THE ROLE OF PROTECTIVE GROUPS
IN ORGANIC SYNTHESIS

PROPERTIES OF A PROTECTIVE GROUP

When a chemical reaction is to be carried out selectively at one reactive site in a
multifunctional compound, other reactive sites must be temporarily blocked. Many
protective groups have been, and are being, developed for this purpose. A protec-
tive group must fulfill a number of requirements. It must react selectively in good
yield to give a protected substrate that is stable to the projected reactions. The
protective group must be selectively removed in good yield by readily available,
preferably nontoxic reagents that do not attack the regenerated functional group.
The protective group should form a derivative (without the generation of new ste-
reogenic centers) that can easily be separated from side products associated with its
formation or cleavage. The protective group should have a minimum of additional
functionality to avoid further sites of reaction. All things considered, no protective
group is the best protective group. Currently, the science and art of organic synthe-
sis, contrary to the opinions of some, has a long way to go before we can call it a
finished and well-defined discipline, as is amply illustrated by the extensive use of
protective groups during the synthesis of multifunctional molecules. Greater con-
trol over the chemistry used in the building of nature’s architecturally beautiful and
diverse molecular frameworks, as well as unnatural structures, is needed when one
considers the number of protection and deprotection steps often used to synthesize
a molecule.
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HISTORICAL DEVELOPMENT

Since a few protective groups cannot satisfy all these criteria for elaborate sub-
strates, a large number of mutually complementary protective groups are needed
and, indeed, are available. In early syntheses the chemist chose a standard derivative
known to be stable to the subsequent reactions. In a synthesis of callistephin chloride
the phenolic —OH group in 1 was selectively protected as an acetate.' In the pres-
ence of silver ion the aliphatic hydroxyl group in 2 displaced the bromide ion in a
bromoglucoside. In a final step the acetate group was removed by basic hydrolysis.

Y NaOH  CH;COCI 0
HO —— ——— A0
OH OH

1 2

Other classical methods of cleavage include acidic hydrolysis (eq. 1), reduction
(eq. 2), and oxidation (eq. 3):

(1) ArO—R — ArOH
(2) RO—CH,Ph — ROH
(3) RNH—CHO — [RNHCOOH] — RNH?

Some of the original work in the carbohydrate area in particular reveals extensive
protection of carbonyl and hydroxyl groups. For example, a cyclic diacetonide of
glucose was selectively cleaved to the monoacetonide.” A summary® describes the
selective protection of primary and secondary hydroxyl groups in a synthesis of
gentiobiose, carried out in the 1870s, as triphenylmethyl ethers.

DEVELOPMENT OF NEW PROTECTIVE GROUPS

As chemists proceeded to synthesize more complicated structures, they developed
more satisfactory protective groups and more effective methods for the formation
and cleavage of protected compounds. At first a tetrahydropyranyl acetal was pre-
pared,* by an acid-catalyzed reaction with dihydropyran, to protect a hydroxyl group.
The acetal is readily cleaved by mild acid hydrolysis, but formation of this acetal
introduces a new stereogenic center. Formation of the 4-methoxytetrahydropyranyl
ketal® eliminates this problem.

Catalytic hydrogenolysis of an O-benzyl protective group is a mild, selec-
tive method introduced by Bergmann and Zervas® to cleave a benzyl carbamate
(>NCO—-OCH,C¢Hs — >NH) prepared to protect an amino group during peptide
syntheses. The method also has been used to cleave alkyl benzyl ethers, stable com-
pounds prepared to protect alkyl alcohols; benzyl esters are cleaved by catalytic
hydrogenolysis under neutral conditions.

