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Abstract: A high-throughput technique for elucidating Hammett relationships on solid supports and its
application to the comparison of various commercially available solid supports is reported. Specifically, we
report the use of competition experiments to derive Hammett relationships for the displacement of a solid-
supported pentafluorophenyl (pfp) ester with four para-substituted anifirde©, p-Me, p-F, p-Cl) and aniline.

By taking advantage of the unique physical properties of the solid supports, we were able to conduct competition
experiments with seven different solid supports in a single reaction vessel. This enabled us to generate 35
Hammett plots from only 10 reaction vessels. These studies revealed the strong dependence of the Hammett
reaction constarg on both the solid support and solvent used in the ester displacement reaction. Interestingly,
the p values obtained for reactions conducted on poly(ethylene glycol)-grafted polystyrene (PS-PEG) resin
closely matched the corresponding solution-phagalues, a result which supports the supposition that molecules
attached to PS-PEG exhibit “solution-like” behavior. Moreover, changing the solvent from DMF 46I£H
greatly reduced the support-to-support variatiop,isuggesting that the degree of solvation or “swelling” of

the solid support greatly influences the chemical environment around the solid-support substrate.

Introduction properties of the polymép (for instance, swelling behavior in
various solvenf§ rather than the role that the support plays in
a chemical reaction. This is not to suggest that the extent to
which a solid support swells in a given solvent is unimportant,
but there are a number of interesting solid supports (i.e.,
macroreticula’ and pellicula#® solid supports) for which

In recent years, the synthesis of nonpeptidic organic molecules
on polymer-based solid suppdrihas attracted a great deal of
interest in the synthetic community, due mainly to the ease with
which large numbers of compounds can be synthesized and
purified in parallel. The throughput advantages offered by solid- N .
phase synthesis are offset by a number of disadvantages: (1)SWeIIIng is simply not a mear.nng_ful meas_uremer?t. .
Many solution-phase reactions have not been exemplified on We have had a long-standing interest in carrying out solid-
the solid phase, effectively limiting the synthetic options Phase syntheses on pellicular solid supports, such as cfowns,
available to the solid-phase chemist. (2) Every molecule In which afunctlonallzed_polymer_ls grafted to a chemically
synthesized on the solid phase bears an artifact (or “trace”) inert “base” polymer. F.’elllcul'ar solid supports offer a number
reflecting its point of attachment to the solid support. (3) The ©Of advantages over microreticular polymers (e.g., polystyrene
role of the solid support in the solid-phase reaction is not well '€sin beads), particularly in ease of handling, but their physical
understood, and this situation is further complicated by solvent Properties are difficult to measure, in part because they do not
effects which affect the physical properties of the solid support. exhibit the same swelling behavior as resin. This prompted us

Current research in the field of solid-phase synthesis has € investigate new methods for evaluating the reactivity of solid
largely addressed the first two items in the above list: many SUPPOrts, and we have found that the information gleaned from
solution-phase reactions have been effectively transferred to the? Hammett plot for a given solid-phase reaction can be utilized
solid phasé;® and numerous methods have been developed for {0 ddress this issue while providing the chemist with valuable
attaching molecules to the solid suppbttin contrast, studies ~ dquantitatve information about a reaction’s sensitivity to sub-
of the solid support itself have primarily focused on the physical Stituent effects?
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The Hammett equation (eq 1)is a powerful tool for Table 1. Chemical Descriptions for Solid Supports Utilized in
Competition Experiments

|Og(|(/k0) =op (1) NHFmoc
Base Polymer—(IBraft O O

measuring the sensitivity of the rate of a reactione electro_nlc HN\nA o 160 OMe
substituent effectsof). In the case of solid-phase synthesis, the 3
value of p is useful information because a given reaction will
generally be repeated with a series of functionally related __ @bbreviation — base polynfer  graff loading?
reactants bearing an electronically diverse set of substituents. MA/DMA crowns PE MA/DMA  7.6umol/crown
For example, in the synthesis of a combinatorial libtathe LLPS crowns PE PS 8&mol/crown
ideal reaction would have = 0, signifying that individual ELPIS crowns EIIEE ';S ZGM“O:ZCWW”
reactior_1 rates would be insensitive to the range of electronic P'?FaEnttl_?tl;gss PTFE Pg g%&nﬁgm
properties inherent to the monomer set. It has been demon- pg (esin PS None 0.53 mmollg
strated®thatp is influenced by various reaction conditions such  PS-PEG resin PS PEG 0.20 mmol/g

gs;em%erature andl S%!t\j/ek?t' lnhthe C"li.ze of solid-phase synthesis, MA/DMA = methacrylic acid/dimethyl acrylamide copolymer; PE
it has been postulatetthat the solid support serves as a = poly(ethylene); PS= poly(styrene); PTFE= poly(tetrafiuoroethyl-
cosolvent, and thus the chemical properties of the solid phaseene); PEG= 3000-4000 MW poly(ethylene glycol)? As reported by
may also affecp. the manufacturer.

