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Articles

Characterization of Spatially Addressable Libraries: Stereoisomer
Analysis of Tetrahydro-f#-carbolines as an Example

Cesar C. Cheng and Yen-Ho Chu*
Department of Chemistry, The Ohio State L#sity, Columbus, Ohio 43210

Receied October 13, 1998

Combinatorial chemistry approaches have facilitated the process of lead discovery and optimization for
new drugs, catalysts, and materials. A successful combinatorial program typically includes high throughput
library synthesis, characterization, and screening. One of many challenges in this program is to develop
high throughput characterization methods to address issues concerning reaction stereoselectivity and
racemization during the library synthesis. Using the core structure of tetraffycdsoline as an example,

we demonstrate the usefulness of capillary electrophoresis in enantiomeric separation of stereoisomers
generated by parallel synthesis and rapid quantitative measurement of the isomer ratios, in addition to assessing
possible racemization during reactions for its overall potential in library characterization.

Combinatorial chemistry approaches have facilitated the Pictet-Spengler reaction (Scheme 1), substituted tetrahydro-
process of lead discovery and optimization for new drugs, -carbolines can be directly prepared from tryptophan
catalysts, and materialsA successful combinatorial program  reaction with various aldehydes and ketohd@e reaction
often includes high throughput library synthesis, character- requires acid catalysts (e.g. trifluoroacetic acid) and typically
ization, and screening. In terms of library synthesis, the use produces mixtures of stereocisomers in moderate to excellent
of either parallel or split synthesis can generate large numbersyields$ Therefore, an efficient analytical method is needed
of small organic compoundsFor library characterization,  to monitor the reaction stereoselectivity and quantitative
HPLC and mass spectrometry are currently the methods ofmeasurement of the relative amounts of the stereoisomers
choice to address the purity and chemical integrity of the formed under various reaction conditions. Methods frequently
compounds from libraries synthesized in, for example, 96- employed for sterecisomer separations include HPTOC,°?
microtiter racks® In high throughput screening, cell-based GC 19 and more recently, CE. CE is a high resolution
activity assays or biochemical assays (e.g. scintillation separation technique that measures the electrophoretic mobil-
proximity assay and fluorescence polarization) have increasedty of a charged species in the presence of an electric field
the speed of the lead discovery procéskhe challenge  gradient The CE separation is typically carried out in a
remains for developing high throughput characterization f,ged silica capillary with a small inner diameter (2000
methods to address many important issues, including reactior]um) that allows efficient dissipation of the joule heat
stereoselectivity and possible racemization involved during generated during the electrophoresis, thus permitting the use
the library synthesis. Using the core structure of tetrahydro- ¢ high voltages (30 kV) to result in fast separation with
p-carboline as an exampland capillary electrophoresis (CE) g resolutiorf. Compared with HPLC in chiral separation,
as the characterization methbeye report here our initial g ffers the advantages of low cost (e.g. the chiral selector
efforts in the analysis of stere_0|somers present in libraries is used as an additive and does not require immobilization
generated by parallel synthesis. as compared to chiral stationary phase in HPLC), high

Tetrahydroﬁ -ca_rbolin_e Is & usefu! building_ block in t_he efficiency (~10° theoretical plates), rapid method develop-
synthesis of various indole and isoquinoline alkaldids. ment and optimization, and easy application to chiral

Natural and synthetic products having the carboline Strucwreseparation studies. In this article, CE was applied in the

gratfnne;)g;b;ltjrlnni]tpr):rrr;[i?tirr?gdelﬁgil Fc)lrc>0t[r)er:lc?sst'atli:r?sr ﬁ;\?:&i’n enantiomeric separation of tetrahyg#ezarboline stereoiso-
y g yclotryp mers and rapid quantitative measurement of the isomer ratios,

reported as mammalian cell cycle inhibitdr&Jsing the . . . N X .
in addition to assessing racemization during reactions.
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Scheme 1.Pictet-Spengler Reaction between Tryptophans  S-cyclodextrin (see the inset in Figure 2). Again, comparison