Three selective methods to remove protective groups have received attention:
“assisted,” electrolytic, and photolytic removal. Four examples illustrate “assisted
removal” of a protective group. A stable allyl group can be converted to a labile vinyl
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ether group (eq. 4)’; a B-haloethoxy (eq. 5)% or a B-silylethoxy (eq. 6)° derivative is
cleaved by attack at the -substituent; and a stable o-nitrophenyl derivative can be
reduced to the o-amino compound, which undergoes cleavage by nucleophilic dis-
placement (eq. 7)'°:

H;0*
(4) ROCH,CH=CH,

[ROCH=CHCHj]

ROH
(5) RO—CH,~CCl; + Zn — RO+ CH,=CCl,

(6) RO—CH,—CH,—SiMe;
R = alkyl, aryl, R"CO—, or R’'NHCO—

(N NO, NH,
H
N (6]
~
— ) —
(@) (@)
/N\ /N\

The design of new protective groups that are cleaved by “assisted removal” is a chal-
lenging and rewarding undertaking.

Removal of a protective group by electrolytic oxidation or reduction is useful
in some cases. An advantage is that the use and subsequent removal of chemical
oxidants or reductants (e.g., Cr or Pb salts; Pt— or Pd—C) are eliminated. Reductive
cleavages have been carried out in high yield at —1 to —3V (vs. SCE), depend-
ing on the group; oxidative cleavages in good yield have been realized at 1.5-2V
(vs. SCE). For systems possessing two or more electrochemically labile protective
groups, selective cleavage is possible when the half-wave potentials, E;,, are suf-
ficiently different; excellent selectivity can be obtained with potential differences
on the order of 0.25V. Protective groups that have been removed by electrolytic
oxidation or reduction are described at the appropriate places in this book; a re-
view article by Mairanovsky'' discusses electrochemical removal of protective
groups.'”

Photolytic cleavage reactions (e.g., of o-nitrobenzyl, phenacyl, and nitrophenyl-
sulfenyl derivatives) take place in high yield on irradiation of the protected com-
pound for a few hours at 254-350 nm. For example, the o-nitrobenzyl group, used to
protect alcohols,'® amines,'* and carboxylic acids,'® has been removed by irradiation.
Protective groups that have been removed by photolysis are described at the appro-
priate places in this book; in addition, the reader may wish to consult five review
articles.!*~2

One widely used method involving protected compounds is solid-phase syn-
thesis?'* (polymer-supported reagents). This method has the advantage of simple
workup by filtration and automated syntheses, especially of polypeptides, oligonu-
cleotides, and oligosaccharides.

Internal protection, used by van Tamelen in a synthesis of colchicine, may be
appropriate®:

RO~ + CH,=CH, + FSiMe;
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SELECTION OF A PROTECTIVE GROUP FROM THIS BOOK

To select a specific protective group, the chemist must consider in detail all the re-
actants, reaction conditions, and functionalities involved in the proposed synthetic
scheme. First he or she must evaluate all functional groups in the reactant to deter-
mine those that will be unstable to the desired reaction conditions and require pro-
tection. The chemist should then examine reactivities of possible protective groups,
listed in the Reactivity Charts, to determine compatibility of protective group and
reaction conditions. A guide to these considerations is found in Chapter 10. (The
protective groups listed in the Reactivity Charts in that chapter were the most widely
used groups at the time the charts were prepared in 1979 in a collaborative effort with
other members of Professor Corey’s research group.) He or she should consult the
complete list of protective groups in the relevant chapter and consider their proper-
ties. It will frequently be advisable to examine the use of one protective group for sev-
eral functional groups (i.e., a 2,2,2-trichloroethyl group to protect a hydroxyl group
as an ether, a carboxylic acid as an ester, and an amino group as a carbamate). When
several protective groups are to be removed simultaneously, it may be advantageous
to use the same protective group to protect different functional groups (e.g., a ben-
zyl group, removed by hydrogenolysis, to protect an alcohol and a carboxylic acid).
When selective removal is required, different classes of protection must be used (e.g.,
a benzyl ether cleaved by hydrogenolysis but stable to basic hydrolysis, to protect an
alcohol, and an alkyl ester cleaved by basic hydrolysis but stable to hydrogenolysis, to
protect a carboxylic acid). One often overlooked issue in choosing a protective group
is that the electronic and steric environments of a given functional group will greatly
influence the rates of formation and cleavage. For an obvious example, a tertiary ac-
etate is much more difficult to form or cleave than a primary acetate.

