troublesome,

All available datal092,136-143 regarding chemo-, regio-and stereoselectivity, are in favor of a polar (as
opposed to radical) mechanism for the palladium catalysed hydrostannylation and hydrostannolytic reactions
of equations 53, 54. The exaltation of the intrinsically quite poor hydride donor properties of tributyltin
hydride is therefore likely to occur by formation of a transient hydrido palladium complex through oxidative

addition to palladium, as represented in a schematic and probably oversimplified manner in equation 56 for

tho rlaavaga Af allylis damivativace
IV vivavagu Ul au_yuv ULLIVAalvid,
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e I o | . X© | — BwSnX + [Pa7] + A~ (58
(Pd"] \ _[Pd]
S
H SnBu,
L .|

The almost instantaneous hydrostannolytic cleavage of allyl carboxylic esters,109a144 a]ly]
carbamates!44 (no side formation of allylamines), allyl carbonates,116.144.145 and mono or
diallylphosphates!46 by PdCla(PPh3)y/BuszSnH or Pd(PPh3)s/Bu3zSnH may be carried out in a wide variety of
solvents, polar or non polar, including benzene, toluene, diethylether, THF, acetone, ethyl acetate and DMF.,
However, acetonitrile is not suitable since tributyltin hydride is insoluble in that solvent. With the exception

allyl protected functions are converted to the corresponding tributyltin derivatives from which the free
functional groups may be obtained by reaction with an acid such as HCI. In the case of an allyl carbamate,

the hydrostannolytic reaction is best carried out in the presence of a weak acidic species such as acetic acid or
p-nitrophenol, whereby the free amine is directly obtained,144

Tributyltin salts of strongly acidic phosphoric acid derivatives are not easily protonolysed. They are
conveniently converted to inorganic phosphates by treatment with chloroboronates CIB(OR)7 followed by
hydrolysis of the mixed phosphoric-boronic anhydride. Both of these reactions are instantaneous at room
temperature. 146

The separation of the deprotected compounds from tin by-products - hexabutyldistannane and the
radnrte recnltin fram ratnnnlucic Af tha intormadiata tin oo]fn_ Aacamia ocnma Anmmant 147 Whila
1VUUWLY 1VvDUiL i UI,UI.IUIJ 10 UL IV LHILvilLIIvALALy Ll sally ULvdLviL VL DULIIV VULLLLLIVALL. AR e 8 L]

o el PR, PO TR, PRI

b /ith pentane as the eluent ), tributyltin halides (Cl, Br,
I) and acetate tail on chromatography, irrespective of the support or the eluent. It should also be noted that, in
the presence of tributyltin halides, carboxylic acids cannot be separated by the usual extraction into aqueous
alkali because alkali-metal carboxylates are immediately reextracted in the organic phase as their tributyltin
salt. If the deprotected compound is insoluble or poorly soluble in hexane or other hydrocarbons, but soluble
in acetonitrile, straigtforward separation from tin compounds is possible by partition between these two
solvents systems. Another widely used technique!48 is to convert tributyltin halides, by reaction with sodium

fluoride, into tributvltin fluoride which pre cipitates, in a polymeric form, to the extent of ca 80-90%.
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ipitation is obtained from acetonitrile or acetone solution. Since Bu3SnF is retained on silica,
the remaining unprecipitated material may then be eiiminated by short coiumn chromatography.

The hydrostannolytic cleavage of allyl and allyloxycarbonyl groups from aminoacid derivatives has
been the subject of a detailed studyl44 including side chain functionalized derivatives such as Alloc-
Arg(Tos)-OH, Alloc-Trp, Alloc-Lys(Z)-OH, Alloc-Lys(Boc)-OH, Boc-Lys(Alloc)-OH, Alloc-Ser(z-Bu)-OH,
Alloc-Tyr(Alloc)-OH, Alloc-Cys(Alloc)OH. In the two last examples, both Alloc groups are removed. The
reaction does not induce any racemisation at the C® center and is perfectly tolerant of the presence of Boc,
t-Bu and Z, Bzl protections. No poisoning of the catalyst is observed by the sulfide group of methionine or by
the presence of Fmoc groups. Several applications of this method in peptide synthesis are described in
section 5. Hydrostannoiytic cieavage of aiiyl esters has been used during the synthesis of a bicyclic

pyrazolidinone derivative26 (eq. 57). The hydrostannolytic procedure has also ben used98 for simultaneous

Pd(PPhy), 6 moi%

@\)/ AlICO; —=— COAll N/ \/
N
M we e '}'>>—coz,n.u - E),B—QQgH (57
I\\< \rN Bu,SnH, acetone }r
o) O COAI O COH
<~ 1\ .
ZI\{ 0 :
N Ay A0 AN 9
AllocNH ¢ & 1) ! A A
o " oBa i, i N=={ N7 gV
© R — A H e (58)%

2

i) PA(PPh3)Cla, BuaSnH, DCM, H,0
ii) [n-PrP(0)Ol,, DMAP, DCM, high dilution (10 M)

ramnual Af tha tarminal ATl and A
IviliUval UL Uiy tuliiiiial /il aiilg

during this process, the methyl pyranoside entity was converted to the hemiketal. Model studies on mixed
allyl alkyl phosphoric esters have led to the conclusion that the allyl group is orthogonal to the widely used
p-chlorophenyl, trichloroethyl and B-cyanoethyl protecting groups146 (eq. 59).

i 9 0
5 i i OF i o PACL{PPha)2 2 mol% i
EtO-P—OAll EtO-P—OAll A e e EtO-P-OH  (59)'
| ] Bu,SnH, 1.1 equiv. |
OH OAIl OH
i) TBAF (R = 0-CIPh): ij) ZWCui in DMF (R = CHy-CCly); iii) Py/-ProNH (R = CH,-CHp-CN)

The hydrostannolytic procedure also applies to allyl aryl ethers such as phenolic allyl ether derivatives
of tyrosine144 provided that tributyltin hydride is slowly added to the reaction mixture in order to minimize
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4%

the competitive decomposition of tributyitin hydride into hexabutyidistannane {(eq. 55). The deprotection
reaction is further facilitated by the presence of weak acids such as acetic acid or p-nitrophenol whose role is
probably to assist the formation of the ®-allyl complex through prototropic exchange. Anhydrous ZnCl3 is
also a very efficient promoter of the reaction, as exemplified by the reaction shown in eq. 60 which is taken
from149 Franck's synthesis of Nogalamycin and which, to the best of our knowledge, constitutes, with the

AcO,,, )\0 2ZnCiz (2.7 equiv.) , Pd(PPha) (20 mol%) AcO,,,
f L BuaSnH (4 equiv.), slow addition A 50114
TN THF, .30 i - AT Y e \ (60
OAll W o OH
OAll QH
avage of al oo ath DI07A 113 (o oo - S he onl ninla AF

apn 2.3) the only exaimple of
cleavage of alkyl allyl ethers involving caralytic m-allyl methodology. Other examples of hydrostannolytic
cleavage of aryl allyl ethers may be found in the synthesis of antibiotics of the vancomycin family 130 (eq. 61).
In this deprotection reaction, no competitive hydrogenolysis of aromatic chlorine and bromine substituents

1 H H A l‘zl NHBOC o\_ 'Yl N\ Py YTHT = PN
|

OMe O = "N I W: NHBoc¢
S THH B H
P OMe "/\
c')le . (89-93%)
10]254]
was observed, presumably because the oxidative addition of bromo and chloroaryl derivatives to Pd° is
sufficiently slow when compared with the formation of the w-allyl complex and also with the decomposition

of tributylitin hydride to hexabutyidistannane.

Hiemstra, Speckamp and coworkersi31.152 found that when the palladium-catalysed hydrostannolysis
of allylcarbamates is carried out in the presence of acylating agents such as carboxylic acid anhydrides, or N-
hydroxysuccinimide, pentafluorophenyl or HOBt esters (the latter formed in situ from carboxylic acids, DCC
and HOBY), direct transacylation takes place, probably according to the concerted mechanism of eq 62.
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u
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w
-
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{Pd°] cat., BuzSnH, R-CO-X N

b

- _é\/H
KA SnBUS
X
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NHOMe [Pd*] cat., BuSnH I/ NHO
AllocNH™ T + BogO -
\lof o BocNH /\n’ (63)"%"
' (89 %)
(“Alloc-All-NHOMe") ("Boc-All-NHOMe")
ibid.
Alloc-All-NHOMe + Boc-leu-OSu — =  Boc-Leu-AlI-NHOMe (64)'%2
(79%)
ibid.
Alloc-All-OMe + Fmoc-Ala-OPFP — s Fmoc-Ala-All-OMe (65)'%2
(99%)
DCC/HOBt Alloc-Ala-OMe
Boc-Ala-OH —mM = {ng-.A a-0OB } = Boc-Ala-Ala-OMe (66)'%2

Bu,;SnH, [Pd]cat

Polysubstituted allyl B-ketoesters of general formula 23 (R2 and R3# H), are readily prepared through
classical Claisen condensations or B-ketoester mono- or dienolate alkylation reactions and are easily
converted by Pd/Bu3SnH to the corresponding tributyltin B-ketoesters 24, which, in turn, may be
decarboxylated at moderate temperature (80-120°C). The regiospecific tetrasubstituted tin enolates thus

formed (eq. 67) may subsequently be trapped as enol acetates or trimethylsilyl enol ethers.!53 By way of
Sn\Bus
0 0O /SnBU3
0) 07 0
niry AR PdCL{PPhj), cat. ) ll oy l A l. a2
oLy VAN - 1 vl ~~ —_— s N la s 7
A\ . R'CHy Y (0] 80-130 °C R1CH2/\{N' (6 )
[z 2laoninm H2 Rg ‘3
23 24 R
(RE, R%% H)
comparison, the silatropic rearrangement of trimethysilyl p-ketoesters takes place only ai temperatures around

240-470 °C.154 If the thermal conversion of tributyltin B-ketoesters is carried out directly in the presence of
Ac20 or NBS, tetrasubstituted enol acetates or a-bromo-o.,0-disubstituted ketones respectively are obtained
in both cases with total regioselectivity and in moderate to good yields135 (eqs 68-69).



F. Guibé / Tetrahedron 54 (1998) 2967-3042

2992
1) PACIAPPhy), cat., BusSnH 158
Ph-CH,-CO-C(Me),-CO Al =  Ph-CHyCO-C(Me),Br  (68)
2)A, NBS
(57%)
i
™ Beiod 1
1979 £ TGKG. CH
/\(A,\ ap | /\/ 8 (69)15°
B / ~COAIi \4_/\8' oY)
n ( ln
n=0,1 (70%)
4.6.c. Bor u_yl’a'l"bdé'.'\'
Hutchins and coworkers!56 reported in 1980 that allylic acetates are cleaved by Pd°/NaBH4 or
Pd°/NaBH3CN in THF.

