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Solid-Phase Synthesis of 1,2,3,4-Tetrahydroisoquinoline Derivatives
Employing Support-Bound Tyrosine Esters in the
Pictet—Spengler Reaction

Timothy R. Kane, Cuong Q. Ly, Daphne E. Kelly, and Jeffrey M. Dener*

Discavery Partners International, ChemRx &$ion, 385 Oyster Point Boulard, Suite 1,
South San Francisco, California 94080

Receied Naember 22, 2002

The solid-phase synthesis of 1,2,3,4-tetrahydroisoquinoline-3-carboxamides employing carboxyl-supported,
o-alkylated tyrosine esters in a PicteSpengler reaction is described. Esterification of [4-(hydroxyphenyl)-
thiomethyl]polystyrene (Marshall resin) with ethers IBOC-.-tyrosine using diisopropylcarbodiimide

(DIC) and 4-dimethylaminopyridine (4-DMAP) afforded the solid-supported ester derivatives. Removal of
the BOC group with trifluoroacetic acid (TFA) afforded the carboxyl-supported tyrosine ester, which was
then treated with paraformaldehyde and TFA to afford the desired solid-supported counterpart. Acylation
of the secondary amine with arylsulfonyl chlorides followed by reaction with amines resulted in the formation
of the desired 2-arylsulfonyl-7-alkoxy-1,2,3,4-tetrahydroisoquinoline-3-carboxamides. Alternatively, the
support-bound tetrahydroisoquinoline-3-carboxylate derivatives could be treated with an aldehyde and a
reducing agent to give the corresponding support-bound tertiary amine. Exposure of these resin-bound products
to amines afforded the corresponding 2-alkyl-7-alkoxy-1,2,3,4-tetrahydroisoquinoline-3-carboxamides after
cleavage from the resin. Alternative routes to the desired chemotypes, as well optimization of the conditions
for the Pictet-Spengler reaction and the conditions for the acylation and reductive amination of the support-
bound secondary amines, are also described.

Introduction generate the tetrahydroisoquinoline ring system. In addition,

Solid-phase organic chemistry has become an essential toor.ve V\;ere abble 1o pdrep darg 7-?"2)5)?;;1,2,?,Af-t‘etratr;]ydrmsqq;nno—
to the practicing synthetic and medicinal chemist with the INe-s-carboxamide derivativ containing three points

acceptance of combinatorial chemistry as an integral technol-Of diversity.

ogy for drug discovery.The development and execution of ~ As shown in Scheme 2, our initial route to compounds
various organic reactions on supports has become a primaryl—3 revolved around the solution-phase preparation of the
focus of many researchers seeking to expand the repertoirdetrahydroisoquinoline nucleus, followed by attachment to
of synthetic reactions to ultimately provide novel chemotypes resin6. Starting from commercially availabi-BOC-3,5-
available via solid-phase synthesis. Carboarbon-forming ~ diiodo-.-tyrosine @), 7-hydroxy-1,2,3,4-tetrahydroisoquino-
reactiondand heterocycle synthedespresent two important  line derivative8 was prepared according to a literature report
examples of these areas of interest. As part of a program toand alkylated to afford 7-alkoxy-1,2,3,4-tetrahydroisoquino-
generate combinatorial libraries for drug discovery and lead line-3-carboxylic acid9.2 Attachment of acid to resin6
optimization, we developed a synthesis of tetrahydroiso- afforded BOC-protected tetrahydroisoquinoline estér
quinolines using a support-bound tyrosine ether that relies Removal of the BOC group with trifluoroacetic acid,
upon the Pictet Spengler reaction (Scheme“®Our choice followed by acylation of the resulting amine salt with either
of solid support, [4-(hydroxyphenyl)thiomethyl]polystyrene acid chlorides or sulfonyl chlorides in the presence of a base,
(Marshall resing), was based on our previous experience, afforded amidell or sulfonamidel2. Treatment of resiil
whereby esters derived frofiproduced carboxamides after or 12 with an amine afforded or 2 upon amide formation
treatment of the carboxyl-supported esters with amines with and liberation from the resin (Scheme 2).

concurrent liberation of the desired product from the resin.
This resin is compatible with other reaction conditions such
as acid-mediated deprotection and reductive amindtion.
Herein, we demonstrate that this resin is compatible with
the strong acid necessary to effect the Pic&pengler
reaction of a carboxyl-supported-BOC-tyrosine ester to

