
Vol. 11, 1978 

G protein by trypsin treatment, which otherwise leaves 
the virion intact, also removed the immobilization. This 
suggested that the immobilization was due to phos- 
pholipid-protein interactions involving the G protein.56 
ESR spin label data (Patzer, Wagner, Yeagle, and 
Grisham, unpublished observations) and fluorescence 
data57 indicate that only the headgroups are immobi- 
lized, since there are no effects in the hydrocarbon 
region. 

A Red Blood Cell Membrane Protein. Glyco- 
phorin, the human erythrocyte MN glycoprotein, was 
reconstituted in unsonicated egg phosphatidylcholine 
bilayers. The 31P NMR spectra of this system exhibited 
chemical shift a n i ~ o t r o p y . ~ ~  The magnitude of the 
effective chemical shift anisotropy is a measure of the 
motional order of the phosphate Two classes 
of phospholipids were identified in a 1:20 protein to 
lipid mole ratio sample. One class exhibited a line 
width so large as to not contribute significantly to the 
resonance observed. The broad line width indicated 
immobilization, and it was possible to estimate that 
about five phospholipid headgroups were immobilized 
per protein, in an aggregated state. The other class of 
lipid actually exhibited less motional order in the 
headgroup than phospholipids in bilayers not con- 
taining protein. Since it has been suggested that 
glycophorin preferentially attracts phosphatidylserine 
with its carboxyl terminal segment,59 phospholipid 
headgroup-protein interactions involving glycophorin 
may be important in the phospholipid asymmetry of the 
erythrocyte membrane. 

Plasma Lipoproteins. Human low density lipo- 
protein (LDL) is a much smaller biological assembly 
consisting of lipids and protein, which gives rise to 
high-resolution 31P NMR spectra consisting of two 

Insoluble Polymer Si 
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distinguishable resonances from the two major phos- 
pholipid components, PC and sphingomyelin. Mea- 
surement of the absolute resonance intensities revealed 
that four-fifths of the phospholipids are contributing 
to the high-resolution intensity, but one-fifth resides 
in an environment with resonances so broad that they 
do not contribute to the high-resolution resonance. 
Trypsin treatment removed that environment, and the 
conclusion was reached that one-fifth of the phos- 
pholipid in native LDL engaged in lipid-protein in- 
teractions immobilizing that phospholipid, probably 
mediated by the phospholipid headgroups.60 

In these three examples, at least, lipid-protein in- 
teractions may be mediated by phospholipid head- 
groups, resulting in immobilization of those headgroups, 
analogous to the interaction of hydrocarbon chains of 
phospholipids with proteins in the boundary layer. 
Since the major differences between most phospholipids 
lie in the headgroup region, specificity of interactions 
of phospholipids with proteins will most likely arise 
from the interaction of the phospholipid headgroups 
with the protein, rather than from hydrophobic in- 
teractions with the hydrocarbon chains. Preferential 
interactions between certain phospholipids and 
membrane proteins might play a role in the lipid 
composition and asymmetry of natural membranes. 
They may also be important as effectors in activity of 
membrane enzymes. 

Thus we have progressed from phospholipids in the 
primeval sea to specific problems of modern membrane 
biochemistry, via the vehicle of physical chemistry. 
However, much of the structure and function of the cell 
membrane remains to be explored. 
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The concept of performing chemical reactions on solid 
phases in a heterogeneous medium was enunciated by 
Merrifieldl and by Letsinger.2 It was demonstrated 
that the classical idea that chemical reactions should 
be performed in a completely homogeneous medium 
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was not necessarily correct and that reactions can be 
accomplished even if one of the substrates was insoluble 
in the reaction media. The methodology of some or- 
ganic synthesis has been revolutionized by this idea in 
that the normal procedures associated with the workup 
of a chemical reaction are obviated and replaced by a 
simple filtration step.lI2 This general advantage of 
solid-phase synthesis has been particularly exploited in 
polypeptide ~ynthes is ,~  where a polypeptide is syn- 