The Pd°/NaBH, or LiBHy systems have recently been used!57.158 for deprotection in high yields of
aryl allyl ethers such as 25, 26 or 27 (eqs 70 and 71). The reaction is faster with PdCl(PPh3); than with

R 'ﬂbh OAIl Pd(PPhs) or PdCl(PPhg) —Pkrh OH
UM 10 mol%
Alo A O ﬁ NaBH, 1.5 squiv. HO 2 ol A 157
I P or ; = \(I\Y or &/J (70)
I NHBoc 2
\E'rNHz H THF, 1, 1h NH. - NHBoc
A QAOA” then dilute HCI (97%) X ?f-\ (90"/9)
Y o} 0" 0H
25 26
OAIl
7 o Pd(PPha) cat., LiBH,, THF k¢| -
(71)1%8
A, A NHAlloc 1L X
L H ] ‘N
TBDMSQO
TBDMSO T (90%)

Pd(PPh3)4 as the catalyst. Since allyl carboxylates react more readily than allyl aryl ethers, this allows for
their selective deprotection (for instance in compounds such as 26). Aryloxy- or acyloxyborates 28159 are the
probable primary products of these reactions. As in the case of the hydrostannolytic method, direct trans-

. ® o
L{(RU)nBH4 ) Li or Na

28 (R = acyl, aryl)
acylation reactions (transprotection and peptide bond formation) are possible by carrying out the
hydrogenolytlc proccss in the prescncc of acylatmg agents. These acylating agents must however be

ith the reduci far pling reactions are
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concerned, HOBt esters ( formed in Situ) seem to be the best choice (Cq 7 Z)

1) EDC/HOB!
Boc-Ala-OH Boc-Ala-Ala-Phe-OMe (72)'58
A ANl Al.. DL.. MLA.
€) AHUG-Ala-Tne-uive
PA(PPhals 2 mol% NaBH, 4 equiv. (84%)
{EDC : 1-[3-(dimsthylaminc)propy!]-3-sthykcarbodiimide)

4.6.d.Silicon hydrides

Various silicon hydrides behave as hyride donors towards allylic esters in the presence of a palladium
catalyst. 160 In most cases, these reactions are unfortunately much slower than the hydrostannolytic process
with tributyltin hydride. Attempts for instance to use PhySiH3 in the palladium catalysed deprotection of allyl
carbamates resulted in extensive rearrangement to allylamines.”9

On the basis of an earlier report!60 by Keinan and Greenspoon on the fast reductive cleavage of allylic
carboxylates with Pd(PPh3)4/PhSiH3(phenyltrihydrosilane), the use of this system in protective group

('hemmh'v wa ertheless reinvesticated 161
chemistry was n less reinvestigated.
T¢ hag th I £nsrmA ¢ DA/DDRhA) . /D CiTT, x
It has thus been found that Pd(PPh3)4/PhSiH3 allows the deprotection of allyl carboxylates and

carbamates within a few minutes at room temperature and, in the case of carbamates, without concurrent
formation of allylamines . Aryl allyl ethers are also totally cleaved, albeit more slowly (ca 20-40 min at room
temperature). When the hydrosilylolytic procedure is carried out in the presence of an acylating agent, allyl
carbamates are transacylated. Such reactions have been carried out with a large array of acyl-activated species,
including acetic anhydride, di-zerz-butyl dicarbonate, N-hydroxysuccinimide or pentafluorophenyl esters of
aminoacids, Fmoc-aminoacid fluorides and N-protected (Z, Boc, Fmoc) N-carboxyanhydrides (UNCAs).
Some results161b concerning peptide bond formation are collected in Table 1. In contrast to tributyltin hydride,
PhSiH3 seems indefinitely stable in the presence of the Pd catalyst. Owing to its rapidity,

Table 1
Entry Alloc derivative A-géj;fgjf— Coupling product 1;1%1)_
1 Alloc-Phe-OMe Fmoc-Ala-OPfp Fmoc-Ala-Phe-OMe 100
2 Alloc-Pro-OMe Fmoc-Ala-OPfp Fmoc-Ala-Pro-OMe 86
3 Alloc-Pro-OMe Boc-Ala-OSu Boc-Ala-Pro-OMe 73
4 Alloc-Leu-OMe Fmoc-Ala-F Fmoc-Ala-Leu-OMe 90
5 Alloc-Aib-OMe Fmoc-Ala-F Fmoc-Ala-Aib-OMe 77
6 Alloc-Leu-OMe Z-Ala-NCA Z-Ala-Leu-OMe 94
7 Alloc-Aib-OMe Z-Ala-NCA Z-Ala-Aib-OMe 85

Reactions conditions : Pd(PPh3)4, 2 mol%; PhSiH3 2 mol. equiv.; acylating agent, 1.2 equiv.; DCM, room tempera-

iure, ien min. i0 a few hours.

neutral conditions, high tolerance towards many other protective or functional groups, and the possibility o
achieving transacylation reactions with a variety of acyl activated compounds, the Pd(PPh3)4/PhSiH3 system
appears very promising, especially for peptide chemistry.
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Ohfune and coworkers® nave
corresponding silyl carboxylates by treatment with triethylsilane or tert-butyldimethyisilane in the presence of
catalytic amounts of Pd(OAc);. These reactions which can also be applied to benzyl esters and carbamates
are unlikely to involve m-allyl intermediates . Indeed, in a recent publication,!152 Speckamp, Hiemstra and
coworkers note that allyl carbamates are not cleaved by triethylsilane in the presence of Pd(PPh3)4 . The
hydrolytic stability of rert-butyldimethylsilyl carboxylates is sufficient to allow their isolation through
conventional extractive work-up.162 They are conveniently cleaved by sequential treatment with anhydrous

tetrabutylammonium fluoride and with aqueous NH4Cl. From ters-butyldimethylsilyl carbamates, various
alkyl carbamates may be obtained by carrying out the fluoride anion induced cleavage in the presence of

I
m
pel
>

RNH-CO,-Si-tBuMe; ——————— [RNH-CO,- SlF-tBuMegl —> RNHCO.R' (73)162

(R'X = Mel, BziBr, AlIBr)

S. ALLYLIC PROTECTING GROUPS IN PEPTIDE SYNTHESIS.

The relative robustness of allylic carboxylates, the selective and mild conditions of x-allyl palladium
based procedures for allyl group removal and the compatibility of these procedures with the presence of
sulfur derivatives combine to favour the utilization allylic protectlon in pepudc synthesis. Allyhc protectmg

ad fnv toaminaray ag 7=
UdtAL 1ul vilipula ad Wi
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lloc group fo
it . ) v . 11 enin 314
peptide chain elongation has been illustrated**

-
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by a linear solid phase peptide sy

exclusively N2-Alloc aminoacids derivatives as buiding blocks, of substance P 29,

=
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=
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eleven residues.

Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met-NH2
29

Conventional DCC/HOBt coupling reactions were used throughout the synthesis, except for the N®-
Alloc-Gln resi p . : val, )
procedure Bu3SnH/PdCl2(PPh3); in the presence of acetic acid was chosen on account of its rapidity. Final
detachment of the peptide chain from the MBHA resin and removal of the permanent side-chain protections
(benzyl group for lysine and tosyl group for arginine) were achieved by conventional treatment with liquid
hydrogen fluoride in the presence of carbocations scavengers. After chromatographic purification, 29 was
obtained in 25% unoptimized yield and with full biological activity.
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N&-Alloc temporary protection, together with its hydrostannolytic removal, has found use in the
synthesis of base-sensitive O-phosphoserine peptides.i®4 In this case, N®-Fmoc protection was first
considered but found inconvenient because O-phosphoserine derivatives are readily converted into o,B-
dehydro-derivatives under basic conditions. Alloc-Ser[P(0)(Or-Bu);]-OH 30 was synthetized in four steps
from Alloc-Ser-OH as shown in Scheme 1 and then incorporated, by SPPS, on an acid labile
p-alkoxybenzyl (PAC, Wang) resin, in tetrapeptide sequences as represented in scheme 2. A similar approach
has been used by Shapiro and coworkers.105 In this work (scheme 3) selective cleavage of the Alloc group

was achieved by the ternary system Pd° cat./ N3SiMes/ F - +N(Bu)4 (see paragraph 3.5)
J 7 g 2 M \ /4 \ i 7

1),
10 WCAlyY S u C paiagiapil 2

Scheme 1184
1) p-NO,BzIBr, TEA 1) MCPBA
Alloc-Ser-OH » Alloc-Ser[P(OtBu),]-0-p-NOsBzI ———————= Alloc-Ser[P(OtBu)4-OH
2) (+BuO»LPNE% 2) Zn/ACOH
tetrazola, THF 30

Scheme 21%4

~ o o . N Ca e
v 1) BusSnH/ACOH/PA(PPry)y  Boc-Arg-Ser- Leu.Asrt' Wangi
H.l atni.Aen.l Wann! ,,,?o,’ BC,)E‘ A"OG'SGFLQU‘AS" Wann - I l |

T W Wit 'vuug ———— "“lls * |
[ | | e 2) Boc-Arg(MIrJOH, BOP MIr bo) Ddlm
Ddm P(O) Ddm (OtBu),
(Ot-Bu),
1
Ddm : 4,4'-dimethoxybenzhydryl | TFA
Mtr : 2,3,6-trimethyibenzenesulfonyl Ara-Ser-Leu-Asn 4—' e
PO3H,
Scheme 3%
_ DIC/HOBt _
H-Val-AIa-AIa—C—ilw . A!Ioc-Sier-OH T A|Ioc-Sier- Val-A|a-A|a-Gi|u- S
Ot-Bu (BzI0),P(O) (BzIO),P(O) OtBu

1) Pd(PPha),4 20 moi%/ Me;SiNg: TBAF(HL)

H-Ser-Val-Ala-Ala-Glu-0H

2) CF ;COH/MH,0 95/5

OsHp

i R

Temporary allyl protection of a-carboxy groups has been used in a synthesis of phosphonamido
pseudopeptides!65(scheme 4). The fully protected pseudodipeptide 31 incorporating allyl «-carboxy
protection, Fmoc N@®-amino protection and O-benzyl phosphoprotection was first prepared. By selective

palladium-catalysed hydrostannolysis, 31 was converted to carboxy-free pseudopeptide 32, which was then in

on a temporary Fmoc protection and

L2 2 Lalpidly TIIUL
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Scheme 4'%°
I ﬁ 1) SOCIDMF J\ﬁ
2 PACI,(PPhy)/HSnBu
Fmoc-NH P-OH — > Fmoc-NH” ~P-NH~""CO,All ?
I 2) HCILGlyOAN ! BCM
OBzl NEt/DCM 0Bzl
3i
BRI
Fmoc-NH P-NH -~ NCoH
|
OBzi
32

For the de novo design of proteins according to the TASP166 (Template Assembled Synthetic
Proteins) concept, a RAFT (Regioselectively Adressable Functionalized Template) molecule with four
selectively adressable sites has recently been devised by Dumy, Mutter and coworkers.167 Towards this end

Scheme 5'%7

3
(0]
® NHR I
Fmoc- Ala-SASRlﬁ)Hesin DdeNHR : X_2=<
l Fmoc @mmﬂe‘q and . Me
o J
coupling cycles (x10)
Dde B?c
Fmoc Dde B Al |
I e Loc oc ® 1) TFA 1% in DCM s _oLys
Trt-Lys-Pro-Gly-Lys-Ala-Lys-Pro-Gly-Lys-Ala-SASRIN-resin Gly Ala \Pro
2) PyBop, DMF ! EFmnan Allne~ |
Pro<_ |‘;Ala\ I_-Gly
“Lys “Lys
33

(scheme 35), in the first step, the cyclic decapeptide template 33 was prepared, incorporating two Pro-Gly
motifs (in order to induce B-turns) and four lysine residues differentially protected on their Né-amino groups
by the three Alloc, Boc, Fmoc groups to which was added the recently introduced 168 hydrazinolysable Dde

( [1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl]) group. The linear peptidic chain was first assembled
arcrnrding tn tha tamnarary Fmas ctrateouy nn a hichly anid 1ohila CACRIN hanAdla tha lact AJEEREmnar racidna
aLCULGINE WO Uil WITIpUIaly Cifoe SddiCgy Oh 4 figiiy aCll 1aoulC SASRUN dillil, Uit 1ast iv&-r'inoe ITHIGuC

being introduced as its N&-trityl protected derivative. After concomitant detritylation and cleavage from the
handle, cyclisation, which was probably facilitated by the preference for a quasi-cyclic conformation of the
linear peptide, was achieved with remarkable efficiency by the use of PyBOP coupling reagent in DMF at
high dilution. The cyclopeptidic template 33 was further derivatized, as summarized in scheme 6, by
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o o)
407 !H{M/\)g IY1
Scheme 6' "
Y v b 2
1) PAChL(PPha)»/BusSnH, th fation (Y : ) o "
) PACK(PPhu e/BugSnl, then acyaton ? Lys Lys Dde-HN~ ~" ¢ =Y*
2) TFA 20% in DCM, then acylation (Y8) NS N
33 > uy Ald FI'NJ
.3),:_» peridine 20%in DMF, then acylation (Y') | v | BOCHN/O\/I.I;\‘ oy
4) HaN-NH2 2% in DMF, then acylation (Y% \ ' | /G'y
Lys Lys

0
i
Alloc- HNIO\)}‘ =Y

(7
Y

successive and selective deprotection reactions, each of them being followed by acylation with orthogonally
protected maieimido or aminoxy entities. 169 The RAFT molecule 34 thus formed is able to accomodate up to
four different peptide blocks by chemoselective ligation to the aminoxy and maleimido ends.