The direct measurement of reaction rates on a solid support

is technically demandin$,and so we elected to measure relative Scheme 1

rates via competition experiments in which an equimolar mixture o © o 0
of two reagents is reacted with a solid-supported substrate. Solid- NH, 1 HO)%/)JJ\OH DIC, HOBt NHMO’ pfp
phase competition experiments have been utilized to measure Rink _ 4 DMF i Rink ¢
the relative reactivity of amino acids in amide bond formati®n, 2
; ; ; ; ; 1 2. pfp-TFA, pyridine, DMF
but the logical extension of this technique to determine Hammett
relationships has not be(_an reported. It has.been our experience ..o Competition Experiments:
that the use of a solid support expedites a competition
experiment when compared to a similar solution-phase experi- 1.2 p-substituted anilines o o
ment: the solid support simplifies the removal of large excesses ) 1:1 pyridine, DMF . NOR
of the reactants (necessary to maintain approximately constant 2. 95:5 TFA/H,0 2 4 H
concentrations through the course of the reaction) and facilitates 3aR=0Me 3d Ef gl
product purification. Moreover, multiple solid supports may be $pRzMe 3eR=
reacted in the same flask (vide infra) to eliminate “flask-to-
flask” variance, a major source of experimental error. Solution Phase Competition Experiments:
. . 1. 95:5 TFA/H,0
Results and Discussion 2 3a-e
L . . . . 2. 2 p-substituted anilines
Our initial investigations focused on amide bond formation 1:1 pyridine, DMF

via displacement of a solid-supported pentafluorophenyl (pfp)

ester by a series of anilines. A variety of Knorr-modified Rink  pjaced in individual MiniKans and combined with the macro-
Imker-equpeéF sqlld supports were used, as desprlbed in Table scopic supports. A general synthesis of the solid-supported pfp-
1. With the exception of PTFE tubésall of the solid supports  ester is outlined in Scheme 1. Adipic acid was coupled to Rink-
are commercially availabfé. The solid supports were selected  {nctionalized solid support under standard conditions. The
to test a range of support types (e.g., crowns and resin), polymeryegyiting acid was converted to the pfp-es@mwith pfp-
types, and loading levels. We kept the linker portion of the tifjuoroacetate in DME with pyridine as bad®.In each
polymers constant so that the solid supports would be chemically competition experiment, pfp-estérwas treated with a 0.5 M
identical from the linker amide outward. solution of two anilines in 1:1 pyridineDMF for 24 h. We

As previously mentioned, each synthetic step was carried out ygjlized five anilines for these experimentg-anisidine, p-
with all of the solid supports combined in a single reaction to|yidine, aniline, p-fluoroaniline, and p-chloroaniline. All
vessel. This is possible because crowns, tubes, and lanterns arossible combinations of these five anilines were used for a
all macroscopic supports that can be easily separated from ongotal of 10 competition experiments.The resulting binary
another. The microscopic PS and PS-PEG resin beads weréyixtures of aromatic amide3a—e were cleaved off the solid

(11) (@) Hammett, L. PJ. Am Chem Soc 1937, 59, 96. (b) Wells, P. suppor'Fs with 95:5 TFA/_bD. Prod_uct ratios and yielékwere
R. Linear Free Energy Relationshipscademic Press: New York, 1968.  determined byH NMR with 2,5-dimethylfuran (DMFu) as an

5 (12%(3) gg\;\"l’szfé'- Div% 1997 2, Z&ZA(P)E'I-Iam' K.Jsgngi-Cagcer internal standard for quantitatiA,and the identities of the
15;3% Des 199712, 145. (c) Thompson, L. A.; Eliman, J. &hem Rev. amides were confirmed by LC/MS analysis. Similar competition

(13) Jaffe, H. HChem Rev. 1953 53, 191. experiments were conducted in the solution phase. Treatment

(14) Czarnik, A. W.Biotechnol Bioeng (Comb Chem) 1998 61, 77. of 2 with 95:5 TFA/H,O provided the corresponding pfp-ester

(15) Yan, B.Acc Chem Res 1998 31, 621-630.

(16) (a) Ragnarsson, U.; Karlsson, S.; Sandbergddta ChemScand (20) (a) Linn, J. A.; Gerritz, S. W.; Handlon, A. L.; Hyman, C. E.; Heyer,
1971 25, 1487. (b) Ragnarsson, U.; Karlsson, S. M.; Sandberg, B. H. B.  D. Tetrahedron Lett1999 40, 2227. (b) Green, M.; Berman, Tetrahedron
Org. Chem 1974 39, 3837. Lett 199Q 31, 5851.

(17) Rink, H. Tetrahedron Lett1987 28, 3787. (21) The number of experiments required to conduct a “combinatorial”

(18) Zhao, C.; Shi, S.; Mir, D.; Hurst, D.; Li, R.; Xiao, X.-y.; Lillig, J.; Hammett experiment can be expressed by the equBlifNn— 1)/2, where
Czarnik, A. W.J. Comb Chem 1999 1, 91. N is the number of analogues to be studied.