(1) R. B. Merrifield, J. Am. Chem. SOC., 85, 2149 (1963). 
(2) R. L. Letsinger and M. J. Komet, J. Am. Chem. Soc., 85,3045 (1963). 
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thesized in a repetitive sequential manner on the solid 
phase and the final products are only liberated from the 
polymer in a final cleavage reaction. The simplicity of 
the methodology has led to an automated peptide 
~ynthesis .~ Repetitive-type solid-phase syntheses of 
polynucleotides5 and polysaccharides6 have met with 
only modest success, and indeed many problems as- 
sociated with solid-phase peptide synthesis have been 
r e ~ i e w e d . ~  

Another approach to using polymer supports in or- 
ganic synthesis was outlined by Fridkin, Patchornik, 
and Katchalski,s who showed that a polymer-bound 
reagent could be used in a heterogeneous reaction in 
such a way that excess reagents or by-products remain 
attached to the insoluble resin. These unwanted 
materials are then removed by filtration and the pure 
product is isolated from the filtrate. This general 
advantage has been widely exploitedg and reviewed.l&l2 
A multistep organic synthesis performed by this ap- 
proach requires a large arrayll of polymer-bound 
reagents which can be used in every step of the syn- 
thesis. This approach has been recently demonstrated 
in a two-step reaction using polymer-bound reagents13 
and using a random bifunctional polymer-bound cat- 
alyst. l4 

Many specific advantages of using insoluble resins as 
supports, reagents, or catalysts have been reviewed;11J5 
these include the simulation of high-dilution16J7 or 
pseudodilution18 conditions, the fishhook and con- 
centration p r i n ~ i p l e , l ~ > ~ ~  selective intrapolymeric re- 
actions,21 bulk and steric effects of the polymer 

(3) For a recent comprehensive review on solid-phase peptide synthesis, 
see: B. W. Erickson and R. B. Merrifield, Proteins, 3rd ed., 2 (1976). 
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where f ,  X ,  F, and Y are differeni functional groups 
and R is an alkyl chain or aromaiic ring 

backbone in asymmetric synthesis,22 the stabilization 
of reactive substances,23* and the elimination of volatile 
malodorous reagentsaZ5 

The interdisciplinary nature of possible applications 
of solid phases has led to a number of reviews dealing 
with biological aspects,26 the nature of the polymer 
itself,27 and most recently a critical evaluation of the 
question of site isolation (the high-dilution principle) 
in solid-phase reactionsaZ8 Crowley and Rapoport28 
have quite rightly emphasized that achieving the 
conditions of high dilution on an insoluble resin is not 
straightforward, and indeed intraresin reactions have 
been shown to quite ~ o m m o n . ~ ~ ~ ~  The impression may 
have been given,28 however, that solid-phase organic 
synthesis may remain a laboratory curiosity, a viewpoint 
certainly not held by those working in our laboratory. 
It is felt that an Account on the real achievements of 
solid-phase organic synthesis via the Merrifield 
approach1 is particularly relevant at  this time as con- 
siderable practical advances have occurred in the past 
2 years, especially in (1) the monoprotection of the most 
common types of symmetrical difunctional compounds; 
(2) the gram scale organic synthesis of natural products 
and general chemicals (outside the fields of repetitive 

(21) M. A. Kraus and A. Patchornik, J. Am. Chem. Sac., 93,7325 (1971). 
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synthesis of polypeptides, polynucleotides, and poly- 
saccharides); and (3) the use of bifunctional polymers 
in organic synthesis. 