If a satisfactory protective group has not been located, the chemist has a number
of alternatives: Rearrange the order of some of the steps in the synthetic scheme
so that a functional group no longer requires protection or a protective group that
was reactive in the original scheme is now stable; redesign the synthesis, possibly
making use of latent functionality®® (i.e., a functional group in a precursor form;
e.g., anisole as a precursor of cyclohexanone). Or, it may be necessary to include
the synthesis of a new protective group in the overall plan or better yet, design new
chemistry that avoids the use of a protective group.

Several books and chapters are associated with protective group chemistry. Some
of these cover the area®”?%; others deal with more limited aspects. Protective groups
continue to be of great importance in the synthesis of three major classes of naturally
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occuring substances—peptides,?* carbohydrates,** and oligonucleotides’*—and sig-
nificant advances have been made in solid-phase synthesis,?>>* including automated
procedures. The use of enzymes in the protection and deprotection of functional
groups has been reviewed.?’ Special attention is also called to a review on selective

deprotection of silyl ethers.*

SYNTHESIS OF COMPLEX SUBSTANCES. TWO EXAMPLES

(AS USED IN THE SYNTHESIS OF HIMASTATIN AND PALYTOXIN)
OF THE SELECTION, INTRODUCTION, AND REMOVAL

OF PROTECTIVE GROUPS

Synthesis of Himastatin

Himastatin, isolated from an actinomycete strain (ATCC) from the Himachal
Pradesh State in India and active against gram-positive microorganisms and a variety
of tumor probe systems, is a C7,H;04N140,9 compound, 1.3' It has a novel bisindolyl
structure in which the two halves of the molecule are identical. Each half contains
a cyclic peptidal ester containing an L-tryptophanyl unit, b-threonine, L-leucine, D-
[(R)-5-hydroxy]piperazic acid, (S)-2-hydroxyisovaleric acid, and p-valine. Its syn-
thesis® illustrates several important aspects of protective group usage.

Synthesis of himastatin involved the preparation of the pyrroloindoline moiety
A, its conversion to the bisindolyl unit A",, synthesis of the peptidal ester moiety B,
the subsequent joining of these units (A', and two B units), and cyclization leading
to himastatin. The following brief account focuses on the protective group aspects
of the synthesis.

Unit A (Scheme 1)

The first objective was the conversion of L-tryptophan into a derivative that could be
converted to pyrroloindoline 3, possessing a cis ring fusion and a syn relationship of
the carboxyl and hydroxyl groups. This was achieved by the conversions shown in
Scheme 1. A critical step was e. Of many variants tried, the use of the trityl group on
the NH, of tryptophan and the #-butyl group on the carboxyl resulted in stereospecific
oxidative cyclization to afford 3 of the desired cis—syn stereochemistry in good yield.

HO,

1
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Allyl—O2C two B units 1

Bisindolyl Unit A’, (Schemes 2 and 3)

The conversion of 3 to 8 is summarized in Scheme 2. The trityl group (too large
and too acid-sensitive for the ensuing steps) was removed from N and both N’s were
protected by Cbz (benzyloxycarbonyl) groups. Protection of the tertiary OH specifi-
cally as the robust TBS (#-butyldimethylsilyl) group was found to be necessary for
the sequence involving the electrophilic aromatic substitution step, 5 to 6, and the
Stille coupling steps (6 + 7 — 8).

©
CO, COt-Bu
( N Nu@ d N\, NHTr
H

H 2
(a) TMSCI, EtOAc (RCO,~ — RCO,TMS)
(b) TrCl, EtsN ( -NH3* — NHTr)
L-Tryptophan (c) MeOH (-CO,TMS — CO,H)
(d) +-BuOH, condensing agent (-CO,H to -CO,-t-Bu)

0
>< CH,Cl,, ~78°C
Y CO,t-Bu

OR
(DMDO)

Scheme 1
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—— 3 P=Tr;P,=R=H

L
4 P =P,=R=H
RO, CO,t-Bu
b X
. _NP
5Pi=P,=CbzR=TBS . = Ptk
N
Py

) 6 R=TBS; P; = P,=Cbz; X=1
(a) HOAc, MeOH, CH,Cl, (N-Trityl — NH)