and Aldehydes or Ketongs and integration of the peaks can readily yield the ratio of
£ORs 3 §ORs cis and trans isomers for each of the dipeptide analogues.
LMy )o,\ { 1NEH Results_ of Figures l ang 2 clearly demonstrated that CE is
N Ri™ R N R well suited for rapid diastereomer analysisMoreover,
H H because of the stereoisomer separation evident for com-
Tryptophan Rv Rz R Tryptophan Ry R,  FRs pounds5—10 (Figures 1, 2), this MEKC can be directly
1 sform  CHy  CHy  OH 6 Aform  Cefls H  OH applied for assessing racemization during library synthesis.
2 R-form CH; CH; OH 7 S-form CH;  CoHs (S)-tyrosine ) . .
3 stom G M OH 8  Storm  CHy GpHy (Miyrosine The Pictet-Spengler reaction has recently been exploited
4 Rfom  CHr H  OH 9  Aiom  CHy GoHs (S-tyrosine for library generation of tetrahydrB-carbolines on solid
5 Sfom Cets H  OH 10 Adorm  CH; GoHs (R)-tyrosine supportt* In high throughput synthesis of tetrahydge-
aNote Ror S Ror S R or §-compound correspond to C1, C3, and  Carbolines, obtaining an optimized reaction condition for
tyrosine stereochemistries, respectively. every library compound may not be straightforward due to
hydes, and ketones, respectively. The aldehydes and ketonete wide range of chemical reactivity of the aldehydes and
were individually coupled with tryptophan of bofhand S ketones. The generalized reaction condition is difficult to

forms to generate tetrahydybearboline enantiomers in the ~ obtain for those aldehydes and, in particular, aryl ketones
case of acetone and diastereomeric mixtures in the case of€.9. acetophenone, benzophenone) that react sluggishly at
the aldehydes. Cyclodextrin, a widely used chiral selector ambient temperature. Although the PietSpengler reaction
for small organic (mostly aromatic) compounds, was em- can be accelerated at elevated temperatures, racemization
ployed as additive in the electrophoresis buffer to resolve under these heated conditions have been repérté@oth
the tetrahydrgs-carboline compounds using micellar elec- *H and*3C NMR are currently utilized for stereochemical
trokinetic chromatography (MEKGY. MEKC is a useful assignments of the diastereomem@nd without the aid of
application of CE where the mobile “chromatographic” phase chiral shift reagents, they yield no information about the
consists of a micelle and chiral selector such as cyclodextrin presence or absence of enantiomers as a result of reaction
in the electrophoresis buffer. The chiral separation is achievedracemization. CE can be readily employed to monitor
due to differential partitioning of enantiomers between the racemization, if any, during reactions and is likely to facilitate
micelle and the chiral selector (because of different binding the rapid optimization of experimental conditions for library
affinities of the enantiomers to the chiral selector), resulting synthesis (Figures 1 and 2). Figure 3 shows that the reaction
in differential migrationt! Using MEKC, y-cyclodextrin in of (§-tryptophan with benzaldehyde at refluxing temperature
a tris—glycine buffer containing SDS readily furnished the resulted in 30% racemization with the reaction completed
separation of compounds-6 (Figure 1). Peak assignments in 3 h (only 50% completion observed at ambient temper-
in the separation were achieved by injecting mixtures of ature) (see Experimental Section for details). Our preliminary
isomers at various concentrations. Also, the stereochemistrystudies of the tetrahydr8-carboline library indicated that
of diastereomericis- andtrans-1,3-disubstituted tetrahydro-  racemization may occur before the completion of the Pictet
B-carbolines was determined BYC NMR following the Spengler reaction at elevated temperatures. Additional ra-
method developed by Cook and co-work&$he chemical cemization study and further improvement in reaction
signals corresponding to the carbon atoms 1 and 3 in thestereoselectivities of the tetrahydfeearbolines and other
trans isomers are shifted upfield relative to the cis isomers, small organic compounds are in progress and will be reported
presumably due, in part, to the unfavorable 1,3-diaxial in due course.
interactions present in the trans isomers but which are absent |y symmary, we have demonstrated the usefulness of CE
in the cis isomers? Integration of the peaks in electrophero- i characterizing the stereoisomers of substituted tetrahydro-
grams can readily afford the ratio of cis and trans diastere- B-carbolines, determining isomer ratios, and assessing pos-
omers for each compound synthesized at ambient temperaturgjpje reaction racemization during library synthesis. CE
(e.9. 77:23 fok). Under the conditions of the electrophoresis - shoyid be applicable, at least in principle, to the sterecisomer
run, enantiomersRR)-6 and §9-5, (R9-5 and SR)-6, characterization of other libraries of small organic molecules
(RS)-3 and SR)-4 were separated (Figure 1). _ such as pyrrolidines, prolineg:-lactams, hydantoins, and
To further demonstrate the potential of CE in stereoisomer jsoxa7olined? With CE as a useful tool for library charac-
analysis, tetrahydrg-carboline dipeptide analogues contain- tarization, the development of a stereospecific route to
ing three chiral centers (compounids10) were synthesized.  gjecular diversity would therefore increase the integrity of