(19) Specific information regarding the commercial sources and catalog  (22) In all cases, yields exceeded 85% (based on initial polymer loading).
numbers for the solid supports can be found in the Experimental Section.  (23) Gerritz, S. W.; Sefler, A. MJ. Comb Chem 200Q 2, 39.



Probing the Reactity of Solid Supports J. Am. Chem. Soc., Vol. 122, No. 27, 26389

Table 2. Product Ratios Obtained from PS Resin Following Two Sets of Ten Competition Experiments

aniline (X)  sigma ¢p) log(ratio) p-OMe/X log(ratio)p-Me/X log(ratio) H/X log(ratio)p-F/X log(ratio) p-Cl/x
p-OMe —0.27 0 0 —0.55 —0.52 -1.14 -1.14 —1.08 —1.14 —1.82 —1.82
p-Me -0.17 0.55 0.52 0 0 -052 -058 —-0.51 —0.50 —1.26 —-1.32
H 0.00 1.14 1.14 0.52 0.58 0 0 0.03 0.09 —0.70 -0.73
p-F 0.06 1.08 1.14 0.51 0.50 -0.03 —0.09 0 0 -0.77 —0.75
p-Cl 0.23 1.82 1.82 1.26 1.32 0.70 0.73 0.77 0.75 0 0
PS Resin Hammett Plot highlights the variability between the twovalues obtained for

each solid support, even though the difference between solid
supports is evident (cf. LLPS crowns and PS-PEG resin). It is
interesting to note that the “H” column contains the data which
would be provided by a “traditional” Hammett plot conducted
in duplicate. In the case of LLPS crowns, the averagalue

200
X
150
x
£ 1.00
N
0.0
5o -0.20 o 0.
|
" e
-1.50

o
B
H
% . y=-341x+081 for the “H” column is—3.52+ 0.11. Thisp value is in perfect
5o 10 020 opo X TOF agreement with thg value calculated using the “combinatorial”
& . R Hammett approach, but the error is four times larger. Since we
g . ye 341009 are using thespg values to compare a number of solid supports
:;:'%045 to one another, both the value fprand its associated error
. y=-3.40x- 0. . .
[+ 4 e 20Me =F £ Re=097 affect the quality of the comparison.
“s"' y= o102 Figure 2 graphically depicts the averagevalues obtained
igma =0

i ] i . for each solid support and in solution. In general, the data
Flgure_ 1. The “comblnator[al” Hammgtt plot for one set of competition  yamonstrate the dependencepddn the type of solid support.
experiments conducted with PS resin. With the excepti f PS-PEG resin all rts afforded
ption o esin all supports afforded a
significantly higher absolute value fprthan the corresponding
solution-phase reaction. The strong agreement between the PS-
PEG resin and solution-phagevalues supports the anecdotal
evidence that the poly(ethylene glycol) spacer in PS-PEG
imparts “solution-like” reactivity to the solid supp&f>©-26The
other solid supports appeared to group together, although it is
noteworthy that the value for HLPS crowns was significantly
lower than thep values obtained for PS resin, MA/DMA crowns,
and LLPS crowns. In general, we were surprised by the large

which, following removal of TFA in vacuo, was treated with
the aforementioned 10 mixtures of anilines in 1:1 pyridine
DMF. After 24 h, the solution was concentrated and the excess
anilines were removed by cation exchange chromatography.
For a given reaction, a “traditional” Hammett experiment will
compare a standard benzene derivative (typically the H-
substituted derivative) to every member of a series of substituted
benzene derivatives. In contrast, the “combinatorial” Hammett

experiments reported herein comprise 10 competition experi- Giff b he th based i th
ments (carried out in duplic&® in which all possible binary lferences inp between the three crown-based supports, in that