A striking example of the use of allyl groups for semi-permanent protection can be found in the
synthesis37, by Handa and Keech, of the tridecapeptide 35, a substrate of the endothelin converting enzyme
bearing the fluoroquencher group 5-(2-aminoethylamino)- 1-naphtalene sulfonic acid (Edans group) on the

side-chain of the Glu residue. The SPPS of 35 required selective mampulatlon of the Glu side-chain carboxyl

i The an o oot ovrmthacio lecs 1 Y P 1_1.._ _J ._________1__ S
group in the presence of Asp, Thr and His. A first Syiiun€sis, oy van UoiacrT 1 COWOTKCTS, pcnurmcu ona
L Y 4 £ TrY

Merrifield resin, involved temporary Boc N®-protection, permanent benzyl protection for Asn and Thr and
Fm (9-fluorenyimethyl) semi-permanent protection for Glu. After final cleavage from the resin, 35 was
obtained in 2.5% yield. By switching to the allyl group for Glu protection, Handa and Keech were able to use
a trifluoroacetolysable anchoring on a Pepsin KA resin together with trifluoroacetolysable protection (O-z-Bu,
t-Bu and Trt) for the side-chains of the Asp, Thr and His residues. Peptide chain elongation was achieved in a
continuous flow synthetizer with temporary Fmoc N®-protection. Under these conditions, 35 was obtained in
31% yield (scheme 7).

il I . Vp ‘,’l Frwy ' ‘M‘H—H—I
—
AcHis(Trt)-Leu"Asp(Ot-Bu)—IIe~IIe-TrpVaI-Asn(Trt)-Thr(t—Bu)-Pro-GIu(OAII)-His-GIy-I Pepsyn KA |

' drm e

1) Pa{PPha)4 (5 equiv.yHOBt {10 equiv.)
2) "Edans”

i
AcHis-Leu-Asp-IIe-IIe-Trp—VaI-Asn-Thr-Pro-Gllu-His—GIy-OH

Edans
35



Another example of Alloc semi-permanent protection concerns the synthesis of branched peptides on
Fmoc-Lys(Alloc)-resin37 (scheme 8). In a similar way to that just described, substitution by Alloc for Boc for
NE&-protection of lysine opened up the possibility of using temporary Fmoc/permanent +-Bu, Boc chemistry

Scheme 8%
Fmoc chemistry
Fmoc-Lys-PAL-PEG-PS resin » Boc-Peptide-Lys-PAL-PEG-PS resin
(Last coupling with | -
anmnuaGr
| Pd(PPhy), NMMACOH
in CHCl3
\J
1) Fmoc chemistry .
Peptide,-Lys-NH, - Boc-Peptide '-Lys-PAL-PEG-PS resin

2)TFA

|
Peptide?

and an automated continuous flow synthetizer for the successive assembly of the two peptide chains. This
strategy was illustrated by the synthesis of the branched dipeptidamide prothrombin!-9-Lys-(Leu-enkephalin)-
NH3 36.

Alloc
Fmoc-Lys\
H_Ala_Aen_l ve_ Chs.Dha_t an Chiuhi\al | ve NLI . | ve
FITMIG~Mot n L,ﬂ \.‘|’ T 1IOTLOUTJIUTJdIuT vy ail L,a 11 IZ =y
| / \
H-Tyr-Gly-Gly-Phe-Leu Fmoc-Lys
Alloc | va—B-Ala-PAL-PEG-PS resin
L ys—B-Ala-PAL-PEG-PS res

A MAP (multiantigen peptide resin) conjugate of prothrombin and Leu-enkephalin has been similarly
prepared from a resin-bound two-epitope octavalent lysine-core matrix 37-
protected N%-Fmoc

PrURELLLAL LY 1’1 L Uclivduvo JO U

Shapiro and coworkers have synthetised170 the allyl

/7% A N 3

Wang (PAC) resin and temporary Fmoc/ permanent trifluoroacetolysa
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OAll H-Thr-Lys-lle-GIn-Ala-Abu(P)-Phe-Arg-Gly-OH

e
P
o}
=4
, 8
3
!

phosphonate function were selectively removed, in the presence of the N@-terminal Fmoc protection by an
adaptation of the Noyori procedure (Pd(PPh3)4 20 mol%, butylamine 4 equiv., formic acid 16 equiv., THF,
50 °C, 16 h), under which conditions the trifluoroacetolysable linker was left intact.

synthesis have been described in recent years. In all SPPS the cyclisation step was carried ou

on th

bound peptide chain, so as to take advantage of the pseudodilution effect offered by this technique.
In the synthesis of head to tail cyclized peptides described by Trzeciak and Bannwarth172 (scheme 9),
an Fmoc-Asp-OAll residue was first attached, through its carboxylic side-chain function, to a
p-hydroxymethyl-phenoxy (PAC) resin for final release as an Asp residue or (presumably) to a PAL ((5-(4-
aminomethyl-3,5-dimethoxyphenoxyvaleryl) resin for final release as an Asn residue. Chain elongation was

Scheme 9'72

TN P~
R (H
b T
Yl Fmoc deprotection and BocPrlnc F?UB?C T 1) Pd(PPhs)s, NMA
Fmoc-Asp-OAll > FmeclyswArg -Ser-Lys-Gly-Asp-OAll —
coupling cycles (x5) 2) 20% piperidine/DMF
(¥ = O or NH)

|
|

Giy /G!y (H)
L '/ ‘xam BOC'L)’S \Asp—Y_m -~ [« TGRSO P j\‘ll
7 { TFAMH20 9:1 - TBTU H?C r'lIHL l'?UD(IJ(. I
-  .Bu— — ~—— H-Lys-Arg-Ser-Lys-Gly-As| H
ser.  _lys t-Bu Ser\A ] (Lys Boc ys-Arg ys-Gly-Asp-O
“Arg r\l'u
Xaa = Asp or Asn Pmec

-»=: N-=C direction of the sequence

carried out by the temporary Fmoc strategy, incorporating trifluoroacetolysable t-Bu, Boc and Pmc groups for

the side-chain protections of the Ser, Lys and Arg residues respectively. Following successive removal of the
allyl group (Pd(PPh3)4, NMA in THF/DMSO/0.5N HCI) and of the Fmoc group, cyclisation was achieved on
the support by TBTU activation. Simultaneous release from the support and removal of the side-chain

protections were ultimately performed in TFA/H70 9:1
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coworkers38 for the synthesis of cyclo(Ala-Ala-Arg-D-Phe-Pro-GluS- Asp7-Asn8-Tyr-Glul0) (scheme 10).
Four possible variations of this strategy could be considered, depending on which of the (future) Glu®, Glul0,
Asp’, or Asn8 was selected for initial attachment to a PAC (Glu- Glul0 or Asp7) or a PAL (Asn8) resin. All
of them were tested and peptide chain elongation was carried out in the usual C— N direction (internal arrow
on scheme 10) on a continuous flow synthetizer. The Ser, Glu and Asp residues were protected, on their side
chains as their fert-butyl ether or ester derivatives and the Arg and Asn residues respectively as their Pmc and

Trt derivatives. Once the sequences were (‘nmnleted the a]lv] ester group was cleaved with

PA(PPhAa) 4 Imnrr\hr\hne mn DA MSOVY/THEMN S N I-Jr" ter Fm

A u\a. A ll’}‘v ALENJL Pll\l‘ul RAR YAWLFNSJ A RAL J\Fuud 1V LAN_1L L£2ibwl L IIOC i lllc‘w’ CJ\/
BOP/HOBt/DIEA. Reagent R (TFA-thioanisole-B—mercaptoethanol-anisole 90:5:3: 2) was used for final
cieavage from the linker and for removal of the permanent side-chain protections. The best resuits in terms of
yield and purity were obtained by the Asn8 strategy.

Scheme 10

(iPAC-resin

- Pro S Fmoc-Glu-QAll

hat _\ ,!,,5 /(otherwise 0Ot-Bu)

D-P
7
Pmc / \

2 OPAC-resin
Arg Asp < Fmoc-Asp-OAll
I T (otherwise Ot-Bu)
1
2 \/ . 8
Ala Asn \ PAL-resin
|
~ Fmoc-Asp-OAll
(otherwise Trt)
9 y
L1 Tvr
Ala ’
10 o \
\\ Glu / t-Bu
.Al.

) S

i i

OPAC-resin
[ N->C direction ] |
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The synthesis of head-to-tail cyclic peptides has also been achieved through lysine (instead of apartic or
glutamic acid) side chain anchoring56. The key-problem here was to devise a convenient method for
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preparation of the required Fmoc-Lys-OAll Né-carbamato resins 43 and 44. A convenient solution, which
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disuccinimidyl carbonate (DSC) 45 (scheme 11). 45 was used for the synthesis of the intermediate acyl
activated succinimidylcarbonato-resins 41 and 42 on which N®-Fmoc-lysine allyl ester was subsequently
condensed. As an illustration of the lysine side-chain anchoring methodology, Albericio and coworkers have
synthesized, on resin 43 and according to the Fmoc/t-Bu protocol, the cyclic peptide cyclo(Val-Phe-Sar-Tyr-
D-Trp-Lys).
For the synthesis of branched cyclopeptides, Bloomberg and coworkers’! have used the conventional
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step. The overall strategy adopted by the authors is summarized in scheme 12.
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Standard Boc/Bzl method on Merrifield resin together with orthogonal Fmoc/Fm and Alloc/All
protections has recently been used in the synthesis of a bicyclic peptide with a tripodal side-chain bridge

(scheme 13).173

Scheme 13'72
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threonine residue has been described by Jouin and coworkers®’. Th

f the cyc‘muepsipeptide no
proiection of the G-carboxy group of a [

choices of the hydrogenolysable Z group for N-protection of threonine and of the allyl group for its carboxy-
protection were guided by the two following requirements: first the N-protecting group of threonine had to be
resistant to the acidic conditions of deprotection of the Boc-D-[N,O-isopropylidene]Val-¥(CHO)Gly moiety
(see 46) of the linear peptide before cyclisation; secondly, both protecting groups had also to be removable
under conditions compatible with the presence of the depsipeptide bonds. The main steps of this synthesis,

relevant to allylic protection, are represented in scheme 14.