Tryptophan and tyrosine amino acids of bétlandSforms material available for study and offer greater potency of
were coupled, each followed by the Piet&pengler reaction compounds in drug developméXt.

with butanone to generate four diastereomeric mixtures (
10). Tyrosine was chosen for its aromatic ring feature and
butanone for its clean reaction and facile workup. Figure 2
shows that, using-cyclodextrin in MEKC, all eight (2= (R)- and ©-Tryptophan, R)- and §)-tyrosine, and bu-

8) stereoisomers of the carboline dipeptide analogides ( tyraldehyde were obtained from either Sigma or Aldrich
10) were successfully separated. Each pair of enantiomersChemical Co. and were used as received. Commercially
were resolved within 30 min, with baseline separation for available solvents including acetone, DMF, dichloromethane,
compounds8 and9 utilizing an increased concentration of methyl alcohol, toluene, and diethyl ether were of HPLC

Experimental Section
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Figure 1. Stereoisomer separation of substituted tetrahydecarbolinesl—6 using capillary electrophoresis in the presencg-ofclodextrin.
Integration of the peaks can readily yield the ratio of cis and trans isomers for each of the compounds. Buffer used: 214 mM glycine, 25
mM tris base, 100 mM sodium dodecyl sulfate, 50 myMyclodextrin (pH 8.64); capillary: uncoated fused silica, 97 cm total length, 90

cm effective length, 5@m inner diameter; CE condition: 30 kV, 26 mamp, 280 nm,°€5

8 f';i A g A 9
(ssA) || o (ASA (sp,
LI
, o coH . J L
(o)

-k N T T T T 1
NH " 235 245 255
@E@"Et OH Mt co H coH
N Me N Me 2
™
(RAA0 (SRAV10 - C} ?;}
/ @Q NH COQH
\\—NH Q
\ . (R,R,S)-9 / (RSH“’@[Q ¢

coH s Q coH
0 NZ‘Q \ N N Q )b / (S,R,S5)-9
Me
: 4 M on_) N \
Et 7 DyO) \ \
]
(5,5,5)-7 \ L
{ I I [ I I I
22 23 24 25 26 27 28

Migration Time (min)

Figure 2. Stereoisomer separation of substituted tetrahydoarboline dipeptide analogu@s-10. All eight possible stereocisomers were
separated using-cyclodextrin. Buffer used: 192 mM glycine, 25 mM tris base, 100 mM sodium dodecyl sulfate, 8.8-oylodextrin
(pH 8.56); capillary: uncoated fused silica, 97 cm total length, 90 cm effective lengtlanS@ner diameter; CE condition: 30 kV, 26
mamp, 280 nm, 28C. Inset: Baseline separation of enantiom@i@nd9 under increased concentration (26.4 mM)gefyclodextrin.

grade and were obtained from Tedia Co. Butanone wasdextrins used in this work were gifts from the American
obtained from MCB Reagents and trifluoroacetic acid from Maize-Products Co.