combinations of five anilines are compared. For example, Table € values appear to correlate more strongly with the grafting
2 lists the product ratios obtained from the two sets of density (cf. LLPS and MA/DMA: their loadings are very
competition experiments conducted with PS resin. The data from Similar, but their grafts are chemically very different) and less
one set of PS resin experiments were used to construct astrongly WI.'[h the chemical structurg of t.he graft (cf. LLPS and
Hammett plot, as shown in Figure 1. This Hammett plot and HLPS: the|r grafts are che_m|cally identical, but_HLPS has_ 3
the Hammett plot corresponding to the second set of PS resinthe 10ading of LLPS). It is not clear why a higher grafting
competition experiments provide a total of 10 linear free energy density would result in a lower absolute value @f Our
relationships, the slopes of which are used to calculate anSubsequent experiments explored the effect of the solvept on
averagep value and the standard error. In the case of PS resin, in solution and for three solid supports: MA/DMA crowns,
the average was—3.45+ 0.01. Similar plots were generated HLPS crowns, and PS-PEG resin.
for the six other solid supports present in each reaction vessel, As described in Figure 3, changing the solvent from DMF to
and an averagp value was obtained for each support. A total CH,Cl, had a significant effect op for both solid- and solution-
of 70 data points were generated from 10 solid-phase experi-phase reactions. It is interesting that the changevaried from
ments, enabling us to construct 35 Hammett relationships andsupport to support, with PS-PEG showing the smallest change
calculate seven averagevalues. In contrast, the 10 solution- and MA/DMA crowns showing the largest. As is the case with
phase experiments generated 10 data points and one ayerage reactions conducted in DMF, thevalues for PS-PEG and the
value?® solution phase in CkCl, are in close agreement. Overall, it
The p values obtained from each Hammett plot are sum- appears that C}Tl, attenuates the effect of the solid support
marized numerically in Table 3. It is in this context that the on p, minimizing the differences between solid- and solution-
value of the “combinatorial” Hammett plot becomes apparent. phasep values. The source of this “leveling effect” may be
Because each value is derived from the best fit for a straight  related to the increased swelling of PS-based supports in CH
line through five data points, a certain amount of experimental Cl, relative to DMF, thereby exposing a greater proportion of
error is inevitable. For example, the “H” column in Table 3 the solid support to solveRt.Whatever the cause, these results
(24) The solution-phase and PS lantern competition experiments were provide strong evidence that the interaction between a solvent

carried out only once, while the MA/DMA crown and LLPS crown

competition experiments were carried out in triplicate. (26) (a) Rappe, W. I€ombinatorial ChemistryWilson, S. R., Czarnik,
(25) It is worth noting that the solution-phase competition experiments A. W., Eds.; Wiley: New York, 1997; p 65. (b) Quarrell, R.; Claridge, T.

could be carried out in the same flask as the solid-phase experiments, butD. W.; Weaver, G. W.; Lowe, GMol. Diversity 1995 1, 223.

technical considerations (i.e., isolating the desired amide products from over  (27) Similar solvent effects have been observedHMNMR studies of

100 equiv of each substituted aniline) prompted us to conduct the solution- solid supports: (a) Kiefer, P. Al. Org. Chem 1996 61, 1558. (b) Selfer,

phase experiments separately. A. M.; Gerritz, S. W.J. Comh Chem 200Q 2, 127.
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Table 3. p Values Obtained from Hammett Plots for Seven Solid Supports and in Solution

resin p-OMe p-Me H p-F p-Cl avp standard errér
LLPS crown$ —-3.78 —-3.81 —-357 -3.46 —-340 -3.63 -3.54 c —-3.79 —-3.70 -3.52 0.03
MA/DMA crowns® —3.50 —-3.81 —-3.24 -3.66 -3.65 —-3.30 -3.52 -340 —-3.34 -394 -3.49 0.05
PS resin —-350 —-343 -345 -340 —-349 -341 -353 —-345 -—-346 —-341 -345 0.01
PTFE tubes -3.10 -344 -351 -341 -321 -361 -345 —-344 -319 -340 -3.38 0.05
PS lantern’ —3.34 -3.19 —3.70 —3.38 —-3.21 —3.36 0.09
HLPS crowns -3.11 -321 -345 -330 —-354 -348 -340 -324 -314 -321 -331 0.05
solution phast —-3.24 —2.80 -3.12 -3.31 —2.99 —3.09 0.09
PS-PEG resin -3.07 -284 -311 -331 -321 -300 -294 -308 -—-312 -299 -—3.09 0.03

a Standard erroe= o(NY?), whereo = standard deviation and = number of observationg.A third set of competition experiments were carried
out and included in the average (see Supporting Information for datmmmett plot not constructed due to missing défnly one set of

competition experiments were conducted.

Solid Support

LLPS i MA/DMA |PS Resin PTFE PS HLPS | Solution | PS-PEG
Crowns | Crowns J Tubes | Lantems | Crowns | Phase Resin !
[DAverage | -352 | -349 [ 345 338 [ 336 | 331 309 | 309 |

Figure 2. Averagep values obtained for seven solid supports and in
solution.
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- +- DwF -3.49 | EE N
—=—ncm -2.81 | 2.95 -2.80 272

Figure 3. The effect of solvent op.

Experimental Section

General. Reagents and solvents were obtained from commercial
suppliers and were used as received unless otherwise noted. Solid
supports were obtained from the following sources: LLPS crowns (no
longer commercially available); HLPS crowns (catalog No. SP-PS-I-
RAM), MA/DMA crowns (catalog No. SP-MD-I-RAM), and PS
lanterns (catalog No. SP-PS-D-RAM) were purchased from Chiron
Technologies, Pty. Ltd., Clayton, Victoria, Australia. PTFE tubes (no
longer commercially available) and MiniKans (catalog No. MK-1096)
were purchased from IRORI, La Jolla, CA. PS-PEG resin (catalog No.
01-64-0060) and PS resin (catalog-884—0038) were purchased from
Novabiochem, San Diego, CA. Concentration in vacuo refers to the
removal of volatile solvents under vacuum with a Savant centrifugal
concentrator. A “wash” of a polymer refers to rinsing the polymer with
DMF (3 x 10 mL), MeOH (3x 10 mL), and CHCI, (3 x 10 mL).*H
NMR spectra were obtained with Varian 300, 400, and 500 MHz
instruments using DMS@; as the solvent and with data reported
(multiplicity, number of hydrogens, coupling constants in hertz) relative
to tetramethylsilane (0.00 ppm). AC NMR were proton decoupled
and were obtained on a Varian spectrometer at 100.6 MHz with DMSO-
ds as the solvent with data reported relative to DMSO.