Monoderivatives of Symmetrical 
Difunctional Compounds 

Solution methods of preparing monoprotected de- 
rivatives of symmetrical difunctional compounds give 
mixtures of diprotected, monoprotected, and unpro- 
tected products which, in many cases, are difficult to 
separate.32 A common procedure involves the use of 
a large excess of symmetrical difunctional compound 
to attacking reagent. This process substantially reduces 
the amount of diprotected product, but one is then 
faced with the problem of separating the desired 
product (a minor component) from the bulk of un- 
reacted symmetrical difunctional compound.33 This 
problem can be readily solved using polymer-bound 
blocking groups. The desired monoprotected product 
becomes bound to the insoluble polymer and is sepa- 
rated from the large excess of unreacted starting ma- 
terial by filtration. This specific advantage is another 
application of the "fishhook" p r i n ~ i p l e l ~ ~ ~ ~  in which a 
minor component (the monoblocked derivative) is 
fished out of the large excess of symmetrical substrate 
used (Scheme I) by the insoluble polymer. Many of 
the common symmetrical difunctional compounds have 
been monoblocked in this way. The nature of the 
polymer-bound blocking agent (1) [prepared from 2% 
divinylbenzene (DVB)-styrene copolymer] used, the 
symmetrical difunctional compound (2), the yield of 
monoprotected compound (6) and recovered 2, and the 
estimated amount of double-binding represented by 4 
are given in Table I. Thus symmetrical dialdehydesWx 
and diacid chlorides37 can be completely monoprotected 
by polymer-bound reagents, while symmetrical 
diols,24*38v39 dihydroxy aromatic compounds,40 and di- 
a m i n e ~ ~ ~  are not solely monoblocked, indicating that 
these symmetrical difunctional compounds may be 
doubly bound to the polymer as in 4. At the other 
extreme, symmetrical diacids appear to be completely 
doubly bound to the polymer when attached to the 
polymer through their mono salt^,^^ even when large 
excesses of symmetrical diacids are used. Thus an 
intraresin reaction can be an important complication 
in this application but can be circumvented in many 
cases by various techniques. A candid appraisal of the 
real usefulness of polymer-bound reagents as mono- 

(32) G. T. Morgan and E. Walton, J.  Chem. SOC., 902 (1936); M. D. 
Soffer, N. S. Straws, M. D. Trail, and K. W. Sherk, J. Am. Chem. SOC., 
69,1684 (1947); H. Wichelhaus, Chem. Ber., 12,1501 (1879); 0. Wallach 
and M. Wiisten, ibid., 16, 151 (1883); M. S. Newman and J. A. Cella, J. 
Og. Chem., 39,214 (1974); E. L. Jackson, ibid., 21,1374 (1956); A. Hewing 
and R. Eckard, Chem. Ber., 103, 534 (1970). 

(33) (a) A. A. B a n ,  J. Am. Chem. SOC., 94,6866 (1974); (b) M. Farnier, 
S. Soth, and P. Fournari, Can. J. Chem., 54,1074 (1976); (c) L. B. Hendry, 
S. H. Korneziowski, D. M. Hindenlang, Z. Kosarych, R. 0. Mumma, and 
J. Jugovich, J.  Chem. Ecol., 1, 317 (1975). 

(34) C. C. Leznoff and J. Y. Wong, Can. J.  Chem., 51, 3756 (1973). 
(35) C. C. Leznoff and S. Greenberg, Can. J. Chem., 54,3824 (1976). 
(36) C. C. Leznoff and W. Sywanyk, J. Org. Chem., 41, 3203 (1977). 
(37) C. C. Lenoff and J. M. Goldwasser, Tetrahedron Lett., 1875 (1977); 

J. Goldwasser and C. C. Leznoff, Can. J .  Chem., in press. 
(38) (a) C. C. Lenoff and T. M. Fyles, J. Chem. SOC., Chem. Commun., 

251 (1976); (b) C. C. Leznoff, T. M. Fyles and J. Weatherston, Can. J. 
Chem., 55, 1143 (1977). 
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55, 4135 (1977). 
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798 (1977). 
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protecting groups is in order. There are at least three 
criteria unique to polymer-bound monoblocking groups 
that must be fulfilled to provide useful monoprotection: 
(1) the extent of double binding must be low; (2) the 
capacity of the polymer should be high to ensure that 
useful quantities of product could be made with a 
minimum amount of polymer; and (3) the polymer- 
bound monoblocking group should be readily prepared 
from preformed commercially available polymers. 
These criteria are all met by the entries listed in Table 
I except for entry 1 in which the capacity of the polymer 
is too low and for entries 9 and 12 in which the double 
binding is too extensive. 