(b) (i) CbzCl, pyridine, CH,Cl, (both NH’s — N-Cbz) l d
(i) TBSCI, DBU, CH3CN (29% from 2) (-OH — OTBS)
. O 7 R=TBS; P, =P,=Cbz; X = SnMej;
(c) ICl, 2,6-di-t-butylpyridine, CH,Cl, (75%) (X=H —>X=1)

(d) MegSn, Pd(PhsP), , THF (86%) (X =1— X = SnMes) 6 l e
(e) 6, Pdydbas, PhyAs, DMF, 45°C, (79%) (6 +7 — 8)
8 R=TBS;P;=P,=Cbz; X = f
Scheme 2

The TBS group then had to be replaced (two steps, Scheme 3: a and b) by the more
easily removable TES (triethylsilyl) group to permit deblocking at the last step in the
synthesis of himastatin. Before combination of the bisindolyl unit with the peptidal
ester unit, several additional changes in the state of protection at the two nitrogens

CO,-Butyl

P
9P=H;P'=P” =Cbz > 13 P=FMOC;R=H
l b l £
10 P=TES; P'=P” =Cbz 14 P = FMOC; R = allyl
l €
¢ l g
11P=TES; P’ =P’"=H 15 P=H; R =allyl
d
12 P=TES; P’=FMOC; P’ =H —

(a) TBAF, THF, (91%) (TBSO-— HO-)

(b) TESCI, DBU, DMF (92%) ( HO- — TESO-)

(c) Hy, Pd/C, EtOAc (100%) (both NCbz’s — NH)

(d) FMOC-HOSU, pyridine, CH,Cl, (95%) (NH — NFMOC)

(e) TESOTHT, lutidine, CH,Cl, (-CO,-t-Bu — —CO,H)

(f) allyl alcohol, DBAD, Ph3;P, CH,Cl, (90% from 12) (-CO,H — —CO,-allyl)
(g) piperidine, CH3CN (74%) (NFMOC — NH)

Scheme 3
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and the carboxyl of 8 were needed (Schemes 2 and 3). The Cbz protective groups
were removed from both N’s, and the more reactive pyrrolidine N was protected as
the FMOC (fluorenylmethoxycarbonyl) group. At the carboxyl, the #-butyl group was
replaced by the allyl group. [The smaller allyl group was needed for the later conden-
sation of the adjacent pyrrolidine nitrogen of 15 with the threonine carboxyl of 24
(Scheme 5); also, the allyl group can be cleaved by the Pd(Ph;P),~PhSiH; method,
conditions under which many protective groups (including, of course, the other pro-
tective groups in 25; see Scheme 6) are stable.] Returning to Scheme 3, the FMOC
groups on the two equivalent pyrrolidine N’s were then removed, affording 15.

Peptidal Ester Unit B (Schemes 4 and 5)

Several of these steps are common ones in peptide synthesis and involve standard
protective groups. Attention is called to the 5-hydroxypiperazic acid. Its synthesis
(Scheme 4) has the interesting feature of the introduction of the two nitrogens in
protected form as BOC (#-butoxycarbonyl) groups in the same step. Removal of the
BOC groups and selective conversion of the nitrogen furthest from the carboxyl
group into the N-Teoc (2-trimethylsilylethoxycarbonyl) group, followed by hydro-
lysis of the lactone and TBS protection of the hydroxyl, afforded the piperazic
acid entity 16 in a suitable form for combination with dipeptide 18 (Scheme 5).
Because of the greater reactivity of the leucyl —NH, group of 18 in comparison to
the piperazyl —N H group in 16, it was not necessary to protect this piperazyl NH
in the condensation of 18 and 16 to form 19. In the following step (19 + 20 — 21),
this somewhat hindered piperazyl NH is condensed with the acid chloride 20. Note
that the hydroxyl in 20 is protected by the FMOC group—not commonly used in

o o NaHMDS O o
O P e X
Q N BOCN=NBOC Q N ~
\—/, NBOC \—/
B \ B
" NHBOC "
several steps
Teoc
BOC H N
BOC_ N N
N a—d
_—
: B HO,C” “OTBS
y (0]
7 16