Oakwood Products, Inc. Sodium phosphattluenesulfonic Melting points were determined on a Mel-Temp II and
acid, sodium chloride, magnesium sulfate, benzaldehyde, andare uncorrected. NMR spectra were recorded on a Bruker
triethylamine were from J. T. Baker. Benzyl alcohol was AC200 at 200 MHz {H) and 50.3 MHz {3C) unless
purchased from Mallinckrodt. Sodium dodecyl sulfate was otherwise stated. Chemical shifts were measured in ppm on
obtained from Bio-Rad Laboratories. Bqgth and y-cyclo- the 6 scale downfield from tetramethylsilane as an internal
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(A) (5,5)-5 111.42, 118.10, 119.13, 121.86, 125.47, 134.86, 136.34,
’ (R,S)-5 170.17; EI-HRMS: [M+ H]* calcd= 244.1212, found=
244.1231.

(R)-Tryptophan and Acetone (2): white solid (1.22 g,
99.8% yield), mp 212216°C; *H NMR (200 MHz, DMSO-
ds) 0 1.70 (s, 6H), [1.81 (s, 6H)], 3.00 (dd,= 11.8, 15.9

(B) (5,95 Hz, 1H), 3.32 (dd,J = 5.0, 15.9 Hz, 1H), 4.64 (dd, = 4.8,
(R,S)5 11.5 Hz, 1H), 6.99-7.17 (m, 4H), 7.36 (dJ = 7.9 Hz, 1H),
JL 7.50 (d,J = 7.5 Hz, 1H), 11.37 (s, 1H}**C NMR (62.9

MHz, DMSO-Us) 6 22.70, 25.39, 25.67, 51.88, 56.66, 103.54,

111.70, 118.49, 119.36, 122.13, 125.80, 135.27, 136.61,
' ‘ ' ' ' 170.68; EI-HRMS: [M+ H]* calcd= 244.1212, found=
244.1225.

Migration Time (min) (S)-Tryptophan and Butyraldehyde (3): yellow solid
Figure 3. Racemization study of the PicteBpengler reaction of ~ (0-88 g, 68.3% yield; 50:50 diastereomeric mixture), mp-98
(9-tryptophan with benzaldehyde. The reactions were carried out 102 °C; *H NMR (250 MHz, DMSO#s) 6 0.96 (t,J = 7.3
in dioxane at refluxing temperature (A) and room temperature (B) Hz, 3H), [0.99 (t,J = 7.2 Hz, 3H)], 1.5%1.63 (m, 2H),

for 3 h. Although completed at 3 h, the heated reaction gave 1 gg 2 10 (m, 2H), [2.17-2.25 (m, 2H)], 2.96-3.18 (m,

racemized products, whereas the room temperature reaction in 3 _
was incomplete (50% conversion) with produ@&s)-5 and R 9-5 th)’ 3.25-3.35 (m, 1H), 4.41 (dd) = 4.8, 12.0 Hz, 1H),

essentially racemization-free. Only Pict&pengler products are 4.61-4.73 (m, 1H), 7.06-7.16 (m, 2H), 7.38 (dJ = 8.0
shown in the figure (migration time of tryptophan, 18.1 min). Hz, 1H), 7.50 (dJ = 7.7 Hz, 1H), 11.15 (s, 1H), [11.19 (s,