Scheme 14%7
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An exampie®8 of convergent solution phase synthesis of a cyclodepsipeptide invoiving simuitaneous
removal of the All and the Alloc groups of the terminal o-carboxy and a-amino functions before the
cyclisation step has already been mentioned (eq. 57, paragraph 3.6). A similar strategy has been used in the
synthesis of the cyclopeptide cyclotheonamide B.174



3004 F. Guibé / Tetrahedron 54 (1

3 3 2 3 3 - wva hasen tntradiinad and aveanmoivaley Aasalacad Lo
ic protections in glycopeptide chemistry have been introduced and extensively developed by
-

Their particular helpfulness in this field stems from the fact that allyl carboxylates
are at the same time stable under the conditions of most glycosidation procedures, and cleaved under
conditions mild enough to preserve the often fragile O-glycosyl linkages. These two points are particularly
well illustrated in the chemistry of neuraminic acid derivatives described in scheme 15.50 Final treatment of
both anomeric mixtutes 47 and 48 with Pd(PPh3)4/morpholine in THF, allowed quantitative deprotection of
the allyl ester groups without side reactions.

r 3
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Scheme 15
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Kunz and Waldmann have used allyl protection of a-carboxy groups in combination with Boc
protection of ci-amino groups in the synthesis of N-glycopeptides!76 (scheme 16). According to this strategy
and starting from the Boc, All differentially protected asparagin glycoconjugate 49, the allyl group is used
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Scheme 16'7
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effected through rhodium catalysed isomerisation to a prop-1-enyl derivative (see part I). A more recent
illustration of this strategy can be found in the synthesis of N-glycopeptides containing two Lewis* antigen
side-chains.177 A related strategy, based this time on the association of 7-Bu ester and N-Alloc protections,
has been used82 in the synthesis of a fucosyl-chitobiose glycopeptide (scheme 17). The unusual

Scheme 17%2
PJq!PP.h3)4 Alla~ Ala_l an-O)H
Y-N=C=S _Alloc-Asp-OtBu_ Alloc- Asn Ot-Bu__dmedons _ H-Asn-Ot-Bu "~ ~" _  Alloc-Ala-LeuAsn-Ot-Bu
EEDQ ! EDC/HOBYTHF |
Y Y Y
(62%) {92%) (98%)
GCAc
|_OAc |
Y= ——O0Ac
Hacxf'o Alloc-Ala-Leu -Asn-Leu-Thr-Asn-OtBu 1) TFA I
; -
AcN 0 Y 2) H-Leu-Thr-Asn-Ot Bu
AcO7~~-7"0 % 90% EDC,HOBt DMF
ACOLg =G ACON—T22
oAco AcO NHAc

EDC = MGZN\VAVN=:C1=NEI {N-athyl-N-dimethylaminopropyl-carbodiimide)

stability of the ficoside bond towards trifluoroacetic acid has been attributed to a shielding effect by the acetyi
groups present on the glycosyl moiety. Another differentially protected Alloc/t-Bu glycosyl-asparagine
conjugate (B-mannosyl-chitobiosyl-asparagine) has been prepared more recently by Giinther and Kunz.178
For the synthesis of more labile O-glycoserine peptides, allylic protection was reserved to a-carboxy
groups, together with Z-permanent a-amino protection and peptide chain elongation in the N—C
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strategy, relying on Boc permanent o.-amino protection, was used in
the synthesis of several Asn N—glycopcptid(’,s.“*9

Scheme 184150

BziO Z-Ser-OAll BzIO
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3> BziO
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NH P
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BZROW

i) Pd(PPhg)y, morpholine, 97% i) HCI . H-Ala-Ala-OAll, NEt;, EEDQ, DCM (87%)
iiiy same as i), 97%; iv) HC! - H-Gly-Ala-OAll, NEt,, EEDQ, DMF (61%)

In all of the above examples, the All and Alloc groups are used in combination with Z, Bzl or Boc,
i-Bu protections. In recent work, Kunz and coworkers have aiso focussed on the combination of ailylic and
Fmoc or trichlorethoxycarbonyl (Treoc) protecting groups. Kunz and Mirz32 have prepared the differentially
deprotectable asparagine glycoconjugate 50, with a Lewis? antigen side chain, and used it in the synthesis32

of protected glycopeptide 51 whose aminoacid sequence corresponds to a fragment of the envelope

Treoc All
(O o — t-lBut-E|3u t-I|3u t-ll?,u t-ButBu
AcO y I I
L_OAc CCI:’VOVN\)I\-’\’; Boc-Ala-Ser-ThrThr-Thr-Asn-Tyr-Thr-Of-Bu
OAc r i 0~ e d
o 3 |
H:,C.\/'U OAc _
OAC OAc ,ﬁ/o = Ac,Gal — AcGIcNAc P!
g o\ \ NH |4
Am\ A\/ AcNH ACqFUCu1
ACU ™\ )
OAc
50 51
lycoprotein gp 120 of HIV-1. Selection of the orthogonal All and Treoc group was guided by the fact that

r‘(m

gt

both of them may be removed under conditions miid enough to aliow O-acetyl protection of the carbohydrate
part; as already pointed out, such O-acetyl protection confers increased stability to the intersaccharide bonds
towards acids.82 In this work, the C-terminal moiety Boc-Ala-Ser(t-Bu)-Thr(¢-Bu)-Thr(z-Bu)-Thr(s-Bu)-OH
and the N-terminal moiety H-Tyr(¢-Bu)-Thr(z-Bu)-Ot-Bu were first synthesised and then successively
condensed with the differentially protected glycoconjugate 50. Successive removal from 51 of the #-butyl
groups (TFA) and of the O-acetyl protections (dimethylethylamine/water, pH 9) completed the synthesis.
Some selected steps of this synthesis are represented in scheme 19. Note, in the building of the
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have been used®? in the synthesis of glycopeptides related to human glycophorin A.

Fmoc-Xaa-OAll

52 (Xaa = Ser, Thr)

The Fmoc/All combination has recently been used in a different way in the solid phase synthesis of
glycopeptides by Albericio and coworkers’Z(scheme 20). Peptide chain elongation was first carried out
according to Fmoc chemistry in a continuous flow synthesiser, using a polyethylene glycol-polystyrene graft
resin (PEG-PS) derivatized with a TFA cleavable PAL handle. Palladium catalysed removal of All side chain
protections of Asp or Glu residues was then achieved and the post-synthetic glycosidation was subsequently
performed on the resin bound peptide. The final steps of the synthesis consisted of the cleavage of the N®-

terminal Fmoc group and the release of the peptide chain from the resin. A similar strategy has recently
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Scheme 2072
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s ’ 2 fre———

|
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been utilised by Vetter, Gallop and coworkers’3 who were able to devise a procedure of wide applicability for

post-synthetic N-glycosylation based on condensation of glycosamines with the pentafluorophenyl (Pfp)
activated B- or y-carboxy groups of aspartic or glutamic residues (scheme 21).

Scheme 2173
® ~ 1) Pd*/NMM ® ~
~ AcOH/CHCI
Fmoc-G‘lu—Tyr-Gly-th-Phe—Leu-SASFHN —@ —————»2) o co-‘;pr Fmoc—GIIu—Tyr-GIy-GIy-PhevLeu-SASRIN —@
¥ |
—~ar ~me [ X =17 ]
OAli gy OPfp o
I Y-NH,
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- = TEa @ 77N
IR F Irna _ g ~ _ . ~ o
e Fmoc-Glu—Tyr-Gly-Gly-Phe-Leu-OH —————  Fmoo Qlu—T}n Gly-Gly-Phe-Leu-SASRIN—( R )
F F YANH tBu Y-N tBu

Before concluding this section, mention must be made of the recent use of glutamic and aspartic
bisallyl esters in the enzymatic synthesis of oligopeptides according to a minimal protection strategy.17® The
allyl group was chosen on the grounds that, in contrast to their fert-butyl analogues, a-carboallyloxy groups
of a-amino-esters behave as acyl donors in protease-catalysed coupling reactions. Therefore no deprotection

-Asp(OAll)-OAI
H-Asp(OAll)-OAll H-Glu(OAIl)-OAll

Z-Lys(Z)-Gly-OEt = Z-Lys(Z)-Gly-Asp(OAll)-OAll
Papaya protease IV 84%) Subtilisin
or chymopapain (84% in abs. EtOH |
2-sthylhsxanoats

Pd(PPhy),, PPhy I
Z-Lys(2)-Gly-Asp-Glu-OEt — . Z-Lys(Z)-Gly-Asp(OAll)-Glu(OAll)-OEt <]
(96%) (76%)




The problem of permanent allylic side-chain protection of aminoacids is discussed more specifically in
section 4.3,
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the invention of a wide arrav of handles (linkers) in order to facilitate and diversifv the anchoring of the
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In particuiar, they must be removabie under miid and selective conditions in order to
ensure maximum compatibility with other functional groups or protecting entities, but, at the same time, have
good stability under as wide a range of conditions as possible in order to ensure maximum flexibility in the
choice of permanent side-chain protection and methods for peptide chain elongation. In both respects, allylic
handles, due to their orthogonality with many other protective groups are obviously of high potential utility.
Allylic handles so far devised are structurally simple and readily accessible. They all incorporate, at
one end, an allylic halide or hydroxyl group for anchoring the peptide chain, while at the other terminus,
attachment to the support is achieved through the carboxyl group. 2-bromocrotonic acid was the first of these

to be proposed Kunz and Dombol83 in 1988 and has the shortest nossible structure of this kind
w P UP oLl U_y ANURI YA auu LIULIIVV 111 1700 allu 11ad uUiv dUuUL Lol PUD&IUAU SUULLULLY UL 11D AU
2-bromocrotonic acid was condensed onto an aminomethyl resin by the DCC/HOBt procedure. Attachment of

the C-terminal aminoacid on the bromoallyl resin was then achieved by the caesium sait (Gisin) method
(scheme 23). As a first illustration!83 of use of the Hycram (hydroxycrotonylamide) resin 53, several model

Scheme 23783

H PG-Xaa-OCs _/=/
PS-CHz-NH3 lco NH-CH,-PS PG-Xaa-O
Br—/ DCC/HOBY e - —
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53
protected peptides were synthetized by the Boc-temporary strategy such as Z-Tyr(Bzl)-Gly-Gly-Phe-Leu-OH
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r the glycopeptide Boc-Leu-Asn(Ac3GIcNAc)-Ile-OH. Allylic cleavage from the resin was achieved with
P ... | P XCess an n tha ~ o s tatenl- ey My -

allylic substitution of the resin). Since then, the more complex glycopeptides 54 and 55 have been

10

successfully synthesised 134 accordmg to the Boc strategy and the Fmoc strategy respectively, and by the use

Z-Ala-Ser(Bzl)-[Thr(Bzl)] 3-1;.sn-Tyr(BzI)-Thr(BzI)-OH
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of the modified B-Hycram resin 56 which incorporates between the crotonyl unit and the support, a B-alanine
fragment, used both as a spacer and an internal reference. With the tcmporary Fmoc strategy however,

difficulties seem to have been encountered in other cases, 85 possibly because in basic medium the crotonyl
unit, a Michael acceptor, is too prone to undergo nuclecp..ﬂic attacks
FA Leosdeoes e JRIR N xanoic acid 57a and (4-hvdroxy v nnatina anl
\4-Ilyumxy-1, Dut—/.-t:llyl- ‘ny) XdIIOIC aCid /74 alll (91 y UKy‘L Uul‘L‘Cuyi‘l OAY )-alllv auu
58a, are readily available from Z-2-butene-1,4-diol and 6-bromohexanoic or bromoacetic acid. Handle 5736

was condensed, as its 4-O -(4"-methoxytrityl) derivative 57b on cellulose disc supports by MSNT-mediated
(MSNT: 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole) esterification in pyridine.186 After removal of the
methoxytrityl group (3% dichloroacetic acic in DCM), the C-terminal aminoacid was condensed onto the free
allylic OH as its symmetrical anhydride or as its HOB ester in the presence of DMAP. Handle 58187 was
condensed, as its 4-O-trityl derivative 58b, to aminomethyl-polystyrene by the DCC/HOBT method; the trityl
groun was then removed (HCQO,H/ CH,Cly, then HoN-NH7-HpQ/DMF) and the free hydroxy group esterified
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DCC and DMAP. In another option, the hydroxyallyl resin
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by the C-terminal aminoacid in the presence
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was converted to chloroallyl resin by treatment aimino attached by the Gis

10 a.uu atldLlicll Uy uie Ul b
(caesium sait) method. A third option ("preformed handie approach") , which minimizes the risk of
racemisation at the C-terminal residue, involves prior attachment of the C-terminal aminoacid to the free
linker in solution, and subsequent anchoring to the support (scheme 24).