Pentafluorophenyl Esters (Method A).The FMOC protected Rink
amide solid support HLPS was treated with 2.5 mL of 20% piperidine
in DMF for 1 h. The solid support was washed and treated with 2.5
mL of DMF containing 0.4 M diisopropylcarbodiimide (DIC), 0.4 M
HOBt, and 0.44 M adipic acid for 16 h. After washing, the solid support
was dried in a vacuum oven at 3Q for 12 h. The solid support was
then treated with a solution in DMF of 0.5 M pentafluorophenyl
trifluoroacetate (pfp-TFA) and 0.5 M pyridine for 6 h. Washing yielded
solid-supported pfp esteéd. For characterization purposes, an HLPS

and a solid support is highly synergistic, and lead us to conclude crown was treated with 95:5 TFAH,O for 1 h. Concentration in vacuo
that these reaction variables should not be evaluated indepen-of the resulting solution yielded the corresponding pentafluorophenyl

dently?®

ester as a white powder in 94% vyield (based on initial HLPS crown

In conclusion, we have established a straightforward and |oading) by'H NMR with DMFu quantitationH NMR (300 MHz,
efficient method for the determination of Hammett relationships g,-MeOH) ¢ 1.79 (m, 4H), 2.30 (&) = 7.0, 2H), 2.79 (tJ = 7.0, 2H);

for reactions conducted on a solid support. This methodology HrMS calcd for GoH1NOsF:Na 334.0479, found 334.0486. All pfp-

can be used to quickly determipevalues for a given reaction

using a variety of solid supports and experimental conditions.

A key aspect of this work is the ability to mix multiple solid

supports in a single reaction vessel: it is theoretically possible
to repeat the competition experiments reported herein in which
50 different solid supports are present in each reaction flask,
and these 10 experiments would afford 500 data points. In

addition, an obvious extension to these efforts is the systematic ) : ' -
d concentrated in vacuo to give the ami8izas a white powder in 92%

variation of the electronic properties of the solid-supporte

esters on different solid supports were synthesized and characterized
in an analogous manner.

p-Anisidine Amide 3a. The solid-supported pfp-est2(synthesized
via Method A) on an HLPS crown was treated with a solution of 2.5
mL of 1:1 DMF—pyridine containing 0.5 Mp-anisidine and shaken
for 12 h. The solid support was washed then treated with 2 mL of 95:5
TFA—H0 for 1 h. The solid support was removed, and the solution

substrate, which in combination with the aforementioned Yield (based on initial HLPS crown loading) Byt NMR with DMFu
competition experiments would allow us to simultaneously quantitation. All subsequent amides were synthesized in an analogous
establish Hammett relationships for the solid-phase substrate™ 3g) Bing Yan's contribution to ref 2b (pp 447 and 448) also highlights

and solution-phase reagent.

the complex relationship between solid support and solvent.
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manner!H NMR (300 MHz,ds-DMSO) 6 1.44 (m, 4H), 2.05 (t) = HLPS Crowns in 1:1 DMF:Pyridine — Run 1

6.8 Hz, 2H), 2.25 (tJ) = 6.8 Hz, 2H), 3.70 (s, 3H), 6.69 (br s, 1H), _ Raio Ratioc Log Log

6.84 (d,J = 8.9 Hz, 2H), 7.23 (br s, 1H), 7.48 (d,= 8.9 Hz, 2H), el B R MR B o A BB

9.70 (s, 1H):C NMR (100 MHz,d;-DMS0) 6 25.5, 25.6, 35.6, 36.8, SN W N Shese oz e 08T 0%

55.8, 114.4, 121.2, 133.2, 155.6, 171.2, 174.8; HRMS calcd for 4 H Cl 118060 21687 544 018 074 -0.74

CiH1aN0sNa 273.1215, found 273.1212, 5 oMe F  47es 3355 126 008 1o 08
p-Toluidine Amide 3b. Obtained as a white powder in 96% yield ; OM'V;e ‘;‘ 4%95046 1;:24 439-2%4 ggf gg; gg;

(based on initial HLPS crown loading) biH NMR with DMFu 9 Me CI 20028 1407 2063 005 131 -1.31

guantitation®H NMR (300 MHz, d-DMSO) 6 1.49 (m, 4H), 2.05 (t, o FoC 5580 1039 537 019 073 073

J = 6.9 Hz, 2H), 2.23 (s, 3H), 2.26 (§ = 6.8 Hz, 2H), 6.69 (br s, Linsar Fre Enargy Reltionship

1H), 7.07 (d,J = 8.1 Hz, 2H), 7.23 (br s, 1H), 7.46 (d,= 8.3 Hz,

2H), 9.75 (s, 1H)43C NMR (100 MHz,ds-DMSO) 6 21.1, 25.5, 25.6, o

35.6, 36.9, 119.7, 129.7, 132.4, 137.5, 171.5, 174.8; HRMS calcd for g .

