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ABSTRACT: The solubility-enhancing power of covalent
attachment to solvent-swollen cross-linked resin supports
was illustrated by syntheses of the highly aggregating elastin-
derived 10-residue peptide sequence Pro-Gly-Val-Gly-Val-Pro-
Gly-Val-Gly-Val using standard protocols for both Boc and
Fmoc chemistry SPPS.

Solvation of a protected peptide chain is enhanced by its
covalent attachment to the solvent-swollen “solid” resin

support used in solid phase peptide synthesis (SPPS).1 This
physicochemical phenomenon is the most fundamental aspect
of SPPS and underlies its near-universal applicability. The
solvent-swollen peptide-resin behaves as a solid in macroscopic
terms and can thus be collected and washed by conventional
filtration, yet at the molecular level the branched inter-
penetrating polymer network that is the cross-linked resin is
highly solvated and the covalently attached protected peptide is
effectively in solution.2 Counterintuitively, it is the cross-linked
nature of the resin support that maximizes the solvation of the
covalently attached peptide chains. Phase separation is
minimized because of the cross-links, even relative to peptides
attached to soluble linear polymers: in SPPS the incipient
oligomeric state of aggregation-prone peptides is disfavored by
the unavoidable incorporation, because of the cross-links, of
resin polymer chains into nascent peptide aggregates. The
unfavorable energetics of mixing dissimilar less-polar resin
polymer chains with more-polar peptide chains disfavors the
aggregated state and thus enhances the free energy of solvation
of the growing peptide chains that are covalently attached to
the swollen resin matrix.1 For that reason, growing peptide
chains in SPPS are more highly solvated than the same peptide
chains in free solution and are more available for reaction.
This fundamental consequence of covalent attachment of the

protected peptide chain to the resin support is the key to the
broad utility of SPPS, but is under-appreciated and often
ignored. Here we report peptide syntheses that dramatically
illustrate this enhanced solvation effect in SPPS.
A recent paper in this journal described the solution

synthesis of what was described as a highly aggregating
elastin-derived 10-residue peptide sequence: Pro-Gly-Val-Gly-
Val-Pro-Gly-Val-Gly-Val.3 In that work, the use of high pressure
was needed to overcome the excessive/disabling viscosity of
solutions of the protected peptide intermediates in the
synthesis that resulted from their intermolecular aggregation
in organic solvents, and to thus facilitate the synthetic

reactions.3 We set out to explore the utility of standard SPPS
for the synthesis of this well-documented example of a highly
aggregation-prone peptide sequence. Syntheses were under-
taken using both Boc and Fmoc chemistry SPPS.
Manual Boc chemistry SPPS using “in situ neutralization”

protocols4 was carried out on a 0.2 mmol scale using 1.0 mmol/
g Val-OCH2phenylCH2CO-NHCH2-copoly(styrene −1%
DVB) resin.5 Standard HBTU-mediated single couplings were
performed for 12 min at room temperature. The final cleavage
using anhydrous HF gave a 61% isolated yield of high purity
crude product. Full details of the synthesis are given in the
Supporting Information.
Manual Fmoc chemistry SPPS was carried out on a 0.1 mmol

scale using 0.45 mmol/g Rink amide-linker ChemMatrix resin.6

Standard HBTU/HOBT mediated single couplings were
performed for 30 min at room temperature. The final cleavage
of the peptide resin by TFA/TIPS/water (95:2.5:2.5) and
subsequent precipitation with ice-cold diethyl ether gave a 62%
isolated yield of the crude product. Full details of the synthesis
are given in the Supporting Information.
LCMS analyses of the crude products from both Boc and

Fmoc chemistries SPPS of the elastion sequence Pro-Gly-Val-
Gly-Val-Pro-Gly-Val-Gly-Val are shown in Figure 1.
Synthesis of the elastin-derived peptide Pro-Gly-Val-Gly-Val-

