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Solid-phase organic synthesis and solution-phase parallel synthesis assisted by polymer-supported reagents,
or scavenger resins, enable painstaking purifications to be avoided during synthesis. This concept was applied
to reaction monitoring through the development of resin-bound indicators for the efficient analy-

sis of various chemistries. Bromophenol blue was chosen as the indicator and attached to the resin after
derivatization. The resin was successfully used as a “sensor” for monitoring solid-phase peptide synthesis,
and applied for in situ reaction monitoring during the synthesis of a library of ureas in a highly successful
manner.

Combinatorial strategies often employ a variety of resin- 12
based technologies to improve synthetic efficiency. This
includes the use of solid-phase organic synthesis as well as
the application of polymer-supported reagents and quenching ;|
agents. One of the many advantages of using resin-bound
systems is that chemistry can be mediated without inflicting
painstaking purification procedures on the synthetic chemist,
something that is of crucial importance when arrays of ]
compounds are being generated. One issue that challenges , |
the synthetic chemist when using solid-phase chemistry is ]
that of reaction analysis, an issue that is complicated when o0
it becomes necessary to monitor multiple reactions in an T
array-type format. Several colorimetric methods have been Wavelength (nm)
developed to analyze reactions on a variety of solid supports,
the most widely used being the ninhydrin tésfirst Figure 1. UV/vis spectra of 1M bromophenol blue (purple line)
introduced by Kaiser in 1970 to enable the completion of &"d 104M bromophenol blue derivativé (blue line), both in the

. . . . . presence of 2@M piperidine in DMF.
peptide coupling reactions to be monitored, although requir-

ing the destruction of a small sample of resin for each assay Here we describe a new concept for solid-phase synthesis,
and extensive time. Numerous other tests based on thisthat of “self-indicating” resins in which resin-bound indica-
philosophy have since been introducebiyt the ninhydrin - tors act as integral sensors for the chemistry being carried
test remains the stalwart of the solid-phase peptide chemist.gyt, either directly on the sensor bead itself or as a probe
Other tests have been introduced that allow real-time for solution chemistry taking place around it, thus allowing
monitoring. This includes continuous flow peptide synthesis jrect in situ monitoring of the chemistry being undertaken.
and the monitoring of the release of the Fmoc protecting The dye bromophenol blue '(3",5,5'-tetrabromophenol-
group? the use of Dhbt-based active esters, and direct resingyfophthalein) was chosen as an indicator in consideration
monitoring? as well as the use of highly controlled amounts  f the conspicuous color change from yellow to dark blue
of bromophenol blue to monitor in situ peptide coupling.  and its high extinction coefficient, thus giving high sensitiv-
This method is especially attractive because of the highly ity To allow immobilization onto the resin without loss of
visible color changes that take place during the reaction conjugation, a carboxylic acid group was introduced onto
process, but does require a certain amount of experimentationyromophenol blue via a Suzuki cross-coupling reaction of
to ensure the correct amount of dye is added. bromophenol blue with 4-carboxyphenylboronic acid, al-

* To whom correspondence should be addressed. Phone: 44 23 8059|0Wing coupling to a number of solid suppoFtEmportantIy,
3598. Fax: 44 23 8059 6766. E-mail: mbl4@soton.ac.uk. the absorption spectra of compouhad¢ompared well with

lk’ﬂf;ixifg% socfi esn%lggift"dpm”- that of bromophenol bluglmax slightly increased from 603

' to 610 nm, whileemax decreased from 110 000 to 73 000

§ Pfizer Global Research & Development. )
O GlaxoSmithKline. (Figure 1).
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Scheme 1.Preparation of Resin-Bound Indicator
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Compoundl was initially attached to aminomethyl Nova- tions)!! Leu-enkephalinamide was prepared in 96% yield,
Gel resin using tetramethylfluoroformamidinium hexafluo- 98% purity. 65-74 of acyl carrier protein was prepared in
rophosphate (TFFH) as a coupling ag&hhe resin appeared  92% yield and 89% purity (Figure 23.
red in acidic solution and dark blue in basic solution, as  The self-indicating resin was used for the in-situ monitor-
anticipated (Scheme 1). ing of polymer-supported purification for parallel solution-