(a) TFA (both -NBOC’s — NH)
(b) TeocCl, pyridine (-NH — N-Teoc)
(c) LiOH (lactone — —CO,~ + HO-)
(d) TBSOTH, lutidine (-OH — —OTBS)
Scheme 4
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O

HO,C
) NHFMOC AllylO,C
HO ‘“,
‘0 B ——— NHZ
* NH, several HO
TB steps
SO 17 P!
FMOC-L-Leucine D-Threonine
(a) EDCI, DMAP, CH,Cl,
(b) piperidine, CH;CN (NHFMOC to ~NH,)
(76%) Teoc
HN -N
AllylO,C (0]
piperazic acid 16 (from Scheme 4) “
“N NHa  HATU, HOA, collidine, CH,Cl A11y102C 0 \“
H OTBS
TBSO (95%)
18 TBSO
FMOCO
20 | collidine, CH,Cl,
\/ ClOC
Troc I (6]
N /‘\[( o
) P FMOC
H 0 o) N Teoc
N~ a, b
(0] ‘Y,
RO,C O OTBS
., NH Al]leZC OTBS
N
™SO 1
TBSO
3 P=Teoc
R = Allyl

(a) piperidine, CH3CN (96%) (-OFMOC — -OH)
(b) Troc-p-val (22), IPCC, EtsN, DMAP, CH,Cl,
(¢) ZnCly, CH3NO, (-NTeoc — —NH)
24 P=R=H (d) TBSOTH, lutidine, CH,Cl, (reprotection of any OH’s inadvertently
deblocked in step c)
(e) Pd(Ph3P)4, PhSiH3, THF (—COj—allyl — —CO,H)
(b — e: 72% yield)

Scheme 5

hydroxyl protection. A requirement for the protective group on this hydroxyl was
that it be removable (for the next condensation: 21 + Troc-p-valine 22 — 23) under
conditions that would leave unaltered the —COO—allyl, the N-Teoc, and the OTBS
groups. The FMOC group (cleavage by piperidine) met this requirement. Choice of
the Troc (2,2,2-trichloroethoxycarbonyl) group for N-protection of valine was based
on the requirements of removability, without affecting OTBS and OTES groups, and
stability to the conditions of removal of allyl from —COO—allyl [easily met by use
of Pd(Ph;P), for this deblocking].
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25 R =allyl
R’ =Troc
15
b,
+
’,/ C
OTBS
24
26R=R’=H
(56%)
(a) HATU, HOA, collidine, CH,Cl,, —-10°C — rt (65%)
(b) Pd(PhsP),, PhSiH;, THE (~COs-allyl — —~CO,H)
(c) Pb/Cd, NH,OAc, THF (N-Troc — NH) d
: 27 P=TES
~_-0 P’ =TBS
(d) HATU, HOA, HN/\[( .
N

i-Pr,NEt,, DMF A
(e) TBAF, THF, HOAc

Oslan
O 0 \\\ e
(—OTBS and -OTES NH
— —OH)
(35% from 26) 1 HIMASTATIN
P=P' =H
Scheme 6

Himastatin 1 (Scheme 6)

Of special importance to the synthesis was the choice of condensing agents and
conditions.” HATU-HOAt** was of particular value in these final stages. Condensa-
tion of the threonine carboxyl of 24 (from Scheme 5) with the pyrrolidine N’s of the
bisindolyl compound 15 (from Scheme 3) afforded 25. Removal of the allyl groups
from the tryptophanyl carboxyls and the Troc groups from the valine amino nitro-
gens, followed by condensation (macrolactamization), gave 27. Removal of the six
silyl groups (the two quite hindered TES groups and the four, more accessible, TBS
groups) by fluoride ion afforded himastatin.

Synthesis of Palytoxin Carboxylic Acid

Palytoxin carboxylic acid, C,3H,,3NOss, Figure 1 (R'-R® = H), derived from palytoxin,
Ci20H,23N30s,, contains 41 hydroxyl groups, one amino group, one ketal, one hemik-
etal, and one carboxylic acid, in addition to some double bonds and ether linkages.