Surprisingly, symmetrical aliphatic dialdehydes could 
not be bound to polymer 1635 even though n-hept- 
aldehyde was readily bound. Similarly, symmetrical 
diketones could not be bound to 16 and related poly- 
mers under a variety of  condition^,^^ presumably due 
to the increased steric interactions of the bulky polymer 
with ketones. Alternate solid phase approaches to this 
problem are being pursued in this laboratory. Sym- 
metrical terminal diacetylenes have been monoblocked 
in our laborator3PZb using a polymer-bound silyl chloride 
[ @ -PhSi(CH3)zC1] but unfortunately could not be 
readily cleaved under the standard  condition^.^^ 
Multistep Organic Synthesis 

In a multistep organic synthesis performed on solid 
phases, the initial starting material should preferably 
be bifunctional so that one end of the substrate can be 
attached to the polymer and the other end be available 
for synthetic elaboration. In polypeptide, poly- 
nucleotide, and polysaccharide synthesis unsymmetrical 
bifunctional or polyfunctional substrates were used in 
the initial.attachment and in the synthetic elaboration. 
The selective monoprotection of inexpensive symme- 
trical difunctional compounds by solid phase allows the 
unprotected functional end to be available for synthetic 

(42) (a) T. M. Fyles, C. C. Leznoff, and J. Weatherston, Can. J. Chem., 
56, in press; (b) T. M. Fyles and C. C. Leznoff, unpublished results. 

(43) C. Eaborn, A. R. Thompson, and D. R. M. Walton, J.  Chem. SOC. 
C,  1364 (1967); H. M. Schmidt and J. F. Arens, Recl. Trau. Chin. Pays-Bas, 
86, 1138 (1967). 
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development. Thus, although 4-chloro-1-butanol can 
be readily made by ring opening of t e t r ahydr~fu ran ,~~  
9 - b r o m 0 - ~ ~ ~  or 9-iodo-l-nonan01~~ cannot be readily 
made by a similar route and is made from 1,9-no- 
nanediol in inefficient and expensive procedures. 
Inexpensive long-chain symmetrical diols are logical 
substrates for the synthesis of insect sex attractants of 
L e p i d ~ p t e r a ~ ~  and represent particularly good candi- 
dates to test the efficacy of solid-phase organic syn- 
thesis, since the very first step requires the mono- 
protection of symmetrical diols. Insect sex attractants 
have now been prepared on solid phases by at  least six 
different r ~ ~ t e ~ , ~ ~ , ~ ~ , ~ ~ ~ i ~ ~  four of which are outlined in 
Scheme 11. The Wittig route (7-10) gives 7 3  mixtures 
of cis/trans sex attractants 10. As some insect sex 
attractants@ consist of cis/ trans mixtures near this ratio 
(which can be moderately varied under different ex- 
perimental conditions), this synthesis represents a 
practical synthesis of these attractants, compares fa- 
vorably to solution methods,49 can be scaled up, and can 
possibly be automated. A “reverse” Wittig sequence 
(7-11-10) gave 10, having a high cis/trans ratio, 
equivalent to those Wittig reactions conducted in so- 
lution under “salt-free” conditions. Heitz50J’l had 
noticed that polymer-bound Wittig reagents upon 
filtration gave Wittig products of high stereoselectivity, 
but the conversion of 11-10 gave high cis/trans ratios 
whether the intermediate phosphonium salt was filtered 
or not.38b Perhaps the salt that is liberated does not 
remain in the pores of the polymer, and an effective 

(44) D. Starr and R. M. Hixon in “Organic Syntheses”, Collect. Vol. 

(45) R. Boigegrain, B. Castro and C. Selve, Tetrahedron Lett., 2529 
2, A. H. Blatt, Ed., Wiley, New York, NY, 1967, p 571. 