187
Scheme 24 1) CCI,CH,OH, 1) BOG-Phe-OH
DCC/DMAP/DCM DCC/DMAP
58b > HO—\_/—OCH2-002-CH2-CC|3
2) dilute HCI = 2) Zn/THF/
AcO"NH, */H,0
Boc-Phe-O—,  /—0-CHyCONH-CHyPS = orziinz o0
\—/ z 2 Boc-Phe-O 0-CH,-COoH «—
DCC, HOBt ==
Handles 57 and 58 have been used in the synthesis of fully protected peptide fragments according to either the

temporary Boc or temporary Fmoc sirategies.
Model protected peptides 59187 and 60138 for instance, which are related to the sequences of LHRH
and uteroglobin respectively, were synthetized according to the Boc-strategy. In the first case, cleavage from

<Glu-His-Trp-Ser(Bzl)- Tyr(Dcb)-OH Boc-Leu-Thr(Bzi)-Giu({Oc-Hx)-Lys(2-CiZ)-lie-Vai-Lys{2-CiZ)-Ser(Bzi)-Pro-O
59 60

the resin was effected by the hydrostannolytic procedure (PdCl2(PPh3)y, 0.02 mol. equiv., Bu3SnH, 1.5 equiv.
based on allylic substitution of the resin) while several systems were investigated for 60.188 Excellent results
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(>95%cleavage yields) were obtained by using an excess of morpholine in polar medium such as
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The obtention of fully protected peptidic fragments by the Fmoc strategy is more challenging because
the choice of allyl scavengers is limited to those whose basicity is sufficiently low to avoid competitive
removal of the N®-terminal Fmoc group. The problem here is more acute than for the selective deprotection
of simple All or Alloc groups because allylic linkers, with their disubstituted double bonds, are not so easily
cleaved. In their synthesis36 on cellulose disk supports with handle 57a, Blankemeyer-Menge and Franck
used HOBt as the allyl scavenger in the presence of large amounts of catalyst (Pd (PPh3)4, 2 equiv. based on
allylic substitution of the support) for final allylic cleavage. By this method, good yields (65-83%) were

nhtainad Af cavaral firllluy nratantad nantida fragmante onrcrh ag Benacs 110/ D0\ N (aeA & Ar Henan_
Uunaiiitl Ut SUveial 1uny prowica popudld u.asulyluo SULILl ad CIHUVE [ \NTI\(Wi=0oU ) jn—\wiri (i=7,J) Ul Ciioe
Nef/Q s M A AL TTI /T T Fa s P O fs T3\ RA_. LT
CYS(O-I-DU)- ATEUVIIT )-11S{ b UITl LIp- L:yb\DUL} \,yb\ -DU)-IvICL-Url.

The syntheses of the protected peptidic fragments 60, 61 and 62 related to the sequence of uterogiobin
have been recently investigated’0 (60 and 61 differing only by the nature of the side-chain protecting groups).
Peptides 60 and 61 were prepared on a polystyrene resin containing the (4-oxy-2-butenyloxy)-acetyl linker
58. The same handle, but on a PEG-polystyrene resin was used for synthesis of fragment 62. After completion
of the aminoacid sequences, final cleavage from the resin was accomplished at room temperature, either
hydrostannolytically or by allyl transfer to the weakly basic NMA (50 equiv) in DMSO/THF/ 0.5 M HCl

2:2:1. In the first case, tributyltin hydride was slowly and continuously added over a period of 30 min.; in the
second one, a 12 hour reaction time was applied. The results thus obtained are summarized in Table 2
Fmoc-Leu-Thr(z-Bu)-Giu(Oz-Bu)-Lys(Boc)-lie-Vai-Lys(Boc)-Ser(t-Bu)-Pro-OH
61
Fmoc-GIn(Trt)-Thr(z-Bu)-Thr(z-Bu)- Arg(Pmc)-Glu(O#-Bu)-Asn(Trt)-Ile-Met-Lys(Boc)OH
62
Table 2
Peptide Cleavage yields
Method A2 Method Bb
&0 63/28¢ 70
61 91 80
62 87 86

(a) PdCI2(PPh3)2, 3.3 x 10-2 mol. equiv.; Bu3SnH 3 equiv., DMF/DCM 1:1

(b) Pd(PPh3)4, 3.3 x 10~1 mol. equiv, NMA 30 equiv., DMSO/THF/0.5 M HCl 2:2:1
(c) lower yield obtained when Bu3SnH was added all at once.

Trr Annanh‘ra af th icgh clanavaga vialde wara nhtainad with fragmante &1 and &2 while anlvy
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hydrostannolytic method dropped dramaticaily when tributyitin hydride was added in one singie portion.
Obviously, under such conditions, the palladium catalysed decomposition of tributyltin hydride into
hexabutyldistannane (eq. 55) becomes preponderant. Although other reasons may be invoked, the
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unsatisfactory resulis obtained with 61 are likely to be the consequence of the lack of accessibility of the
allylic reactive site to the bulky Pd(PPh3), catalytic species (first step in fig. 1); the high yieids obtained with
fragment 62 for which a PEG spacer was used are in accordance with this explanation.

Kunz and coworkers have recently described 185 a new allylic linker (Hycron) 63 in which a polyether
fragment is inserted between the allylic and the carboxylic ends. 63b is readily obtained by Michael addition

Br/\/\,,of,/\oi'\/COQH
A} '3

63a:R=H
b :R=tBu
¢ : R = Ph-CO-CHz-

of triethyleneglycol on teri-butyl acrylaie, followed
dibromobutene. To minimize the risk of racemisation, loading of the polymer is best achieved by the
preformed handle approach (scheme 25). With the Hycron resin, Seitz and Kunz were able to synthesise

Scheme 25
o
fam ~ . PGNH Q.M 1) NaHCO,, TBABr, HO/CHC, PGNH )LA/\A SOL A YN_.COH
[+2 ,c + (IR 10 1] |YUU2I 1 . T U ~ ~~ \v UI ~ =
R 2)TFA for R = £Bu (63 b) R 3 .
Zn/AcOH for R = Ph-CO-CH,- (63 ¢) \ ~ -/
Hycron
the fully protected O-glycosylated peptides 64 and 65 in high yields by the Fmoc strategy. Allylic cleavage
from the resin was achieved by palladium catalysed allylic transfer to NMA

Fmoc-Ala-Ser(z-Bu)-Thr(cAc3GalNAc)-Thr(+-Bu)-OH
64

Ac-Ala-Pro-Asp(Or-Bu)-Thr(aAc3GalNAc)- Arg(Mtr)-Pro-Ala-Pro-Gly-OH
65

Recently189, the allylic resin 66 in the activated (4-nitrophenylcarbonate) form has been prepared and
used in the SPPS of Pseudoargiopinine III. A cleavage yield of 92% was obtained for detachment of the

peptide from the resin by the hydrostannolytic procedure.

0 o JH-®
no,— )-0” C‘o-—’ _‘-o-)_ il
e 9~©

66

HNm : 4-methylbenzhydrylamine-polystyrene resin



From all the above results, it may be concluded that allylic anchors allow SPPS of fully protected
fragments both by the Boc and by the Fmoc temporary protection strategy. Final cleavage from the resin may

sometimes cause problems, probably due to the difficulty of access of the catalytic species to the reactive
allylic site. To circumvent this problem and facilitate the formation of the n-allyl palladium complex, use of
polyethyleneglycol spacers appears highly advisable; it is also believed that the recently introduced allyl
scavenger PhSiH3,161 due to its high reactivity and its non-basic character, could be advantageously used for
allylic cleavage from the resin. Finally, mention should be made that a possible drawback in the use of allylic
linkers is their relatively pronounced tendency to lead to DKP formation at the third aminoacid introduction
e. This fact whic

iave Vvaiiua:z LA S SwYwiki UV

sted bv geveral observationg185,70 (cee aleo “ notes added in
Stea Dy scrvations (S€¢€ also 101¢8 1r

accordancel90 with the relatively high acidity19! of allylic alcohols.

5.3 Permanent allylic side-chain protection of aminoacids.

The two main strategies in current use in the SPSS of fully protected peptide fragments180.181 rely on
temporary Boc/ permanent Bzi or temporary Fmoc/permanent i-Bu,Boc protection schemes. In the first one,
TFA-stable linkers are used, which may be cleaved by bases, nucleophiles or by photochemical means. In the
second approach, base stable, highly acid sensitives handles are usually involved. The acidic conditions
required for final removal of benzylic or tert-butylic side-chain protecting groups may bring about various
unwanted side-reactions. In that respect, their replacement by allylic protecting groups could constitute an
interesting alternative. Besides, the use of allylic side-chain protection could open the way to new

possibilities in the choice of the handles and of the temporary terminal N© protecting group. Finally, due to
¢

be
difficulties180,181,192 encountered in fragment condensations.

In order to take fuii advantage of ailyi based permanent side chain protection strategy, we wouid
require however a full array of allylic protecting groups which span the entire set of side chain functionalities
of natural aminoacids. As shown in the following section, this condition cannot be considered as fulfilled at
the present time.

In Table 3 is given a list193:194 of all the All or Alloc side-chain protected N®-Boc and N-Fmoc
aminoacids derivatives prepared so far, with the exception of allyl derivatives of histidine (vide infra). With
the exceptions of Fmoc-L-Cys(Alloc)-OH and Fmoc-L-Thr(Alloc)-OH, all of them are crystalline, either as

such or, for some N®-Boc derivatives, as their dicyclohexylammonium salts. In scheme 26 are represented
cnma calartad el Sbeoet o 1030106 AT oo AT o aliatoa eatantad dacioaticac ~f A
S0ImC SCICCICQ prou:uurt:b 101' tneir optention.*”~"*”% All- and AlIOC slge-Chnain plU.CL.CU UCIIVGHVCD O [v-

urethane-N-carboxyanhydrides, namely Boc-Asp(OAll)-NCA, Boc-Lys(Alloc)-NCA, Fmoc-Asp(OAll)-NCA
and Fmoc-Lys(Alloc)-NCA, have also been prepared and incorporated in oligopeptidic sequences. 197
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Table 3 : Al or Alloc side-chain protected amino-acid derivatives®®

N®Boc-derivatives
Boc-L-Arg(Alioc),-OH.DCHA
Boc-L-Asp(OAl)-OH
Boc-L-Cys(Alloc)-OH

Boc-L-Glu(OAll)-OH

4 L1iad At a) r\l 18
=~ L-THS(AIIUC -

Q

aC:

[on)

Boc-L-Lys(Alloc)-OH.DCHA
Boc-L-Ser(Alloc)-OH.DCHA
Boc-L-Thr(Alloc)-OH.DCHA

N%Fmoc-derivatives

Fmoc-L-Arg(Alioc),-OH
Fmoc-L-Asp(QAIl)-OH
Fmoc-L-Cys{Alloc)-OH®
Fmoc-L-Glu(OAIl)-OH

r.... A\ _MLe

noc-L-His(Alloc)-OH
Fmoc-L-Lys(Alioc)-OH
Fmoc-L-Ser(Alloc)-OH
Fmoc-L-Thr(Alloc)-OH®

Boc-L-Trp(Alloc)-OH.DCHA®

Roc-L-TurlAN-OH DCHA Emane.|
BOC-L- 1 YNAIL-UNn.LOURA rimee

Fmoc-L-Trp(Alloc)-OH®

a-

It has been shown that by use of the hydrostannolytic procedure (BuzSnH, PdCl2(PPh3)2), all All or
Alloc protections in the compounds listed in Table 3 are selectively and almost instantaneously removed, 198
with the exception of the allyl derivatives of tyrosine. In this case, slow addition of tributyltin hydride is
required to ensure complete deprotection.