The total synthesis® was achieved through the synthesis of eight different seg-
ments, each requiring extensive use of protective group methodology, followed by
the appropriate coupling of the various segments in their protected forms.

The choice of what protective groups to use in the synthesis of each segment was
based on three aspects: (a) the specific steps chosen to achieve the synthesis of each
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(0]

1: R! = OMe, R? = Ac, R® = (-Bu)Me,Si, R* = 4-MeOC¢H,4CH,,R’ = Bz, R® = Me, R = acetonide,
R® = Me;SiCH,CH,0CO
2: Palytoxin carboxylic acid: R! = OH, R>-R® = H

Figure 1. Palytoxin carboxylic acid.

segment; (b) the methods to be used in coupling the various segments, and (c) the
conditions needed to deprotect the 42 blocked groups in order to liberate palytoxin
carboxylic acid in its unprotected form. (These conditions must be such that the func-
tional groups already deprotected are stable to the successive deblocking conditions.)
Kishi’s synthesis employed only eight different protective groups for the 42 func-
tional groups present in the fully protected form of palytoxin carboxylic acid (Figure
I, 1). A few additional protective groups were used for “end group” protection in the
synthesis and sequential coupling of the eight different segments. The synthesis was
completed by removal of all of the groups by a series of five different methods. The
selection, formation, and cleavage of these groups are described below.

For the synthesis of the C.1-C.7 segment, the C.1 carboxylic acid was protected
as a methyl ester. The C.5 hydroxyl group was protected as the #-butyldimethylsilyl
(TBS) ether. This particular silyl group was chosen because it improved the chemical
yield and stereochemistry of the Ni(II)/Cr(II)-mediated coupling reaction of seg-
ment C.1-C.7 with segment C.8—C.51. Nine hydroxyl groups were protected as p-me-
thoxyphenylmethyl (MPM) ethers, a group that was stable to the conditions used in
the synthesis of the C.8—C.22 segment. These MPM groups were eventually cleaved
oxidatively by treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).

The C.2 hydroxyl group was protected as an acetate, since cleavage of a
p-methoxyphenylmethyl (MPM) ether at C.2 proved to be very slow. An acetyl
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group was also used to protect the C.73 hydroxyl group during synthesis of
the right-hand half of the molecule (C.52-C.115). Neither a p-methoxyphenyl-
methyl (MPM) nor a t-butyldimethylsilyl (TBS) ether was satisfactory at C.73:
Dichlorodicyanobenzoquinone (DDQ) cleavage of a p-methoxyphenylmethyl
(MPM) ether at C.73 resulted in oxidation of the cis—trans dienol at C.78—C.73 to a
cis—trans dienone. When C.73 was protected as a t-butyldimethylsilyl (TBS) ether,
Suzucki coupling of segment C.53—C.75 (in which C.75 was a vinyl iodide) to seg-
ment C.76—C.115 was too slow. In the synthesis of segment C.38—C.51, the C.49
hydroxyl group was also protected at one stage as an acetate, to prevent benzoate
migration from C.46. The C.8 and C.53 hydroxyl groups were protected as acetates
for experimental convenience. A benzoate ester, more electron-withdrawing than
an acetate ester, was used to protect the C.46 hydroxyl group to prevent spiroke-
talization of the C.43 and C.51 hydroxyl groups during synthesis of the C.38—C.51
segment. Benzoate protection of the C.46 hydroxyl group also increased the stabil-
ity of the C.47 methoxy group (part of a ketal) under acidic cleavage conditions.
Benzoates rather than acetates were used during the synthesis of the C.38-C.51
segment since they were more stable and better chromophores in purification and
characterization.