1H)]; ¥C NMR (50.3 MHz, DMSOes) 6 13.92, 18.06,

standard. Where appropriatéd NMR spectral data in  18.54,21.91, 22.45, 33.22, 34.48, 51.22, 52.18, 53.38, 55.39,
brackets referred to diastereoisomeric signals that were104.20, 105.26, 111.69, 118.26, 119.34, 122.04, 125.82,
resolved, but not specifically referencing to either the cis or 130.20, 130.31, 136.58, 136.76, 170.352, 170.46; El-
trans diastereoisomet*C NMR spectral data included the HRMS: [M + H]* calcd= 258.1368, found= 258.1375.
signals for both cis and trans diastereoisomers. Analytical (R)-Tryptophan and Butyraldehyde (4): yellow solid
TLC was performed on Whatman aluminum sheet silica gel (1.05 g, 81.2% vield; 46:54 diastereomeric mixture), mp-98
Fosa plates (thickness 250 mm). Compounds were visualized 102 °c: 1H NMR (250 MHz, DMSO#é) 6 0.97 (t,J = 8.0
with a UV hand lamp. Unless otherwise indicated, all pz 3H), [1.00 (t,J = 7.8 Hz, 3H)], 1.52-1.61 (m, 2H),
reactions were carried out under an atmosphere of dryj 90-2.00 (m, 2H), [2.16-2.24 (m, 2H)], 2.92-3.16 (m,
nitrogen or argon. 1H), 3.21-3.34 (m, 1H), 4.26 (ddJ = 4.9, 11.9 Hz, 1H),

General Procedure for the Synthesis of 1,2,3,4-Tet-  4.48 (br t, 1H), [4.67 (br t, 1H)], 7.017.17 (m, 2H), 7.38
rahydro-5-carboline Analogues (+6) Using the Pictet- (d,J = 7.9 Hz, 1H), 7.50 (dJ = 7.6 Hz, 1H), 11.08 (s,
Spengler Reaction.In a typical reaction, R)- or (- 1H), [11.13 (s, 1H)];*3C NMR (50.3 MHz, DMSO#dg)
tryptophan (5 mmol) was dissolved in dry dichloromethane 13.93, 18.04, 18.49, 21.98, 22.56, 33.26, 34.40, 51.00, 52.08,
(50 mL) and trifluoroacetic acid (5%, v/v). The aldehyde or 53.24,55.83, 104.47, 105.54,111.61, 118.19, 119.24, 121.91,
ketone (20 mmol) was added in one portion to the stirred 125.83, 130.30, 130.42, 136.50, 136.70, 170.48, 170.62; EI-
mixture at room temperature. The reaction was allowed to HRMS: [M + H]* calcd = 258.1368, found= 258.1349.

proceed until tryptophan was completely consumed as (S)-Tryptophan and Benzaldehyde (5)dight yellow solid
monitored by TLC using the ninhydrin test<2 h for (1.15 g, 78.8% yield; 23:77 diastereomeric mixture), mp
butyraldehyde and benzaldehyde;-36 h for acetone).  128-132°C;'H NMR (200 MHz, DMSO#¢s) 6 3.14-3.54
Upon completion of the reaction, the reaction mixture was (m, 2H), 4.37 (dd,) = 5.8, 7.7 Hz, 1H), [4.65 (dd] = 5.0,
concentrated to dryness under reduced pressure, and the1.6 Hz, 1H)], 5.92 (s, 1H), [6.01 (s, 1H)], 7.6@.61 (m,
product was afforded by precipitation with diethyl ether. In 9H), 10.85 (s, 1H), [11.07 (s, 1H)}3C NMR (50.3 MHz,
most cases, the product was slightly soluble in diethyl ether, DMSO-dg) 6 22.23, 55.70, 57.82, 106.29, 107.12, 111.89,
resulting in the less than quantitative yield. Products were 118.43, 119.41, 122.24, 125.64, 125.75, 128.12, 128.84,
obtained in excellent purity as indicated by NMR and 129.08, 130.21, 130.65, 134.07, 134.55, 136.85, 137.009,
capillary electrophoresis; therefore, no further purification 170.06, 170.20; EI-HRMS: [M+ H]' calcd= 292.1212,
was performed and no attempts were made to maximize thefound = 292.1237.