If all of the allylic protections displayed in Table 3 are stable under the conditions of Boc/r-Bu
removal, this is not always the case under the basic conditions of Fmoc removal. Alloc derivatives of serine,

cysteine, histidine!93 and tryptophan194 are cleaved or may undergo unwanted rearrangements in the
presence of piperidine, and Boc-Arg(Alloc)z— is converted to Boc-Arg(Alloc)-OH193 through loss of one
“ |_ ~ Looa 1--_ PRI, g A _.._ L ol £ Mere el

Alloc group. Replacement of piperidine by a still basic but less nucleophilic amine may be helpful. Trzecie

and coworkers 194 have found that the N-Alloc group on the indole ring of tryptophan is stabie to 2% DBU, a
system which nevertheless allows Fmoc removal. They were consequently able to carry out Fmoc-SPSS of
several peptides incorporating Trp residues such as Gly-Gly-Ala-Lys-Ala-Trp-Trp-Trp-Ser-Pro-Gly-Gly-
NHj. Better results were obtained by incorporating Alloc protected rather than unprotected tryptophan
residues. A similar strategy was used in the synthesis of the phosphorylated peptide 67, for which side-chain
protection was mandatory in order to avoid oxidative degradation of the indole nucleus during I oxidation of

a nhognhite intermediate
a phosphite miermeqiate,

Trp-Ala-Ser(OPO3H2)-Gly-Glu
67
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Scheme 26

1) CuSQOy/ 2N NaOH

Tyr H-Tyr(All)-OH

Fmoc-F Fmoc-Tyr(All)-OH (eq. a)'%®

AaMLi/u rynig
INGW/TV VI W VI

3) (sthylenediamine)tetracetic acid PHS
disodium salt
1)CuCO,
2)CICOAll Fmoc-OSu O soe
Lys.HCl ——————> H-Lys(Alloc)-OH » Fmoc-Lys(Alloc)-OH (eq.b) ™
3)CH,C(S)NH, NazCOs
Fmoc-F
Fmoc-Lys(Alioc)-OH
NaOH/HxO/dioxane
pH 115
H-Lys(Alloc)-OH (eq. ¢)'*®
Boc-F CICO.Al
Boc-Lys(Alloc)-OH Boc-Lys-OH
NaOH/H,O/DME NaOH/H,0
CICO2AIl
Boc-His-OH ——————  Boc-His(Alloc)-OH
NaOH/H20
pH75 (t/t = 75/25)
| (eq. d)mb
1) TFA
Fmoc-His(Alloc)-OH
2) DIEA, TMSCI
then Fmoc-Cl (Un = 48/52)
BocO
,——= Boc-Trp(Alloc)-OH
1) CICOLAIVDBU/DMAP /
Boc-Trp-Ot-Bu = H-Trp(Alloc)-OH —{ (eq.e)'™
2) TFA \
chi)s
.__._____U.. Fmoc-Trp(Alloc)-OH
H-Asp-OH H-Asp(OAHl)-COH 1) BocO/EGN, H-Asp(OAll)-OH.DCHA
AlOH H20/dioxane 106
or = or 2)Work-up or (eq )
H-Glu-CH  TMSCi (excess) H-Giu(CAIl)-OH
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Kunz' work93 concerning the deprotection of allyl esters of aspartyl dipeptide amides has already been
discussed (see section 3.3)

The problem of allylic protection of serine, threonine and cysteine

The allyl esroup cannot be used for OH or SH protection of serine

arl 13 UL

"‘:3

ethers or thioethers do not lead to m-allyl complexes in the presen alent palladium catal ee
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derivatives, O- or S-Alloc derivatives of serine threonine or cysteine are prone to undergo intramolecular
nucieophilic attack by the neighbouring a-amino group under the basic conditions of Fmoc removal or even
during coupling processes. 193

In an effort to circumvent these problems, a new form of allylic protection, the allyloxycarbonyl
(Allocam) group, specific for thiols in general and cysteine in particular has been devised.199 Allocam
derivatives of thiols are readily obtained by condensation of thiols and allyl N-hydroxymethylcarbamate in
acidic medium (scheme 27). The S-Allocam derivative of cysteine prepared by this method is easy to further

derivatise into Boc-Cys(Allocam)-OH and Fmoc- Cys(Allocam) -OH by conventional procedures

~ _Traoom RS-CHyNH-CO;”
RSH + HO‘CHZ'NH'COQ i, 20min [ ~ )
RSAllocam

Boc-ON, TEA
DioxaneM0 9:1
/ Boc-Cys(Allocam)-OH
H-Cys(Allocam)-OH .
\ BSA , Fmoc-Cl
Fmoc-Cys{Allocam)-CH
THF, i, 15h

known to be efficient in the deprotection of allyl carbamates in general were tested in the deprotection of
Allocam derivatives of thiols. Only the hydrostannolytic procedure carried out in the presence of acetic acid
was found to be satisfactory. For the sake of convenience, the deprotected thiols were isolated in their
es (scheme 29). Under these

P-4 1 FIUICE LINGD

conditions 98-100% conversions and 65-100% yields of isolated products were obtained. All other

oo ~n198
oCcheme £
PACI{PPhs), RSH + BUeSHOAC
BuaSnH/ACOH l
RS-CHy-NH-CO,All R *I —_— RS-SR
DCM 1 r instantaneous
| RSSnBu + AcOH |
L J



deprotection systems were unsatisfactory, due to poisoning of the catalyst at an early stage (ca 20%
conversion) of the reaction. The success of the hydrostannolytic process is probably imputable to its very high
rate and to the presence of acetic acid which prevents the formation of poisonous thiolato200 (RS-) species in
the medium.

S-Allocam derivatives of thiols are perfectly stable in DMF/piperidine but display only marginal
stability in DCM/CF3CO2H, with, for instance a 2% loss per cycle of Boc deprotection for the Allocam
derivative of Fmoc-cysteine. Not surprisingly, O-Allocam derivatives of alcohols are still more labile under

® 0 Nucleophile
ZNH~-

0
RS—CHszJQH—E—OM — RSH + H,C=NH '(‘_\__o/\% ————» Products

Allocam by introduction of an additional electronwithdrawing group at the nitrogen or the carbon atom.

R-SCRN-COAI R-S-CH-NH-CO Al

|
EWG EWG

68 69

imperative, is nevertheless highly advisable. As far as allylic protection is concerned, the Alloc group is of
little help because, as with most other acyl derivatives, im-Alloc derivatives of histidine are too labile towards
nucleophiles. In view of recent results,204 allyl protection of histidine, on the other hand, seems promising.
Since the allyl group is devoid of electron-withdrawing character and its deactivating effect on the imidazole
ring can only be of a steric nature, regiospecific allyl substitution at the NT site is however imperative to
ensure efficient resistance towards recamisation.203

N@ Boc-N7-allyl-L-histidine 71 is easily synthetised from N®Boc-NT4rityl-L-histidine methyl est

according to well-documented methodologies (scheme 31). As to the NT-analogue 74, it may be
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Scheme 312%
NHBoc NHBgo NHBoc
’_< B.re /—< \
— CO,Me  AllBr (excess) /:( CO,Me AgOAc/ AcOH — COMe
T T —_— —_—
TH=N N CHyON, 40°C Trt-—Ns\@/N-—\‘E oh NN\
3d 100% 52% 70
1
NHBoc
= COH = -
N. _N 1M NaOH/MeOH
N \=
" 759

obtained with good regioselectivity by palladium catalysed chemoselective monodeallylation of the
diallylammonium precursor 72 (scheme 32). Quite surprisingly, this reaction displays high selectivity towards
removal of the N7-allyl group ($>90:10). The N®-Boc-N7-and N@-Boc-NT-allyl derivatives of histidine
methyl esters 70 and 73 may be separated by flash chromatography.

Scheme 322%
NHBoc NHBoc
/_(—‘< AllBr (excess) Br @ /_(_< j

=\, COMe waco, cHyoN K - \ CO,Me

N\v//N AOuC! 3d — / {e/ \=
72 Pd(PPhg)s cat
(98%) Et,NH/ NaHCO; or

PhSiH fH,O/NaHCO,
INHBOC DCM, rt, a few h.

/—< ,NHBoc
N‘ ‘ 1M NaOH, MeOH /=(_‘CO Me
/ \?N B e — 2 PUTNS—

= N — Nl » N
74 min =/ "\,//"
90 > 98% (HPLC) 73 (85%)
(83%) (+ 70 ca 5%)

The resistance of 71 and 74 towards racemization has been investigated by using DCC mediated
coupling with prolinamide as the test203 reaction. Extensive racemisation was observed with the NT-derivative
74 while almost totally optically pure dipeptide (ds>96%) was obtained with the N™- regioisomer 71. N”- and
NT-allyl histidine derivatives 70 and 73 are readily deallylated by palladium catalysed allyl tranfer to
NDMBA, a procedure which is also efficient for deallylation of allylamines in general ( see section 3.3) or by
palladium catalysed hydrosilylosis with PhSiH3 in the presence of acetic acid or acetic anhydride.
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derivatives (scheme 33).

. e 4 . .1

temporary biocking group in the regioselective preparation of N7%substitut

Scheme 33
o NHBoc NHBoc
RX, EpO, n Br Pd{(PPhy), cat
74 ———————e — COzMe —_———— — COzMe
=./'—N@NR PhSiH3 N~ N-R
N
DCM gl

RX = Ph-CO-CH2Br, PhCHp-O-CH:Cl 72% ( R = -CH,COPh)

85%, (R = -CH»-O-CH,-Ph)

6. ALLYLIC PROTECTING GROUPS IN OLIGONUCLEOTIDE SYNTHESIS

The use of allylic groups for protection of internucleotide linkages and nucleobases has been
introduced and developed essentially by Noyori, Hayakawa and coworkers.

In the first report®4, allyl protected dinucleoside phosphates 76 were obtained by stepwise
condensation of 3'-OH and 5'-OH free nucleosides with the O-allyl phosphoramidite reagent 75, followed by
oxidation of the resulting phosphite triester by NO2+ (scheme 34). Selective removal of the allyl group was
then carried out by use of Pd°/BuNH, or Pd°/BuNH»/HCO,H.

R'O B

—kf_j
1} AIIO-P(NMs.). 1H-tetrazole
1) AllO-P(NMe,),, 1H-tetrazole

R'Q— B }
—0—J 75) 0 .0
I 2 Ho o F PN
HO N—t OAill O '
R20 j o B
B, B' = Th, Ad®® 3) oxidation ("NG,*") < 7‘
R' = DMTr; R? = TBDMS RZOI

Bis(allyloxy)diisopropylaminophosphine, another phosphonylating agent has also been used for the
phosphorylation of hydroxyl groups in nucleosides and in aminoacids derivatives (Ser, Tyr, Thr).127

3.0 and 5'-O-diallylphosphato derivatives of nucleosides, 79 and 80, have been prepared125 by
reaction of 77 and 78 with di-O-allyl phosphochloridate or with di-O-allyl phosphochloridite followed by

oxidation (scheme 35).