The self-indicating resin was used as an internal sensor.phase synthesis, useful, since parallel synthesis requires
Five percent of sites on the resin beads (0.74 mmol of simple and convenient tools to determine the completion of
NH./g) were loaded with dyd, and the resin was then each reaction in an array. In this regard, the resin-bound
divided into two. One portion was capped with acetic indicator avoids the need for laborious conventional chro-
anhydride (negative Ninhydrin test), and the other portion matographic analysis. The sensitivity of the resin-bound
was left uncapped. When treated with DMF, the color of indicator was investigated by looking at various concentra-
the capped resin did not change, but the resin with free aminotions of benzylamine in solution, and the resin-bound
groups turned blue as a result of intrabead interactions. Fmoc-ndicator (5%) could clearly detect concentrations of ben-
Leu-OH was coupled onto the self-indicating resin using zylamine down to 10&M. A library of ureas was prepared
DIPCDI/HOBt, and samples were taken for quantitative using six amines (0.25 mmol each) and four isocyanates
analysis. The resin remained blue until 98% of the sites had (0.2 mmol each) as building blocks. When the self-indicating
been coupled, whereupon it appeared green and then greenistesin was added to each well after urea formation, the
yellow (a quantitative ninhydrin test showed tha®9% of color of the resin immediately changed to blue as a result of
amino groups on the resin were acylated when the resin wasexcess amine. When methylisocyanate resin (100 mg each,
greenish yellow). With this preliminary test of success, the 1.6 mmol/g resin) was added as an amine scavenger, the
self-indicating resin was used as an in situ indicator for solid- color of the self-indicating resins gradually turned to yellow
phase peptide synthesis. Thus, 5% of the total amino groupsto give crude products with purities of 989% (Figure 3,
of aminomethyl NovaGel resin were coupledloand the Table 1).
remaining amino groups were coupled with the Fmoc-Rink  In summary, resin-bound indicators allow the detection

linker using DIPCDI/HOB. Leu-enkephalinamide {Hyr- of amines both in solution and on the solid phase. The resin-
Gly-Gly-Phe-Leu-NHy), and the more difficult sequence bound dye can be used as a self-indicator for in situ
(65—74 of acyl carrier protein, HVal-GIn-Ala-Ala-lle-Asp- monitoring of solid-phase peptide synthesis as well as array

Tyr-lle-Asn-Gly—NH,) were synthesized. Couplings were library synthesis. Since the newly developed self-indicating
mediated by DIPCDI/HOBt, and the completion of coupling resins are able to follow coupling reactions at the level of
was detected via a color change from blue to greenish yellow. individual beads (instead of checking reaction completion
No other monitoring method was employed or necessary globally), this resin should be helpful during mix-and-split

during the synthesis of the peptide. The coupling of certain synthesis in which every bead may contain a different peptide
residues was difficult, and in these cases, prolonged reactionsequence and therefore exhibit different reaction kinetics. It
times or double couplings were required for completion of also offers the possibility of monitoring the release of free

the color chang¥ (these coincided with previous observa- amines on the resin during chemical or biological screening.
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Figure 2. Solid-phase peptide synthesis on self-indicating resin.

Experimental Details and evaporated under reduced pressure to afford a reddish

Preparation of Compound 1. In a tube reactor were Cil- The product was isolated by column chromatography
placed bromophenol blue (200 mg, 0.3 mmol), 4-carbox- ON §|I|ca gel (chIoroform/methanol/acetlc acid5:1:0.06)
yphenylboronic acid (0.36 mmol, 1.2 equiv), potassium O givelin 30% yield?
phosphate (0.9 mmol, 3.0 equiv), tetrabutylammonium  Self-Indicating Resin (5% Indicator-Containing Fmoc-
bromide (1.0 mol %), and palladium(ll) acetate (2.0 mol %). Rink-Resin) for Solid-Phase Peptide Synthesi€ompound
The reactor was capped with a septum and gently spargedL (0.004 mmol, 0.05 equiv) and triethylamine (0.012 mmol,
with argon for 10 min. DMF (3 mL) was added through a 0.15 equiv) dissolved in DMF (2 mL) were added to the
septum, and the reaction mixture was stirred under argon ataminomethyl NovaGel resin (100 mg, 0.074 mmol, 1.0
110 °C for 18 h. The resulting mixture was treated with equiv) and premixed for 10 min. TFFH (0.006 mmol, 0.06
saturated KHSQ extracted with EtOAc, dried over MNaO,, equiv) dissolved in DMF (1 mL) was slowly added to the
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Figure 3. Color change of the self-indicating resin as the amine is scavenged by the methylisocyanate resin: (a) before scavenger resin