CiaHisN,0,Na 257.1266, found 257.1260. - ¥ - \

Aniline Amide 3c. Obtained as a white powder in 94% yield (based ; * ey
on initial HLPS crown loading) byH NMR with DMFu quantitatiortH ) Ao{ = : \v\m: \ | e stoerar
NMR (300 MHz,ds-DMS0) 6 1.50 (m, 4H), 2.04 (t) = 6.8 Hz, 2H), ? 5 \ e
2.29 (t,J = 6.8 Hz, 2H), 6.70 (br s, 1H), 7.01 @,= 7.3 Hz, 1H), 7.26 . \
(d,J = 7.9 Hz, 2H), 7.30 (br s, 1H), 7.58 (d,= 8.0 Hz, 2H), 9.85 (s, R
1H); *C NMR (100 MHz,ds-DMSO) 6 25.5, 25.6, 35.6, 36.8, 115.7, o o ey
115.9, 123.6, 129.3, 140.0, 171.8, 174.8; HRMS calcd feFHGN,0,-

Na 243.1109’ found 243.1106. LLPS Crowns in 1:1 DMF:Pyridine - Run 1 Ratio Ratio Log Log

p-F aniline Amide 3d. Obtained as a white powder in a 91% vyield Vial A B Aarea BArea % g A8 B
(based on initial HLPS crown loading) biH NMR with DMFu 2 H Me 1318 4199 031 319 050 050
quantitatiortH NMR (300 MHz, ds-DMSO) 6 1.47 (m, 4H), 2.05 (t, SO0 o e nY M n amSw
J = 6.9 Hz, 2H), 2.28 (tJ = 6.9 Hz, 2H), 6.70 (br s, 1H), 7.11 {, 5 OMe Me 1615 4869 344 029 054 -0.54
= 8.8 Hz, 2H), 7.23 (br s, 1H), 7.60 (dd= 8.9, 5.1 Hz, 2H), 9.91 (s,  OMe o a1 os toom oor  2s e
1H); 3C NMR (100 MHz,ds-DMSO) 6 25.5, 25.5, 35.6, 36.8, 115.7, g !\'\2: ('; fi:gg g:g‘s‘ 235.5157 8:53 ?g? ?g?
115.9, 121.3, 121.4, 136.4, 157.2, 159.6, 171.6, 174.8; HRMS calcd 10 F Cl 9096 1663 547 018 074 -074

for C12H15N202FNa 2611015, found 261.1015. LLPS-NMR
p-Cl Aniline Amide 3e. Obtained as a white powder in a 95% yield ST
(based on initial HLPS crown loading) biH NMR with DMFu
quantitationtH NMR (300 MHz, ds-DMSOQ) é 1.50 (m, 4H), 2.05 (t,
J=7.0 Hz, 2H), 2.29 (tJ = 6.9 Hz, 2H), 6.70 (br s, 1H), 7.23 (br s,
1H), 7.32 (dJ = 8.9 Hz, 2H), 7.61 (dJ = 8.6 Hz, 2H), 9.99 (s, 1H);
13C NMR (100 MHz,ds-DMSO0) 6 25.4, 25.5, 35.6, 36.9, 121.2, 127.1,

20000 4H WMo 40OMe XF XCI
15000

Log(A:B)
o
g

e
3% [ 020 opo  R=087

x
:
T
0
;

129.2,138.9, 171.9, 174.8; HRMS calcd forid:sN,0,CINa 277.0744, : : et
found 277.0733. o \ oy

General Procedure for the First Set of Solid-Phase Competition oom et
Experiments. To 10 scintillation vials was added an equimolar solution - yesTx 1ot
of two subsituted anilines, each at 0.5 M in 1:1 DM#yridine, o

sufficient to provide 20 equiv of the anilines relative to the amount of

. L . . PS-PEG Resin in 1:1 DMF:Pyridine — Run 1
solid-supported pfp-este2. The two anilines in each vial were as e yridine—un