Although the solid-phase synthesis shown in Scheme 2
proceeded smoothly to cleanly afford the desired products,
the synthesis of tetrahydroisoquinoline eth@ren a scale
sufficient to allow for the facile preparation of a 5000-
member library was problematic. The solution-phase Pictet
Spengler reaction and BOC protection to predapeoceeded

satisfactorily as reported in the literature. Whereas the yields
* To whom correspondence should be addressed. Present address: Celer:

a .. .
Genomics, 180 Kimball Way, South San Francisco, CA 94080. Tel.: 650- in the original literature procedure were acceptable for the
866-6695. Fax: 650-866-6655. E-mail: jeff.dener@celera.com. Pictet-Spengler reaction, our yields had decreased to unac-
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Scheme 1.General Approach to the Synthesis of Tetrahydroisoquinoline-3-Carboxamides on Solid Support
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Scheme 2. Solution-Phase Synthesis of Tetrahydroisoquinoline Scaffolds and Subsequent Functionalization on Soli@l Support
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aReagents and conditions: (ay,HPd-C, E&N, MeOH, then acid; (b) R-hal, KOH, KlI, DMSO, 66-70 °C (hal = Br or 1); (c) 6, DIC, 4-DMAP,
CH,Cly; (d) TFA; () R—COCI or R—SQOCl, NMM; (f) R3—NH_, py or 1,4-dioxane.

Scheme 3. Solid-Phase Synthesis of Tetrahydroisoquinolines prepared according to this route are reported in Table 1. In
via a Pictet-Spengler Reaction on Solid Support addition, several tyrosine ethers were commercially available.
o} 9 Attachment of the commercial and synthetic derivatives of

L L Q : i o -
5 2 oy b /©/\ 0 13 to resin6 was accomplished under conditions similar to
R'om‘aoc RO HN-Boc those shown in Scheme 2, affording phenyl edtér The
13

key Pictet-Spengler reaction was then performed in a two-

14 step process by first removing the BOC groupldfwith a
o mixture of TFA, CHCI,, and anisole (50:48:2) at room
¢ d ‘\.JJ\O,O temperature and then treating the resulting TFA salt with
. H1Dm” e 600 mol % of paraformaldehyde in 1:1 TFA/toluene at 80

°C to give the tetrahydroisoquinolirié. The success of this

15 reaction sequence was determined by the acylation and

aReagents and conditions: (a}-RX, KOH, KI, DMSO, 60-70°C (X cleavage process as performed in Scheme 2. The required
= Brorl); (b) 6 DIC, 4-DMAP, CHCly; (c) TFA, CH.Cly; (d) (CHO)n, heating times for each substrate in the Pietgpengler
TFA, toluene, 8G°C. reaction were optimized for maximal conversion to product

ceptable levels upon scale-up. Furthermore, this route suf-With simultaneous minimization of the relative amount of
fered from poor throughput in the reductionfo 8 because side products. Decomposition and dealkylation of the ether
of the large volumes of solvent required for the reaction. side chain were common side reactions, and reaction times

With these problems in mind, we then evaluated the Pictet O Suppress the formation of these byproducts had to be
Spengler reaction on carboxyl-supported etherS-&OC- determined specifically for each solid-supported ester deriva-
L-tyrosine (Scheme 3) derived from re€inThis approach tive 14. Impurities derived from the resulting 7-hydroxy-
offered some advantages in addition to avoiding the liabilities 1.2.3,4-tetrahydroisoquinoline or uncyclized tyrosine deriva-
to scale-up outlined above. First, only one step was requiredtives were identified by analysis of the reaction products
for large-scale, solution-phase scaffold synthesis, which wasobtained by sulfonylation and cleavage of the carboxyl-
conveniently performed on a multigram scale. Second, the supported PictetSpengler intermediate5 with an amine,
site isolation afforded by employing solid-phase chemistry typically n-butylamine (vide infra; see Scheme 6). In
avoids the formation of polymers between the 4-hydroxy- addition, some impurities containing a molecular ion of [M
phenyl ring ofN-BOC-.-tyrosine with paraformaldehyde, a 1+ 104] were observed, which could be best explained as
side reaction of the PictetSpengler reaction known to be the product derived from a FriedeCrafts reaction between
responsible for low yields in the solution-phase chemisiry. the solvent, paraformaldehyde, and the aromatic ring of
Alkylation of commercially availabléN-BOC-.-tyrosine tyrosine. Chart 1 shows a proposed structure obtained after
(5) with alkyl and benzyl halides on a 76®@00 mmol scale  sulfonylation and cleavage from the resin. Proton NMR
afforded the corresponding tyrosine ethel8) (n excellent analysis of a sample of this impurity isolated after HPLC
yields. The structures and yields for each of the ethers provided evidence for the formation of regioisomers, around
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Table 1. Synthetic Tyrosine Etherd8) Prepared According
to Scheme 3

Compound Structure Yield (%)

Q
OH
13 n 99
0 0o
I8
N<

0

HN
\]70
OH
13c¢ 0 HN o 99
e
13d S o 99

13b

13e H 99

OH
13f FSK@/\O HN o] 99
(0]
Fs MOH
13 g o HN o 87
0.