reaction yield. (R)-Tryptophan and Benzaldehyde (6): light yellow
(S)-Tryptophan and Acetone (1): white solid (0.76 g, solid (1.07 g, 73.4% vyield; 32:68 diastereomeric mixture),
61.9% yield), mp 212216°C; 'H NMR (200 MHz, DMSO-  mp 128-132°C; *H NMR (200 MHz, DMSO#) 6 3.16—
ds) 0 1.70 (s, 6H), [1.82 (s, 6H)], 3.01 (dd,= 11.8, 15.9  3.55 (m, 2H), 4.324.42 (m, 1H), [4.65 (ddJ = 4.8, 11.4
Hz, 1H), 3.32 (ddJ = 5.0, 15.9 Hz, 1H), 4.64 (dd,= 4.8, Hz, 1H)], 5.93 (s, 1H), [6.03 (s, 1H)], 7.65/.67 (m, 9H),
11.3 Hz, 1H), 6.99-7.17 (m, 4H), 7.37 (d) = 7.9 Hz, 1H),  10.87 (s, 1H), [11.09 (s, 1H)}3C NMR (50.3 MHz, DMSO-
7.50 (d,J = 7.5 Hz, 1H), 11.40 (s, 1H)!*C NMR (62.9 ds) 0 22.22, 55.52, 57.66, 106.08, 106.93, 111.68, 118.21,
MHz, DMSO-ds) 6 22.33, 25.02, 25.31, 51.59, 56.40, 103.19, 119.22, 122.04, 125.45, 125.54, 127.91, 128.62, 128.87,
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130.00, 130.43, 133.85, 134.33, 136.75, 136.90, 169.82,68.3% yield; 42:58 diastereomeric mixture), mp 3%0

169.98; EI-HRMS: [M+ H]" calcd= 292.1212, found=
292.1198.

Synthesis of R)- and (S)-Tyrosine Benzyl Ester p-
Toluenesulfonate Salt [R)- or (S)-Tyr-OBzl:Tos]. Ty-
rosine (55.2 mmol)p-toluenesulfonic acid (60.7 mmol), and
benzyl alcohol (0.2 mol) were added to benzene (50 mL)
and refluxed azeotropically using a Deastark apparatus

°C; H NMR (200 MHz, DMSO#és) 6 0.98 (t,J = 7.4 Hz,

3H), [1.05 (t,J = 7.2 Hz, 3H)], 1.61 (s, 3H), [1.75 (s, 3H)],
1.91-2.32 (m, 2H), 2.86:3.21 (m, 3H), 3.36 (ddJ = 4.1,

15.5 Hz, 1H), 4.34-4.53 (m, 2H), 6.72 (d) = 8.4 Hz, 2H),
6.96-7.24 (m, 4H), 7.357.47 (m, 2H), 8.89 (dJ = 7.6

Hz, 1H); 13C NMR (50.3 MHz, DMSOdq) 6 7.34, 8.88,
21.95, 22.24, 23.37, 30.91, 31.79, 35.66, 51.41, 52.28, 54.41,

for 15 h or until no additional water was observed. The 54.58, 58.98, 59.33, 103.38, 103.68, 111.51, 115.14, 117.92,

reaction mixture was a cloudy suspension and became a cleat19.19, 121.88, 125.35, 125.39, 127.18, 127.25, 130.14,
solution as the reaction proceeded. The desired product wasl33.37, 135.16, 136.29, 136.33, 156.18, 168.23, 168.34,

precipitated by diethyl ether (300 mL) and collected by
vacuum filtration. The product was obtained as a white solid
(21.57 g, 88.1% yield):*H NMR (200 MHz, DMSO¢) ¢
1.40 (d,J = 7.2 Hz, 3H), 2.28 (s, 3H), 4.18 (m, 1H), 5.23
(s, 2H), 7.11 (dJ = 6.4 Hz, 2H), 7.37 (m, 5H), 7.49 (d,
= 6.4 Hz, 2H), 8.33 (br s, 3H)¥C NMR (62.9 MHz,
DMSO-ds) ¢ 15.7, 20.8, 48.0, 67.0, 128.0, 128.0, 128.1,
128.1, 128.5, 135.2, 137.9, 145.3, 169.8.