Ratio Ratio Log Log

follows: (1) aniline andp-methoxyaniline, (2) aniline ang-methyla- vialk A B Aarea BArea A/B BIA AB  BIA
., o g o0 " g o 1 H OMe 159 1651 010 1038 -1.02 1.02
niline, (3) anlllne. gnq) fluoroaniline, .(.4) aniline angb chlorggnlllne, 2 H  Me 3357 11167 028 343 054 054
(5) p-methoxyaniline ang-methylaniline, (6)p-methoxyaniline and 3 H F 7541 9009 084 119 -008 0.08
f i h i do-chl i 4 H Cl 14504 3861 376 027 057 -0.57
p-fluoroaniline, (7) p-methoxyaniline andp-chloroaniline, (8) p- 5 OMe Me 7074 1978 358 028 055 -055
methylaniline andp-fluoroaniline, (9) p-methylaniline andp-fluoro- 6 OMe F 2164 237 9843 011 096 -09
- - o 7 OMe Cl 9426 279 3378 003 153 -153
aniline, and (10)p-fluoroaniline andp-chloroaniline. Equal amounts 8 Me F 4498 1664 270 037 043 -043
: : 9 Me Cl 9364 542 1728 006 124 -1.24
of the.solld-supportec.i pfp-est2rvere then added to each vial and the 106 F Ol 808 103 494 020 069 -069
resulting 10 suspensions were shaken for 24 h. Crowns, lanterns, and PSPEG Rusin -NMR
tubes were added as is while resins were first placed within IRORI T s Rt
Microkans. The solid supports were then washed and each support was . (e iomraa]
individually treated with 95:5 TFAH,O for 1 h. Concentration in
vacuo yielded a white solid containing a mixture of two amide products. .
The mixture was analyzed B4 NMR with DMFu internal standard . * o
at 5.0 mM concentration. In all cases, the combined yield of amide 5 \ . A4, RN
products exceeded 85%. Ratios of the two products were determined z semy~ " 7= 30 <06
by integration of the relevant peaks for each amide pro8aete. The oot T
ratios were tabulated and used to construct Hammett plots. Following - \ yeaameon
are the ratios determined for each competition experiment and the - 2aur-080

R=095

associated Hammett plot. sia
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PS Resin in 1:1 DMF:Pyridine — Run 1 PS Lanterns in 1:1 DMF:Pyridine — Run 1
Aarea B Area Ratio Ratio Log A/lB Log B/A Aarea BArea Ratio Ratio LogA/B LogBI/A
vial A B AB BIA vial A B A/B BIA
1 H OMe 078 1073 007 1376 -1.14 1.14 1 H OMe 812 14119 006 17.39  -1.24 1.24
2 H Me 788 2595 030 329 -0.52 0.52 2 H Me 3452 12714 027 3.68 -0.57 0.57
3 H F 44,49 4761 0.93 1.07 -0.03 0.03 3 H F 38.14 42.57 0.90 1.12 -0.05 0.05
4 H Cl 16181 3232 5.01 0.20 0.70 -0.70 4 H cl 24.88 438 568 0.18 0.75 -0.75
5 OMe Me 34860 9.75 3.55 0.28 0.55 -0.55 5 OMe Me 6.93 2.06 3.36 0.30 0.53 -0.53
6 OMe F 7279 611 1191 0.08 1.08 -1.08 6 OMe F 55621 4948 1124  0.09 1.05 -1.05
7 OMe CI 2717 041 66.27 0.02 1.82 -1.82 7 OMe ClI 90.15 1.59 56.70 0.02 1.75 -1.75
8 Me F 137.33 42.28 3.25 0.31 0.51 -0.51 8 Me F 24265 70.94 3.42 0.29 0.53 -0.53
9 Me Cl 1654 080 1838 005 1.26 -1.26 9 Me Cl 11590 816 1420 007 1.15 -1.15
10 F Cl 5016 858 585 0.17 077 0.77 10 F Cl 9206 1694 543 0.18 0.74 -0.74
PS Resin - NMR Lanterns - NMR

Linear Free Energy Relationship Linear Fres Enargy Relationship

*

2000

15000

¥+ WMo AOMe XF XC|

‘
.
&

05000

y=-3410+ 081

; . R*=0.87 g ¥=-321x+ 078
8 oo 20 018 o0 020 e ‘§ iy
Py -0.5000 . y= 345+ 005 5 0p0 0o
R'=007
\_ rOiNiey ey
~1.5000 y=-340x- 045 y=-270x+0.11
R'= 007 R=096
-2.0000 y=-319x-0.44
y=-3’43x—|02 Ri=097
R*=097
Sigma y=334x-1.01
Sigma RY=0.98
MA/DMA Crowns in 1:1 DMF:Pyridine — Run 1
viak A B Aarea B Area % %%2 Log A/B Log BIA General Procedure for the Solution Phase Competition Experi-
1 H OMe 116 1547 007 1334 113 113 ments. Ten vials were prepared, each containing 2 mL of a 0.5 M
2 H Me 016 036 044 225 035 035 . . . - . .
3 H F 1649 1673 0.99 1.01 0.01 0.01 solution of two substituted anilines. The two anilines in each vial were
4 H Cl 479 090 532 018 073  -0.73 . " o o
c  OMe Me 1647 541 360 0.28 056 056 as follows: (1) aniline ando-methoxyaniline, (2) aniline ang-
6 OMe F 566 040 1445 007 115 115 methylaniline, (3) aniline and-fluoroaniline, (4) aniline andp-
7 OMe Cl 7535 071 10613 001 203 -2.03 . o o
8 Me F 231 080 289 0.35 046  -0.46 chloroaniline, (5)p-methoxyaniline ang-methylaniline, (6)p-meth-
9 Me Cl 540 019 2842 004 145 145 . . . o
10 F  C 441 o082 501 020 070  -070 oxyaniline andp-fluoroaniline, (7)p-methoxyaniline ang-chloroaniline,
MAIDMA Growns - NWR (8) p-methylaniline andp-fluoroaniline, (9) p-methylaniline andp-
Linear Free Energy Relationship - - . X
fluoroaniline, and (10)p-fluoroaniline andp-chloroaniline. Ten mil-
X 2000 ligrams of pfp-ester (prepared as described in Method A) was then