\O
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Schame 35125
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77 \ _ - A UAI
B = Ad, Cy, Gu, Th 2) tBuQOH 79
R = DMTr, TBDMS
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——————-
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leads to free 3'- and 5' monophosphates 81 and 82 which are key intermediates in the synthesis of biologically
important nucleoside di- and triphosphates (scheme 36).

P aa125
ocheme 36°<

\
JORCLD y—vr 1) Pd*/Nu
79 (R = DMTR (oM o ~————— 70 (R=TEOMS)
2) Pd°/Nu HoPOs” 2) TBAF, THF
81 (-TBDMS)
1) Pd*/Nu .
HPG0 o B

80 ZoNEq RO > S "~ 7

{deacatonidation) i |

editious way to 2'-5', 3'-5' linked triadenylates 83 has been d
involves direct bis-adenylation of the 2' and 3' hydroxyl groups of 5'-O-dimethoxytrityladenosine 84 with an
in situ formed allyl protected adenosine 5'-phosphochloridite (derived from acetonide 78, B=Ad), followed
by oxidation. The allyl protected intermediate 83 is readily convertible to 85a. Alternatively, selective
removal of the dimethoxytrityl group followed by phosphorylation and deallylation leads to the

5'-phosphate 85b.
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he N6-Alloc-5'-0-( p, p'-
1 derivative 86 of 2'-deoxyadenosine was obtained (scheme 38) via transient feri-butyi-
and allyloxycarbonylation with 1-[(allyloxy)carbonyi]-

The same authors have also worked out g
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nucleobases.17 These conditions differ depending on the nucleobase structure.
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dimethylsilyl protection of the 3' hydroxyl group
tetrazole 3 (see section 2).

Scheme3s'”
T Sirsm s
NH, NHAlioc
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Cyr.__ 2) Alloc-terazole (3) (w_-—lo#

HO 3) TBAF HO

To prepare the N4-Alloc-5'-0-(p, p’-dimethoxy)trityl derivative 87 of 2'-deoxycytidine, 2'-deoxy-
cytidine was first trimethvlsilvlatcd on its 3' and 5' hydroxyl groups and subsequently reacted with allyl 1-
benzotriazolyl carbonate (AllocOBt) 4 (see section 2). The sﬂvl groups were then removed and the (p, p-

pS 3L Ly 2L A1

nnn intradnced (echemes Q)
L 4 \L’\dll\.‘lll\l ’Il.
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N<-Alioc-5'-0-[(p, p’-dimethoxy)trityl]-2'deoxyguanosine 88 was prepared by the
chloroformate on 3',5'-bis(O-tert-butyldimethylsilyl)-2’-deoxyguanosine (scheme 40).

Scheme 4077
(] Q
N N
</ | NH 1) +-BuMgCl, then Alloc-Cl </ | H
TBDMSO NP > DMTrO 7
\ T ~N NHZ 2)TBAF:THF \ N N~ "NHAlloc

i ‘0‘ ¥ 'O‘ I

< 7 3) DMTrCIPy S 7
i 1
TBDMSO HO

88

All of the above schemes in the present section show that the Alloc groups on nucleobases and the
allyl groups on phosphates are stable to the conditions of O-fert-butyldimethylsilyl as well as O-
monomethoxy- or O-dimethoxytrityl cleavage. Conversely, they are readily and selectively cleaved by use of
palladium w-allyl chemistry.17.64.125.127.205 Noyori and Hahakawa's work on nucleotide allylic protection
culminated in the solid phase synthesis!7 of oligodeoxyribonucleotides (32-, 43- and 60mers) in which the All
group was used for permanent protection of phosphate internucleotidic linkages and the Alloc group for

permanent protection of the nucleobases adenine, cytosine and guanine; thymine was left unprotected. The
alisannclenndie rhatne were a3 hlad ~n Anntmallad ~ae N H
oligonucleotidic chains were assembled on conirolled pore glass supports, to which they were attached,

LilNat sl _,.1

through a succinato linker and a long-chain alkylamine spacer by the 3'-OH group of a thymidine or a N-
Alloc-adenosine residue. The 3'-phosphoramidite monomers 89 were synthetised as represented in scheme 41.
The 5'-O-DMTr groups were cleaved with 3% trichloroacetic acid in DCM and coupling reactions

17
Scheme 41 AT
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were carried out in the presence of (4-nitrophenyi)teirazole. Each coupling step was followed by oxidation of
the newly formed phosphite bridge with rert-butyl hydroperoxide. After completion of the sequences, the
allylic protecting groups were removed from the nucleotidic chain still attached to the support. In all cases,
Pdy(dba)3-CHCl3 was used as the catalyst (2.5 equiv. per allyl group), in the presence of triphenylphosphine
(25 equiv./allyl group) and a large excess of 1:1 butylamine/HCO,H. The reactions were run in THF at 50°C
for 0.5 to 1 h . After allylic group cleavage, the CPG supports were washed with several solvent systems,
including an aqueous solution of sodium N,N-diethyldithiocarbonate, used as a complexing agent to ensure

o 7
comnlete elimination of nalladinm. For the cake of comnaricon. the came 32- 43- and 60mers were also
¢OompicCte eimination of pallagium, ror the saxe of comparison, the same 2.2-,4 and oumers were also
cynthacicad hu o canventinnal mathad whicrh invnlved M _hanzayl nratactinm far adanncina MN_ienhnturyl
Syniuilsis€h oy a COnventona: méuida wiiln invoivea iv-oCNZiYy: proieludn 10r aGenosing, [v-1S00uUtyTy!

protection for thymine and cytosine while the internucleotidic linkages were protected by the 2-cyanoethyl
group. In terms of yields, and of purity as attested by the bio-image chromatogramsi? of the crude synthetic
DNAs , impressively better results were obtained by the new allyl strategy. Such success has been
attributed17 to the much milder conditions required for Alloc group removal, as compared to the rather harsh
alkaline conditions involved in the elimination of the isobutyryl and benzoyl groups.

[«%

More recently, methods have been devised for O-allyl protection of thymidine and guanine6d

ymidine, and the O%-allylderivative of N2-unprotected and

I A YR8, QR0 AN L Q¥
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TNCSIYICNCSULION Y1 CHIONAc 101owea by alCoNolysis O UH1€ ICSULUNg SUllonalc will ailyl d4iConol. Appucdauon
of the Mitsunobu reaction (allyl alcohol, DEAD, PPh3) to unprotected thymidine was found to lead not to
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allylation with allyl bromide under phase transfer conditions.206
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DMTr removal at the C-3' or C-5’ positions of the sugar. They are very rapidly cleaved through palladium
n-allyl methodology (Pd(PPh3)4 5 mol%, PPh3 3 mol%, triethylammonium hydrogenocarbonate in excess).
However, the N3-allyl derivative of thymidine is left unchanged under such conditions. Condensation of the
N2-Alloc-05-allyl-deoxyguanosine-3'-phosphodiester 92 with the 5'-O-free 3'-0-Alloc-O4-allyl-thymidine
derivative 93 using 1-(2,4,6-triisopropylbenzene sulfonyl)-3-nitrotriazole (TPS-NT) in pyridine was found to
cleanly afford the dinucleoside phosphate 94 in 69% yield after removal of the dimethoxytrityl group (scheme

43)65., No competitive triazolylation at the thyminyl-O4 or guanyl-O 6 positions
Scheme 43%° OAll
]
Al OAl N~ NH
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94
could be detected as is often the case in the absence of O-protection. 94 was also obtained in 95% yield by
1-H-tetrazole-assisted cou L_ g of 93 with phosporamidite 95 followed by phosphorus oxidation with
tert-butylhydroperoxide and detritylation. Cleavage of all allylic groups in 94 with palladium catalyst and
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Oligodeoxyribonucleotides in which some "natural” internucleotidic phosphodiester linkages have
been replaced by nonionic phosphonodiesters or phosphotriester bridges constitute in many respects an
interesting and promising class of compounds. Because the basic conditions needed for removal of the usual

N-acyl (benzoyl, isobutyryl) protectors of adenine, cytosine and guanine are not compatible with such base-

TS



the synthesis of modified DNAs of this kind. Using phosphoramidites of generai structure 96 as buiiding
blocks, Noyori, Hayakawa and coworkers have recently been able to synthesise207 a number of
phosphonodiester- or phosphotriester analogues of oligodeoxyribonucleotides, such as d[> Tp(R)CGAT?]
with R=CH3, CgHs, OCH3, OCzHs and OCgHjs or d[SGACACp(R)CCAAT3'] with R=CgHs, OCH3, OCoHs
and OCgHjs.

The SPS of oligodeoxyribonucleotide on photolabile linkers 97 or 98 and using All/Alloc protected

Oligonucleotide Oligonucleotide

o

J

3| 0 2
é_/\AO (!)
_g OJ\O f \
H\/@‘/l l/\H ®'~"HN- : Long chain alkylamine spacer
¥
NN H 7(1‘\(. on controlled pore glass support
)
0 NO,

f4ey ~F Sennino o Lrawa $¢ xing Frzren A

orthogonality of allylic Eroups and the linkers, it was found that r
accomplished equally well either before or after detachment from the resin.

Matray and Greenberg!9 have recently resorted to All/Alloc protection for site-specific incorporation
of the base-labile (5R)-5,6-dihydro-5-hydroxythymidine 99a in oligopDNAs. The required protected
phosphoramidite building block 100 was prepared as represented in scheme 44: the di-O-Alloc derivative 101
was obtained by reaction of diallyl pyrocarbonate 1 (see section 5) with the dianion of 99b. In order to

Scheme 44'1° OAlioc
1Ly
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stion in 101, subsequent desilylation was carried out with
buffered tetrabutylammonium fluoride (TBAF/AcOH 1:1): the desilylated compound was finally condensed
with bis(diisopropylamino)-allyloxyphosphine to give 100. An octamer 102 containing a 100 residue was

synthesised using a photolabile linker and Noyori and Hayakawa's All/Alloc protection strategy.

d[3'(CAT A100G CAT GTA GCT GAT3')
102

GROUPS.

7.1 The cinnamyloxycarbonyl and other structurally related groups.

The cinnamyloxycarbonyl group ("Coc" group33) has been used, in a way similar to the Alloc group,
for protection of amino groups in aminoacids derivatives. It is conveniently introduced by the use of
crystalline 1-(cinnamyloxycarbonyl)-benzotriazole 104 (Coc-OBt). Deprotection of cinnamyl carbamates has
been performed with Pd°/HCO,H/pyridine, in the presence of HOBt to avoid side-formation of

cinnamylamine
The n-nitracinnamvlaxvearhaonvl ("Naoe™) oronn nronosed hv Kunz and rz 76 is more stable to
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of NDMBA as the nucleophilic acceptor. The orthogonality between the zer-butyl and the Noc group has
been exploited in the synthesis of various oligopeptides and oligoglycopeptides (scheme 45).



Noc-Asn-O-t-Bu

PA(PPhy), cat } 2) H-Val-Phe-O-+Bu
NDM
H-ASI-Val-Phe-O-+BU wtoWB% Noc-Asn-Val-Phe-O-#Bu o f o0 PM
MeOH/dioxane
Ac;GIcNAc  (80%) 20°C, 10h Ac;GleNAc (85%)
The Paloc group (3-(3-pyridyl)allyloxycarbonyl group) proposed by Kunz and van dem Bruch®® is

introduced by use of its 4-nitrophenyl carbonate derivative 106. Its hydrophilicity, similar to that of the parent

2-(4-pyridyl)-ethoxycarbonyl (Peoc) group?09 allows peptide bond formation in aqueous medium
(scheme 46).