(1975). 
(46) D. A. Evans and C. E. Green, Chem. SOC. Reu., 2,75 (1973); C .  A. 

Henrick, Tetrahedron, 33, 1845 (1977); R. Rossi, Synthesis, 817 (1977). 
(47) T. M. Fyles, C. C. Leznoff, and J. Weatherston, J. Chem. Ecol., 

4, 109 (1978). 
(48) J. A. Klun, 0. L. Chapman, K. C. Mattes, P. W. Wojtkowski, M. 

Beroza, and P. E. Sonnet, Science, 181, 661 (1973). 
(49) H. J. Bestmann, W. Stransky, 0. Vostrowsky, and P. Range, Chem. 

Ber., 108, 3582 (1975). 
(50) W. Heitz and R. Michels, Justus Liebigs Ann. Chem., 227 (1973). 
(51) F. Camps, J. Castells, and F. Vela, An. Quim., 70, 374 (1974). 



Vol. 11, 1978 Insoluble Polymer Supports  in Synthesis 

Scheme I11 

33 1 

H H  

15 
c 

salt-free solution is created. Alternatively, the steric 
bulk of the polymer backbone has an effect on the 
cis/trans ratio. Thus, the solid-phase “reverse” Wittig 
sequence has two specific advantages over solution 
methods: (1) the monoprotection of the symmetrical 
diol in the first step and (2) a high stereoselectivity 
reaction, not to mention the general advantage of simple 
manipulations of solid-phase reactions which in this 
example allows one to separate the liberated tri- 
phenylphosphine oxide from the polymer by filtration 
or by extraction of the polymer in a Soxhlet extractor. 
The two-step alkyne coupling approach (7-1 1-12-15) 
represents a highly economical approach to pure cis sex 
attractants, and gram quantities have been routinely 
prepared in this manner39v52 for field-testing evalua- 
t i o n ~ . ~ ~  The borane reduction is particularly advan- 
tageous on solid phases as the boron-containing im- 
purities do not have to be oxidized to facilitate the 
isolation of the desired product,54 and it is believed that 
elimination of the oxidation step increases the yield of 
the reaction 13-14.39 Thus the alkyne coupling route 
has two specific advantages over solution-phase 
methods, namely, selective monoprotection of the diol 
and a facile reduction step. The specific and general 
advantages outlined above, the capability of preparing 
gram amounts of attractants on a laboratory scale, and 
the fact that the polymer can be recycled over 25 times 
without substantial d e g r a d a t i ~ n ~ ~  make solid-phase 
syntheses of insect sex attractants very attractive to the 
bench chemist. The major inefficiency in these reac- 
tions, namely, the amount of diol initially “doubly 
bound” to the resin, has most recently been resolved.42b 
In most cases double binding can be circumvented by 
using large excesses, even as a molten solvent, of the 
symmetrical difunctional compound.42b Alternatively, 
bifunctional resins and special resins containing 
functional groups at  cross-linking sites can eliminate 
double binding, but at  the cost of decreased capaci- 
ty.24,42a 

One of the first multistep organic syntheses on solid 
phases involved the use of a polymer-bound vicinal diol 
(16) and terephthalaldehyde (17) in the preparation of 
1,4-diformylstilbene (20), as shown in Scheme III.55 

(52) C. C. Leznoff and P. I. Svirskaya, unpublished results. 
(53) J. Weatherston, A. F. Hedlin, D. S. Ruth, L. M. MacDonald, C. 

C. Leznoff, and T. M. Fyles, Experientia, 33, 723 (1977). 
(54) H. C. Brown, E. F. Knights, and C. G. Scouten, J. Am. Chem. SOC., 

96,7765 (1974); G. Holm and D. F. OKeefe, Tetrahedron Lett., 673 (1973). 
(55) J. Y. Wong, C. Manning, and C. C. Leznoff, Angew. Chem., Int. 