Several additional protective groups were used in the coupling of the eight dif-
ferent segments. A tetrahydropyranyl (THP) group was used to protect the hydroxyl
group at C.8 in segment C.8—C.22, and a t-butyldiphenylsilyl (TBDPS) group was
used for the hydroxyl group at C.37 in segment C.23—C.37. The TBDPS group at
C.37 was later removed by BuyN"F~/THF in the presence of nine p-methoxyphenyl-
methyl (MPM) groups. After the coupling of segment C.8—C.37 with segment C.38—
C.51, the C.8 THP ether was hydrolyzed with pyridinium p-toluenesulfonate (PPTS)
in methanol-ether, 42°, in the presence of the bicyclic ketal at C.28—C.33 and the
cyclic ketal at C.43—C.47. (As noted above, the resistance of this ketal to these acidic
conditions was due to the electron-withdrawing effect of the benzoate at C.46.) A
cyclic acetonide (a 1,3-dioxane) at C.49—C.51 was also removed by this step and
had to be reformed (acetone/PPTS) prior to the coupling of segment C.8—C.51 with
segment C.1-C.7. After coupling of these segments to form segment C.1-C.51, the
new hydroxyl group at C.8 was protected as an acetate, and the acetonide at C.49—
C.51 was, again, removed without alteration of the bicyclic ketal at C.28—C.33 or the
cyclic ketal at C.43-C.47, still stabilized by the benzoate at C.46.

The synthesis of segment C.77-C.115 from segments C.77-C.84 and C.85-C.115
involved the liberation of an aldehyde at C.85 from its protected form as a dithioac-
etal, RCH(SEt),, by mild oxidative deblocking (I,/NaHCOs3, acetone, water) and the
use of the p-methoxyphenyldiphenylmethyl (MMTr) group to protect the hydroxyl
group at C.77. The C.77 MMTr ether was subsequently converted to a primary
alcohol (PPTS/MeOH-CH,Cl,, rt) without affecting the 19 r-butyldimethylsilyl
(TBS) ethers or the cyclic acetonide at C.100—C.101.

The C.100—C.101 diol group, protected as an acetonide, was stable to (a) the
Wittig reaction used to form the cis double bond at C.98—C.99 and (b) all of the
conditions used in the buildup of segment C.99-C.115 to fully protected palytoxin
carboxylic acid (Figure 1, 1).
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The C.115 amino group was protected as a trimethylsilylethyl carbamate
(Me;SiCH,CH,OCONHR), a group that was stable to the synthesis conditions and
cleaved by the conditions used to remove the #-butyldimethylsilyl (TBS) ethers.

Thus the 42 functional groups in palytoxin carboxylic acid (39 hydroxyl groups,
one diol, one amino group, and one carboxylic acid) were protected by eight differ-
ent groups:

1 methyl ester —COOH

5 acetate esters —OH

20 t-butyldimethylsilyl (TBS) ethers —OH

9 p-methoxyphenylmethyl (MPM) ethers —OH

4 benzoate esters —OH

1 methyl “ether” —OH of a hemiketal
1 acetonide 1,2-diol

1 Me;SiCH,CH,0CO —NH,

The protective groups were then removed in the following order by the five methods
listed below:

(1) To cleave p-methoxyphenylmethyl (MPM) ethers: DDQ (dichlorodicyano-
benzoquinone)/~-BuOH-CH,Cl,—phosphate buffer (pH 7.0), 4.5h.

(2) To cleave the acetonide: 1.18 N HCIO,~THEF, 25°C, 8 days.

(3) To hydrolyze the acetates and benzoates: 0.08 N LiOH/H,0-MeOH-THF,
25°C, 20h.

(4) To remove t-butyldimethylsilyl (TBS) ethers and the carbamoyl ester
(Me;SiCH,CH,OCONHR): Bu,N*F~, THF, 22°C, 18 h — THF-DMF, 22°C,
72h.

(5) To hydrolyze the methyl ketal at C.47, no longer stabilized by the C.46
benzoate: HOAc-H,0, 22°C, 36h.

This order was chosen so that DDQ (dichlorodicyanobenzoquinone) treatment
would not oxidize a deprotected allylic alcohol at C.73 and so that the C.47 hemik-
etal would still be protected (as the ketal) during basic hydrolysis (Step 3).

And so the skillful selection, introduction, and removal of a total of 12 different
protective groups has played a major role in the successful total synthesis of paly-
toxin carboxylic acid (Figure 1, 2).
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