General Procedure for the Synthesis of 1,2,3,4-Tet-
rahydro- 5-carboline Dipeptide Analogues (710) Using
the Pictet—Spengler Reaction.In a typical reaction, §)-
or (9-tryptophan (2.5 mmol) was dissolved 4 N NaOH
solution (2 mL) at °C. To this solution, benzyl chlorofor-
mate (2.8 mmol) was added dropwise over 15 min with
vigorous stirring. The reaction was carried at@ for 2 h
and room temperature for additional 2 h. Water (10 mL) was
added and the reaction mixture acidified slowly with
concentrated HCI. The white precipitate was collected by
vacuum filtration and dried by lyophilization to afford Cbz-
(R)- or (9-tryptophan (2.5 mmol, 99.8% vyield). CbR) or
(9-tryptophan (2.5 mmol) andRj- or (§-Tyr-OBzl-Tos (2.5
mmol) was dissolved in DMF (2 mL) and triethylamine (1
mL) at 0°C. To this solution, EDC (3.8 mmol) was added

172.33, 172.43; EI-HRMS: [Mt+ H]" calcd= 421.2002,
found = 421.1998.

(S)-Tryptophan-(R)-tyrosine (8): off-white solid (0.79
0, 75.3% vyield; 45:55 diastereomeric mixture), mp 450
155°C; *H NMR (200 MHz, DMSO#s) 6 0.93-1.09 (m,
3H), 1.59 (s, 3H), [1.71 (s, 3H)], 1.942.56 (m, 3H), 2.73
3.04 (m, 2H), 3.17 (ddJ = 3.7, 13.5 Hz, 1H), 4.234.71
(m, 2H), 6.79 (dJ = 7.9 Hz, 2H), 6.947.18 (m, 4H), 7.34
7.44 (m, 2H), 8.858.92 (m, 1H);*3C NMR (50.3 MHz,
DMSO-dg) 6 7.20, 8.81, 21.70, 21.99, 23.44, 30.77, 31.68,
36.49, 51.11, 52.04, 53.16, 58.75, 59.22, 103.25, 103.57,
111.45, 114.93, 117.94, 119.32, 122.01, 125.19, 127.05,
130.42, 132.85, 134.77, 136.11, 156.06, 167.66, 167.75,
167.83, 172.48, 172.51; EI-HRMS: [M- H]" calcd =
421.2002, found= 421.2012.

(R)-Tryptophan-(S)-tyrosine (9): off-white solid (0.76
0, 72.4% vyield; 49:51 diastereomeric mixture), mp 450
155°C; 'H NMR (200 MHz, DMSOsg) 6 0.97 (t,J=5.9
Hz, 3H), [1.03 (t,J = 5.7 Hz, 3H)], 1.59 (s, 3H), [1.71 (s,
3H)], 1.91-2.29 (m, 2H), 2.29-2.56 (m, 1H), 2.73-3.04
(m, 2H), 3.17 (ddJ = 3.9, 13.6 Hz, 1H), 4.234.77 (m,
2H), 6.79 (d,J = 8.2 Hz, 2H), 6.977.18 (m, 4H), 7.34
7.45 (m, 2H), 8.848.91 (m, 1H);*3C NMR (50.3 MHz,

as a solid in one portion and was completely dissolved over DMSO-ds) 6 7.25, 8.90, 21.83, 22.08, 23.57, 30.82, 31.78,
a 45 min period. The reaction mixture was allowed to 36.62, 51.28, 52.20, 53.31, 58.81, 59.26, 103.31, 103.66,
proceed at O*C for 2 h and at room temperature for an 111.50, 114.99, 117.91, 119.23, 121.90, 125.30, 127.00,
additional 8 h. Water (2 mL) was added, and the reaction 130.41, 133.17, 135.10, 136.26, 136.29, 156.32, 167.81,

mixture was extracted with ethyl acetate<(3 The organic
layer was washed with 10% NaHG@®x), 5% citric acid
solution (2«), saturated NaCl solution (), and dried over
anhydrous MgS@ The organic layer was evaporated in
vacuo to yield a viscous oil. The oil was dissolved in
methanol:dichloromethane (1:1, v/v, 25 mL) with a palladium
catalyst (40 mg, 20% Pd(OHYT). A steady stream of
hydrogen was bubbled into the reaction mixture for 12 h.
The catalyst was filtered by vacuum filtration, and the filtrate
was concentrated in vacuo to yield a white solid as the