Ed. Engl., 13, 666 (1974). 
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One particularly interesting aspect of this synthesis is 
the fact that a polymer (16) can be used to monoprotect 
a symmetrical dialdehyde (17) to give 18, the free al- 
dehyde end of which can be transformed to react with 
17 again to give 19. Obviously, this “repetitive 
monoreaction” procedure can be exploited to synthesize 
a series of oligomers from symmetrical intermediates 
that would be difficult to synthesize by solution 
methods, although it should be emphasized that yields 
are only modest and the possibility for intraresin re- 
action increases for every repetitive monoreaction. 
More recently, polymer-bound monoprotected tere- 
phthalaldehyde (18) was used in the synthesis of hel- 
icenes (18-21-23, Scheme 111),56 although the extent of 
polymer-bound photodimerization was not discussed, 
and the overall yields were not impressive. Polymer 16 
was used to monoprotect (E,E,E)-2,7-dimethyl-2,4,6- 
octatriene-1,8-dial (24) to give 25.36 Subsequent Wittig 
reactions gave apocarotenoids in high yield (Scheme 
111), but the capacity of polymer 16 for 21 was some- 
what low for large-scale synthesis (Table I, entry 2). 

An interesting example of an organometallic 
synthesis57 on solid phases is outlined in Scheme IV. 
The advantage of using solid phases in this scheme is 

(56) J. M. Vanest, M. Gorsane, V. Libert, J. Pecher, and R. H. Martin, 

(57) J. M. Burlitch and R. C. Winterton, J.  Am. Chem. SOC., 97,5605 
Chimia, 29, 343 (1975). 

(1975). 
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again the fishhook p r i n ~ i p l e , l ~ * ~ ~  as applied to the 
monoprotection of symmetrical difunctional compounds 
and repetitive mono reaction^,^^ as described above. I t  
is unfortunate that the authors did not treat 27 with 
a different dialkyltin dichloride so that the extent of 
double binding represented by 28 could be determined. 
Interestingly, acid cleavage of 28 or 29 would give the 
same product, 30. As stated by the authors 29 could 
also be doubly bound, which may account for the 
eventual low yield of 31. Since this synthesis does not 
fundamentally depend on site isolation, as suggested 
by the authors, but rather on the fishhook principle, the 
choice of a 20% DVB-styrene copolymer was not de- 
sirable in that diffusion of excess reagents into the 
polymer may be limited and may give double binding. 
The use of a 2% DVB-styrene copolymer and large 
excesses of reagents [ B U ~ S ~ C ~ ~ , H ~ O S ( C O ) ~ ]  in the 
formation of 25,27,29, and 31 should give better results. 
These and other improvements should increase the low 
capacities of 25 and 26 and increase the yield of purified 
30. 

A synthesis of the benzodiazepinone tranquilizers (35) 
is outlined in Scheme V.58 This synthesis depends on 
site isolation for a favorable cyclization step similar to 
that of Patchornik's synthesis of cyclic peptides,16 but 
is particularly favorable due to the unlikely probability 
of 33 entering into intermolecular dimerizations, es- 
pecially when attached to the polymer support as in 34. 

In alkaloid synthesis, solid phases have been used in 
an oxidative coupling reaction to form, for the first time 
in vitro, the lycoramine-like alkaloid skeleton, as shown 
in Scheme VI.59 The most striking aspect of this work 
is the rare ortho-ortho coupling (36-37) that appears 
to occur solely on solid phases. The yield of the cou- 
pling to give 37 and hence 38 is good (50-60%). The 

(58) F. Camps, J. Castells, and J. Pi, An. Quim., 70, 848 (1974). 
(59) J. W. Apsimon and D. M. Dixit, 59th Conference of the Chemical 

Institute of Canada, London, Ontario, June 1976; D. M. Dixit, Ph.D. Thesis, 
Carleton University, Ottawa, Ontario, 1976; D. M. Dixit, Diss. Abstr. B ,  
37, 6125 (1977). 
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reasons behind the unusual stereoselectivity are likely 
a favorable conformation induced by the polymer 
support, but whether the steric bulk of the polymer and 
unfavorable solvation of methoxyl groups force the 
methoxy groups away from the backbone, inducing 
ortheortho coupling, is strictly conjecture at this stage. 
Intraresin reactions do not appear to be important side 
reactions, and site isolation has been largely achieved 
in this case. 
Bifunctional Polymers in Organic Synthesis 