Pro-Gly-Val-Gly-Val was straightforward by SPPS, using either
Boc chemistry or Fmoc chemistry standard protocols. Boc
chemistry SPPS was performed manually using “in situ
neutralization” protocols.4 In Fmoc chemistry SPPS, removal
of the Fmoc group at each stage of the synthesis was by
treatment with 20% v/v 4-methylpiperidine in DMF. Only
single couplings for standard times were used during the
synthesis for both Boc- and Fmoc-chemistry SPPS protocols.
Note that “capping”, typically carried out by treatment with a
high concentration of a powerful acylating agent such as acetic
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anhydride in an attempt to block unreacted peptide chains,7

was not used in either synthesis.
So-called “difficult sequences” in SPPS are aggregation-prone

protected peptide intermediates that cause slow reactions even
when the peptide is attached to the solvated resin support.2b,8

In Boc chemistry SPPS, this residual tendency to aggregate is
revealed as sequence-dependent slow/incomplete coupling
reactions. Difficulties arising from aggregation-prone peptide
sequences are exaggerated in Fmoc chemistry SPPS, where
both slow couplings and slow Nα-Fmoc deprotections are
frequently observed,9 because of the absence of the highly
solvating TFA treatments used at each amino acid in Boc
chemistry SPPS. The increased problems with aggregation-
prone sequences in Fmoc chemistry SPPS have necessitated the
use of dramatic measures, such as microwave heating that has
been introduced in recent years.10 Such measures are not
without their own shortcomings (e.g., increased racemiza-
tion10,11). Because of the foregoing considerations, we also
explored the use of Fmoc chemistry SPPS to make the target
elastin peptide sequence. That crude product is shown in
Figure 1B.
Both Boc and Fmoc chemistries using standard SPPS

protocols gave crude Pro-Gly-Val-Gly-Val-Pro-Gly-Val-Gly-Val
products of purity comparable to that reported for the solution
synthesis of the same sequence, facilitated by the use of high
pressure.3 Only very minor amounts of deletion peptide
byproducts were observed, despite the use of single couplings
for a standard time at room temperature. Our yields were also
comparable to that obtained for the synthesis in solution,
despite the small scale of these exploratory SPPS syntheses.
Relatively high loadings (i.e., millimole peptide per gram of
resin) were used, especially for the Boc chemistry SPPS where

∼500 mg of product were obtained per gram of S-DVB resin
used.
These results are a striking refutation of statements in the

reported solution synthesis of the elastin peptide Pro-Gly-Val-
Gly-Val-Pro-Gly-Val-Gly-Val. There it was said that “peptide
aggregation can occur even on solid phase resin”, and that
“intermolecular hydrophobic interactions are minimized in less
polar organic solvents compared with the polar organic solvents
(typically N,N-dimethylformamide or N-methylpyrrolidone) com-
monly used in solid phase peptide synthesis”.3 Our data would
suggest that such statements are overly broad. While it is true
that so-called “difficult sequences” observed in SPPS can arise
from (residual) intermolecular H-bonded interaction of
especially prone-to-aggregation peptide sequences,8 such was
clearly not the case for the current elastin peptide sequence
Pro-Gly-Val-Gly-Val-Pro-Gly-Val-Gly-Val during its assembly
by SPPS. Furthermore, the current work demonstrates that use
of the polar organic solvent DMF is compatible with efficient
synthesis of the elastin peptide, as would be expected for SPPS
of a proline-containing, even if hydrophobic, peptide
sequence.12

The results reported here for the SPPS of the elastin peptide
Pro-Gly-Val-Gly-Val-Pro-Gly-Val-Gly-Val dramatically illustrate
the solubility-enhancing power of covalent attachment to the
solvent-swollen “solid” resin support. It is the solubility-
enhancing aspect of SPPS that gives rise to its near-universal
applicability for the synthesis of peptides regardless of
sequence.13 This fundamental aspect of solid phase synthesis
that we have illustrated here is not widely appreciated, and has
yet to be taken advantage of in nonpeptide polymer-supported
organic synthesis. Facile synthetic transformations of normally
insoluble synthetic intermediates by covalent attachment to
appropriate swelling resin supports have applications beyond
peptide synthesis and would enable transformations that will
greatly expand organic synthesis reaction space.
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