added, (b) as soon as scavenger resin is added, (c) after amines

Table 1. Summary of Urea Formation Library
X

NHR¢R{' + Ry—N=C=X

R{R;N” "NR,
entry R, R/ R, X vyield purity
1 CHs(CHy),CH,, H PhCH O 100 97
2 CHCH(CH;)CH,CH,, H PhCH O 100 98
3 PhCH,H PhCH O 86 99
4 4-CHOPhCH, H PhCH O 99 99
5 4-CRPhCH, H PhCH O 76 97
6 CHx(CH,)3CH, PhCH O 100 99
7 CHs(CHy),CHy, H 4-CH,OPhCH O 94 98
8 CHCH(CH;)CH,CH,, H 4-CHOPhCH O 100 97
9 PhCH,H 4-CH;OPhCH O 97 99
10 4-CHOPHhCH, H 4-CH,OPhCH O 32 94
11 4-CRPhCH, H 4-CH,OPhCH O 60 95
12 CHy(CH,)sCH; 4-CH;OPhCH O 100 98
13 CH(CH,),CH,, H 2-CIPhCH O 100 96
14 CHCH(CHs)CH,CH,, H 2-CIPhCH O 100 95
15 PhCH,H 2-CIPhCH O 46 93
16 4-CHOPhCH, H 2-CIPhCH O 73 96
17 4-CRPhCH, H 2-CIPhCH O 94 98
18 CHy(CH,)sCH; 2-CIPhCH O 100 97
19 CH(CH,),CH,, H PhCH S 100 98
20 CHCH(CHs)CH,CH,, H PhCH S 100 97
21 PhCH,H PhCH S 86 93
22 4-CHOPhCH, H PhCH S 100 95
23 4-CRPhCH, H PhCH S 81 97
24 CHy(CH,)sCH; PhCH S 100 99

suspension, and the reaction mixture was stirred for 4 h. The
resins were washed with 25% TFA in DCM and 5% TEA
in DCM in turns until no blue color bleached out. The
remaining amino groups were coupled with Fmoc-Rink-OH
(0.22 mmol, 3.0 equiv) using DIPCDI (0.22 mmol, 3.0 equiv)
and HOBt (0.22 mmol, 3.0 equiv) in DMF (3 mL).
Solid-Phase Peptide Synthesis on Self-Indicating Resin.
5% indicator-containing Fmoc-Rink-resin (100 mg, 0.04
mmol) was treated with 20% piperidine in DMF (3 mL each,
3+ 17 min). For each cycle, preactivated Fmoc-amino acids
(0.12 mmol, 3.0 equiv) with DIPCDI (0.12 mmol, 3.0 equiv)
and HOBt (0.12 mmol, 3.0 equiv) in DMF (3 mL) were
added and shaken until the blue color of the resin disap-
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in solution were completely scavenged.

combined filtrates were evaporated (nitrogen bubbling),
dissolved in water, and lyophilized. The cleaved yields were
96% for leucine-enkephalinamide and 98% for—G3 of
acyl carrier protein on the basis of Fmoc quantification after
coupling of Fmoc-Rink-OH. Leucine-enkephalinamide has
a calculated mass of 554.3. ESI-M87z, positive [M+ H]*,
555.2. 65-74 of acyl carrier protein has a calculated mass
of 1061.6. ESI-MSm/z, positive [M + H]*, 1062.2.

Self-Indicating Resin for Urea Library. Compundl
(0.05 mmol, 0.1 equiv) and triethylamine (0.15 mmol, 0.3
equiv) dissolved in DMF (5 mL) were added to the
aminomethylated polystyrene resin (500 mg, 0.50 mmol, 1.0
equiv,~0.4 to 0.5 mm diameter) and premixed for 10 min.
TFFH (0.06, 0.12 equiv) dissolved in DMF (1 mL) was
slowly added to the suspended solution, and the reaction
mixture was stirred for 4 h. The resins were washed with
25% TFA in DCM and 5% TEA in DCM by turns until no
blue color bleached out. The remaining amino groups of the
resulting resin were completely acetylated with acetic
anhydride (5.0 mmol, 10 equiv) and triethylamine (5.0 mmol,
10 equiv) in DCM (5 mL).

Urea Library. In each column (4 wells) of a 24-well
microplate (6x 4 wells) were placed six amines (0.25 mmol,
1.25 equiv) in dry DCM (3 mL). Three isocyanates and one
isothiocyanate (0.2 mmol, 1.0 equiv) were added to each
row (6 wells), and the microplate was shaken for 2 h. Self-
indicating resin £10 to 20 beads) were added to each well.
The moment the self-indicating resin was added, it im-
mediately changed to blue. To remove excess amine,
methylisocyanate resin (100 mg, 0.15 mmol) was added, and
the microplate was shaken until the blue color of the self-
indicating resin in every well disappeared. The resin was
filtered and washed with DCM. The combined filtrates were
evaporated under reduced pressure to give 24 ureas as white
solids or oils.
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tamine were protected as their trityl derivatives. All washings
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Cleavages of peptides from the resins were achieved with
90% TFA in DCM (3 mL) for 3 h, and the cleaved resins
were washed with additional 90% TFA in DCM. The
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