Soluble bifunctional polymers have been used to 
mimic enzymatic reactions,60 but the use of insoluble 
bifunctional resins in organic synthesis is just beginning 
to be exploited. Pittman and Smith14 have prepared 
resins (e.g., 39) containing two different catalysts so that 
a single polymer can effect two sequential reactions. 
Alternatively, a mixture of two different resins, each 
containing a single catalytic group, can perform the 

59 
same sequence. Patchornik's group13 has shown how 
mutually incompatible reagents (40 and 41) can be 
mixed together provided each is attached to a different 
resin, and this mixture can be used as polymer-bound 
reagents in a sequential scheme. Rebek's group61 has 
used a mixture of two different polymer-bound reagents 
in mechanistic studies as a means of evaluating the 
existence of discrete reactive intermediates. 

Ph 
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c 
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A bifunctional resin has the capability of imparting 
local order to an otherwise random polymer and has 

(60) T. Kunitake and Y. Okahata, J. Am. Chem. SOC., 98,7793 (1976). 
(61) J. Rebek and F. Gavina, J .  Am. Chem. SOC., 96, 7112 (1974); J. 

Rebek, D. Brown, and S. Zimmerman, ibid., 97,454 (1975); J. Rebek, and 
F. Gavina, ibid., 97,1591,3221,3453 (1975); J. Rebek, F. Gavina, and C. 
Navarro, Tetrahedron Lett., 3021 (1977). 
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been used to eliminate intraresin reactions, as shown 
in Scheme VII.42a Thus, a polymer (42) having adjacent 
or conformationally adjacent lithiated sites is quenched 
by a bifunctional compound (43) so that formerly 
adjacent sites become differentially functionalized, as 
in 44. The synthesis of 1,lO-decanediol monoacetate 
(46) from 45 proceeded in 100% yield, showing that 
intraresin reactions were negligible. Although insect sex 
attractants could be synthesized on both 45 and 45 
modified to bind 1,lO-decanediol to both functionalities, 
the capacities of the polymers were somewhat low and 
the presence of the carboxy functionality inhibited 
complete reactions at  every stage.42a The formation of 
these bifunctional resins, however, has given us insight 
into the microenvironment of the polymer by suggesting 
to us that about 40% of the lithiated sites of 42 exist 
a t  adjacent or conformationally adjacent sites and al- 
lows us to control the relative positions of functional 
groups on a polymer backbone. Thus, adjacent reactive 
sites can be selectively quenched; the extent of cross- 
linking can be controlled; and the functional group(s) 
can be positioned a t  a cross-link juncture as in 47, 
prepared from a dilute solution of methyl benzoate and 
42.24 

46 
L 
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The use of bifunctionalized resins in studying the 
microenvironment of the polymer62 and intraresin in- 
t e r a c t i o n ~ , ~ ~ - ~ ~  in performing asymmetric and macro- 
cyclic syntheses, and as models in mimicing enzymatic 
reactions should become more widespread. 
Conclusion 

In this Account I have emphasized the very real 
practical advances made in solid-phase organic syn- 
thesis. Insoluble polymer supports can monoprotect 
symmetrical difunctional compounds which can then 
be used in multistep organic synthesis to make gram 
quantities of organic substances, especially insect sex 
attractants. Macrocyclic formation of alkaloids, 
tranquilizers, and helicenes on solid phases have been 
achieved. Although intraresin reactions are common, 
methods of ameliorating this problem have been de- 
scribed. 

To paraphrase Merrifield on the applications of solid 
phases to organic synthesis, "A gold mine awaits dis- 
covery by organic  chemist^".^^ Many gold nuggets have 
now been mined. . .and some iron pyrites. 
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