Scheme 46%°

) EDC, HOBt, H20, pH 5-6, 20 °C
Paloc-Xaa'-OH + H-Xaa?-OR

- Paloc-Xaa'-Xaa2-OR
73% (Ala-Gly, R
R

72% (lle-Leu, R = O-+Bu

tert-Butyl esters may be selectively cleaved (HCI/Et;0O/DCM, room temperature) in the presence of Paloc

groups. The Paloc group has been removed by palladium catalysed transfer to NMA in THF at room
temperature.

For obvious thermodynamic reasons, the Coc, Noc and Paloc groups are stable towards transition
metal catalysed migration of the double bond. Selective removal of simple allyl groups in their presence is
therefore feasible, as exemplified?6 in scheme 47 (egs a and b)

Scheme 4776

Noc-Phe-Val-OAll

i i i o Noc-Phe-Val-OH 18767 (a)
p {87 %) l

Paloc-Xaa'-Xaa-OAl Paloc-Xaa'-Xaa®-OH (b)
EtOH/MH20

84% (Ala-Gly); 82% (Gly-Thr)
90% (lle-Thr)

7.2 The v,y -dimethylallyl group

The rate of allylic cleavage of allylic esters by zerovalent palladium complexes is in the order allyl>
cinnamyl> v,y dimethylallyl. As a result, selective deprotection of allyl carboxylates in the presence of
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7.3 Allylic groups removable by palladium induced B-elimination

The 1-(isopropyl)-ailyloxycarbonyi group (Ipaoc)?10 has been proposed by Tsuji for the protection of
amines. Its removal may take place in the presence of palladium catalyst alone (without added nucleophile)
through a B-elimination process (scheme 48), but the conditions under which this reaction takes place
(100°C, several hours) are rather drastic.

Scheme 48
~_~ 1
_\\/I o) Pd°L, cat. )/’_j\A B-Elimen [H_Pdp__ L | P o
O—C—-NR, -CO2 H"\}IDd| —"l | l —a NH;
— Y “NRp [ NR.
Ipaoc

Direct peptide bond formation has been achieved by conducting Ipaoc group removal in the presence
of N-hydroxysuccinimide esters of aminoacids (scheme 49).

Scheme 49

ipaoc-Xaa?-OR + PG-Xaa

The 4-(trimethylsilyl)-2-buten-1-yl and the 4-(trimethylisilyl)-2-buten-1-oxycarbonyl groups proposed
by MastalerzZll and which are the vinylogues of the 2-(trimethylsilyl)ethyl and the 2-
(trimethylsilyl)ethoxycarbonyl groups2¢ are cleaved under especially mild conditions in the presence of a
palladium catalyst alone and at room temperature. According to this ingenious procedure, the expelled
carboxylato species participates in its own deprotection by ensuring regeneration of the catalyst through
desilylation of the intermediate n-allyl complex to butadiene and palladium(0) (scheme 50). This method has

Scheme 50 s
PdL,, &7 NF
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4-(Trimethylsilyl)-2-buten-1-yl carbamates (prepared from isocyanates by reaction with 4-
(trimethylsilyl)-2-buten-1-ol) are deprotected in the same manner. Unfortunately, no method has been
proposed for the direct introduction of the 4-(trimethylsilyl)-2-but-1-enoxycarbonyl group on amines.

4-(trimethylsilyl)-2-but-1-enyl carboxylic esters are stable under the acidic conditions used for
cleavage of O-TBDMS ethers (1N aq. HCI/MeOH 1/5, 5°C)

7.4 The allylsulfonyl (Als) group

As already pointed out, allyl ethers are, in general, not amenable to deprotection through catalytic x-
allyl palladium mcthodology Allylcarbonates are rcadlly cleaved by pa]ladlum but use of the Alloc group in
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Kunz and Briii have devised the aliylsuifonyi (Als) group.2i3 The Als group is introduced by reacting
alcohols with allylsulfonyl chloride in the presence of a tertiary amine (pyridine, 2,6-lutidine, collidine) at
low temperature (ca -30 °C). Compounds 108-110 represent some examples of Als derivatives prepared in
this way. The Als groups in 108-110 were found to withstand the conditions required for deacylation,

desacetalization and desilylation. No Als migration was observed during such processes.

Tha Ale oranm may ha ramavad for 1
11V 1o E.luu i11ax o Fav;e

of the procedure however is that it must be conducted in the presence of aqueous formaldehyde, in order to
prevent poisoning of the catalyst by the suifur dioxide liberated in the process
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Allyl esters can be deprotected by reaction with lithium dimethyl cuprate?14 (eq. 74). Cinnamyl esters
are cleaved by successive methoxymercuration and demercuriocarboxylation (eq. 75).216 The presence of the

Ly L1 ol lalliull 4l Lciiic ADUAYIA

s oAn aa_ o~ anhydl' ExO s {74\
RUUAN + B UL —— RCO 2” + MeCu + |V|e\/\ \iTy
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phenvl eroun in the cinnamvl moietv is necessarv to ensure the nroper regiochemistrv of the
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Hg(OAc) HoX KSCN
2
RCO-O\/\\,Ph —_—— RCO-0O_ )\ Ph L J\/Ph (75)
N T RCO,H + ~ | Wy
MeOH OCH HO OCH,
18,07, el

Allyl carbonates and carbamates are cleaved by reaction with excess nickel tetracarbonyl in DMF and
in the presence of N,N'-tetramethylenediamine.216 2-methylallyl esters are cleaved in refluxing 90% formic
acid.217

““““ the only exampie of the
deprotection of allyl aryl ethers with an allyl group scavenger other than a hydndc donor. The palladium
catalysed hydrostannolytic procedure has been successfully applied?!? to the removal of the Alloc group in
compound 111 which contains a strained ene-diyne core and a partially protected quinoneimine functionality

(scheme 50).

Scheme 50°'°

R\
H lﬂ GHa (\\ CH,

p PdCL(PPhg), (0.5 equiv.)
AIIOCN “ COSi(+P)g BuzSnH (1.1 equiv.) H CO,Si(i-Pr),
CHGO, || ox

.-'. CHZCla. HLO. 23°C M/\OCHa

T ,Il Y

o (78%)

I .

New examples of the use of semi-permanent allylic protecting groups in the synthesis of
cyclopeptides220221 or a pseudo-cyclopeptide?22 may be found in the recent literature. A semi-permanent

CE
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of (25,9R)-2,9-diaminodecanedioic 112, for further use in the synthesis of conformationally constrained

peptides, has been described.225 The obtention of a Fmoc/Boc/All orthogonally protected derivative of
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has been reported by Genét and coworkers.227

?HAHOC s HNBOC\R.S/'\Q/\,Z,COQH
COAH [ > 1
AIOC
COLAIl NHFmoc
NHFmoc 2A
112 113

IN SPPS, it has been shown that tandem deprotection-coupling (see sections 4.6.b,c,d) of
N@-Alloc-protected dipeptide resins with N®-Fmoc-aminoacyl fluorides in the presence of palladium catalyst
and of phenylsilane as the allyl group scavenger allows the suppression of diketopiperazine formation in
cases when this reaction is troublesome. Thus, the tripeptide resin Fmoc-Leu-D-Val-Pro-AB-Ile-MBHA could

be obtained from the corresponding Alloc-D-Val-Pro resin and Fmoc-Leu-F without any DKP formation.228
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W[llbﬂ ne prepdrauon or the anchor LUD_]Ugdw OI the bIdl’[]Ilg L, DOC-, and Fmoc-1
described. This study also confirms the tendency towards DKP formation (see section 4.2) exhibited by
allylic linkers, especially with the temporary Fmoc-strategy. In a recent communication, Habermann, Kunz
and Seitz230 report that the DKP problem is efficiently circumvented by using N®-Boc protection for the
second aminoacid. After trifluoroacetolysis, coupling of the third aminoacid is directly carried out, without a

“’-PI'O[CLIC(.I aminoacids is

prior neutralisation step, using newly introduced pentafluorophenyluronium coupling reagents in the presence
of DIEA/collidine.

List of abbreviations: Abu(P): L-2-amino-4-phosphonobutanoic acid; All: allyl; Alloc: allyloxycarbonyl;
dba: dibenzylidene-acetone; Boc: tert-butyloxycarbonyl; Boc-ON: 2-(tert-butyloxycarbonyloxyimino)-2-
phenylacetonitrile; BOP: Benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate;
tert-butyl;
butyloxymethyl; Bzl: benzyl; Cbz (or Z): benzyloxycarbonyl; C1Z or 2-ClZ: 2-chlorobenzyloxycarbonyl;

2-BrZ: 2-bromobenzyloxycarbonyl; BSA: bis(trimethylsilyl)acetamide; z-Bu: Bum: ftert-

Coc: cinnamyloxycarbonyl; DCC: dicyclohexylcarbodiimide; DCM: dichloromethane; Dde: 1-(4,4-dimethyl-
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diisopropylcardodiimide; DIEA: Diisopropylethylamine; DMAP: 4-dimethylaminopyridine; dppb:
bis(diphenyiphosphino)butane; DNA: desoxyribonucieic acid; DSC: disuccinimidyi carbonate; EDC: 1-{3-
(dimethylamino)propyl]-3-ethylcarbodiimide; EEDQ: N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline; Fm:
9-fluorenylmethyl; Fmoc: 9-fluorenylmethoxycarbonyl; Fuc: fucosyl; Gal: galactosyl; Glc: glucosyl; <Glu:
pyroglutamyl; HOBt: 1-hydroxybenzotrazole; HYCRAMTM: hydroxycrotonylaminomethyl resin; Ipaoc: 1-
(isopropyl)-allyloxycarbonyl; IPCC: isopropenylchlorocarbonate; IRAA: internal reference aminoacid;
LHRH: luteinizing hormone-releasing hormone; Man: mannosyl; MAP: multiantigen peptide resin, MBHA:

p-methylbenzhydrylamine; Mtr: 4-methoxy-2,3,6-trimethylbenzenesulfonyl; NBS: N-bromosuccinimide;
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1-mesitylenesulfonyl-3-nitro-1,2,4-triazole; OSu: N-oxysuccinimido; PAC: p-alkoxybenzylalcohol (resin);

PAL: peptide amide linker (5—(4-ammomethyl-3,5—dlmcthoxyphenoxy)valenc acid); Paloc: 3-(3-
pyridyDallyloxycarbonyl; PEG: polyethyleneglycol; Peoc: 2-(4-pyridyl)-ethoxycarbonyl Pfp:
pentafluorophenyl; PG: protecting group; Pmc: 2,2,5,7,8-pentamethylchroman-6-sulfonyl; PS: polystyrene;
PyBop: benzotriazol-1-yloxy-tris-pyrrolidino-phosphonium hexafluorophosphate; RAFT: regioselectively
adressable functionalized template; SASRINTM: super acid-sensitive resin (2-methoxy-4-alkoxybenzyl
alcohol resin); SPPS: solid-phase peptide synthesis; SPS: solid-phase synthesis; TASP: template assembled
synthetic protein; TBAF: tetrabutylammonium fluoride; TBDMS: ters-butyldimethylsilyl; TBTU: 2-(1H-

LAy a2y i, 22228,

benzotriazol-1-yl)-1,1,3,3- tctramethyluronlum tetrafluoroborate; TFA: trifluoroacetic acid; TIPS:

triisopropylsilyl; TPPS: 3,3',3"-phosphinciriylbenzene-sulfonate; TPS-NT: 1-(2,4,6-triisopropylbenzene
suifonyi)-3-nitrothiazoie; Tre: trichioroethyl; Treoc: trichioroethoxycarbonyi; Trt: triphenylmethyi (trityi); Ts:

tosyl; UNCA: urethane-N-carboxyanhydride; Z (or Cbz): benzyloxycarbonyl.
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