15000

added to each vial and the vial was shaken for 24 h. Concentration in
vacuo yielded a mixture of two amide products contaminated with

excess anilines. The mixture was dissolved in DMF and passed over
Dowex 50-W acidic ion exchange resin. Concentration in vacuo yielded

s‘ “95 the amide mixture. The mixture was analyzed'lyNMR with DMFu

y=-3.93x+086
o Ri=0%8

Logta:B)

R*=093

15000 y=-3660-045 internal standard at 5.0 mM concentration. Ratios of the two products
2000 ) ' were determined by integration of the relative peaks. The ratios were
Sigme tabulated and used to construct Hammett plots. Following are the ratios

determined for each experiment and the associated Hammett plot.
PTFE Tubes in 1:1 DMF:Pyridine — Run 1

A area B Area Ratio Ratio Log A/B Log B/A

Vial A B AIB BIA Solution Phase in 1:1 DMF:Pyridine
1 H OMe 1575 161.41 0.10 1025  -1.01 1.01 Aarea BArea Ratio Ratio LogA/B Log BIA
2 H Me 7504 21127 0.36 2.82 -0.45 0.45 vial A B A/B BIA
3 H F 2430 2684 091 1.10 -0.04 0.04 1 H OMe 326 40.27 0.08 1235  -1.09 1.09
4 H Cl 14459 2630 550 0.18 0.74 -0.74 2 H Me 14626 536.64 027 3.67 -0.56 0.56
5 OMe Me 3537 9.03 3.92 0.26 0.59 -0.59 3 H F 5.60 7.05 0.79 1.26 -0.10 0.10
6 OMe F 937.62 66.94 14.01 0.07 1.15 -1.15 4 H Cl 22.60 6.13 3.69 0.27 0.57 -0.57
7 OMe CI 1361 031 4390 0.02 1.64 -1.64 5 OMe Me 1.31 0.39 3.36 0.30 0.53 -0.53
8 Me F 1055.93 309.02 3.42 0.28 0.53 -0.53 [ OMe F 37445 2795 13.40 0.07 1.13 -1.13
9 Me  CI 339820 173.75 19.56 0.05 1.29 -1.29 7 OMe Cl 23654 491 48.18 0.02 1.68 -1.68
10 F Cl 4377 888 493 0.20 0.69 -0.69 8 Me F 12.52 4.54 2.76 0.36 0.44 -0.44
PTFE Tubos - NMR 9 Me Cl 7.75 0.86 9.01 0.1 0.95 -0.95
Linear Free Energy Relationship 10 F Cl 70.78 15.21 4.65 0.21 0.67 -0.67
Solution in DMF - NMR.
Linear Froe Energy Relationship
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x : 5o

J.0000

= X b4 1.0000
x

H 05000
5

. y=-3.19x+078 b x 0.5000

Ri=0.89

- R .10

020 o
oo o2 o o
. y=3.45x+008
=09 N 05000
y=-321x+008
\\ T -1.0008

y=-351x-044
R'=098

Lag(a:8)

y=-200+ 088
ok R091

Logiam)

y=-331x+008

yx312x+014
Rl=098

y=-280x-037
Ri=094

y=-310x-087
sigma R*=097

y=-3.24x- 098
Sigma Ri=088



Probing the Reactity of Solid Supports J. Am. Chem. Soc., Vol. 122, No. 27, 26363

Acknowledgment. This paper is dedicated to Professor Paul ~ Supporting Information Available: Raw data (tables of
L. Gaus on the occasion of his 50th birthday. The authors thank product ratios and Hammett plots) for the second and third sets
Andrea Sefler, Ken Lewis, and Wendy White for providing of competition experiments conducted in 1:1 DMF/pyridine, and
analytical support. R.P.T. was supported by a Glaxo Wellcome poth sets of competition experiments conducted in 1: 3@

iummelrflnlferns#ip, ar(;d V(VBIJZ v\\//\?s”suppsrt_ed by aan’\.II.H.hpost- pyridine (PDF). This material is available free of charge via
octoral fellowship and a Glaxo Wellcoméniversity of Nort the Internet at http:/pubs.acs.org.

Carolina Collaborative Research Grant under the direction of
Professor Mike Crimmins. JA9943187