167.90, 172.55, 172.60; EI-HRMS: [M- H]" calcd =
421.2002, found= 421.2018.
(R)-Tryptophan-(R)-tyrosine (10): off-white solid (0.69
g, 65.3% vyield; 47:53 diastereomeric mixture), mp 450
160°C; 'H NMR (200 MHz, DMSOsg) 6 0.97 (t,J= 7.3
Hz, 3H), [1.04 (t,J = 7.1 Hz, 3H)], 1.58 (s, 3H), [1.73 (s,
3H)], 1.91-2.29 (m, 2H), 2.83-3.19 (m, 3H), 3.34 (ddJ
= 4.4, 15.7 Hz, 1H), 4.294.51 (m, 1H), 6.70 (dJ) = 8.4
Hz, 2H), 6.94-7.18 (m, 4H), 7.347.47 (m, 2H), 8.86 (dJ
= 7.5 Hz, 1H);**C NMR (50.3 MHz, DMSOss) ¢ 7.55,

tryptophan tyrosine dipeptide. The white solid was dissolved 8.98, 22.21, 22.47, 23.43, 30.01, 31.01, 35.65, 51.48, 52.35,
in dry dichloromethane (10 mL) and trifluoroacetic acid (5%, 54.42, 54.56, 59.01, 59.35, 103.42, 103.72, 111.55, 115.18,
v/v). To the solution, 2-butanone (10 mmol) was added in 118.00, 119.27, 121.98, 125.39, 127.28, 130.21, 133.37,
one portion to the stirred mixture at room temperature. The 135.20, 136.32, 136.36, 156.20, 168.31, 168.37, 172.37,
reaction was allowed to proceed until the dipeptide was 172.47; EI-HRMS: [M+ H]* calcd= 421.2002, found=
completely consumed as monitored by TLC using the 421.1990.
ninhydrin test (typically 48 h). Upon completion of the  CE Instrumentation and Buffer. Capillary electrophore-
reaction, the mixture was concentrated to dryness undersjs was performed on a Beckman P/ACE 5510 with System
reduced pressure, and the product was afforded by precipitaGold software. Uncoated fused silica capillaries (Polymicro
tion with diethyl ether (typical isolated yields: 535%). Technologies, Phoenix, AZ) of 97 cm total length/90 cm
(9)-Tryptophan-(S)-tyrosine (7): off-white solid (0.72 g, effective length/5Qum i.d. were used for electrophoresis.
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The running buffer used for enantiomeric separation of
compoundsl—6 consisted of 214 mM glycine, 25 mM tris
base, 100 mM sodium dodecy! sulfate, and 50 mdy-
clodextrin (pH 8.64). The running buffer used for compounds
7—10 consisted of 192 mM glycine, 25 mM tris base, 100
mM sodium dodecyl sulfate, and 8.8 mfstcyclodextrin
(Inset. 26.4 mM3-cyclodextrin) (pH 8.56). Capillaries were
flushed with water and running buffer for 15 min each prior
to electrophoresis run.

Procedure for Racemization Study(S)-Tryptophan (0.12
mmol) was dissolved in dioxane (5 mL) and trifluoroacetic
acid (1%, v/v). Benzaldehyde (0.48 mmol) was added in one (13)
portion to the stirred mixture at reflux. After 3 h, the volume
of the reaction mixture was reduced with a stream of nitrogen
to obtain an oil. The oil was dissolved in buffer and used
for CE analysis without further workup. The corresponding

reaction carried out at room temperature was performed "

under identical conditions.
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