7<

Chart 1. Proposed SolvertParaformaldehyde Adduct
Believed to Form as an Impurity in the PicteSpengler
Cyclizatior?
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Scheme 4.Functionalization and Cleavage of Pictet
Spengler Product from Resib?
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aReagents and conditions: (agEf DMA; (b) RZ—SQ,Cl, E;N, DMA;
(c) R*—CHO, pyBH3, DMA; (d) R®—NH_, py, or 1,4-dioxane.

Scheme 5.Formation of theN-(Trifluoroacetamido)-
tetrahydroisoquinoline Impurit(?
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aReagents and conditions: (af-RSOCl, EtN; (b) R®—NH?, py; (c)
amine extraction.

of other impurities. In addition, use of high-dilution condi-
tions in the Pictet Spengler reaction suppressed formation
of the solvent-paraformaldehyde adducts t10% of the
product mixture. Once the PicteSpengler reaction condi-
tions had been optimized for each tyrosine eth8r the
subsequent transformations on solid support were performed
on a 95-100 mmol scale, employing 80 g of restn

As shown in Scheme 4, acylation of the support-bound
intermediatel5 was performed under conditions similar to
those described previously (Scheme 2). However, the use
of the TFA salt15 obtained from the PictetSpengler
sequence proved to be problematic when sulfonyl chlorides
were employed. In this case, use of the TFA salt resulted in
the formation of the trifluoroacetamide0, along with the
sulfonamide2. The production of20 as a contaminant is
postulated to arise by the reaction of LB, in 15 with
the sulfonyl chloride to give the mixed anhydriti8, which
subsequently reacts with amia& (Scheme 5). Conversion
of the amine salfl5 to the free basé7 by treatment of the
resin with triethylamine prior to exposure to the sulfonyl
chloride and triethylamine avoided the formation of trifluo-
roacetamide impurity20. Another liability in this reaction
concerned the structural requirements of the sulfonyl chloride
in this transformation. We observed that only aromatic
sulfonyl chlorides gave satisfactory results (yield and conver-
sion) in the acylation of resirlt5. When alkyl sulfonyl
chlorides, such as methanesulfonyl chloride, were employed
in the sulfonylation of resii5, substantial amounts of amide
23 was observed along with the desired sulfonamzde
indicative of incomplete sulfonylation (Scheme 6). Other
impurities observed included the sulfonate e&2&rwhich

either the toluene ring or the aromatic ring of the tetrahy- arises from ether cleavage during the Pietepengler
droisoquinoline nucleus. Although other solvents were reaction followed by reaction of the sulfonyl chloride with
explored to suppress this impurity, toluene provided the bestboth the secondary amine and hydroxyl of support-bound
results overall, as determined by the minimal formation of intermediat&1. Typically, the amounts of impurities derived
this solvent-formaldehyde adduct relative to the formation from 21 were kept to<10% after the optimum cyclization
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Scheme 6. Impurities and Side Reactions Observed during Reaction Optimization and Building-Block Validation
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aReagents and conditions: (axBEf DMA; (b) CH3—SQO.Cl, EtN; (c) R®—NH, py; (d) amine extraction; (e) TFA, CEly; (f) (CH20)n, TFA, toluene,
80 °C; (g) R—SQClI, EtsN.

times had been determined for each solid-supported tyrosineor resin16. Removal of the excess amine was conveniently
ether 14. However, some benzylic and allylic ethers of performed using a solid-supported ligtiliquid extraction
tyrosine were prone to-€0 bond cleavage because of their (SLE) protocol employing diatomaceous earth as the support
instability to the strongly acidic conditions required for the and agqueous acid as the aqueous bdffen: products derived
Pictet-Spengler cyclization reaction. Examples included the from the reductive amination sequence, water-soluble amines
tyrosine ethers derived from 4-bromo-2-methylbutene and were used to obtain the desired products. Removal of excess
3,5-dimethylbenzyl bromide. amine could then be performed with pure water as the
In addition to its reaction with sulfonyl chlorides, support- aqueous buffer, avoiding the potential for product losses due
bound aminel5 could be converted to the corresponding to the protonation and subsequent extraction of the basic
tertiary aminel6 via reductive amination with aldehydes tertiary amine3 into an acidic aqueous buffer in the SLE
(Scheme 4). Several reducing agents were successful instep.
cleanly promoting this transformation, specifically pyridine Table 2 shows examples of tetrahydroisoquinoline deriva-
borane complex and sodium triacetoxyborohydride. Being tives produced according to Scheme 4. The yield and purity
a liquid, the former reagent was generally preferred for high- data are for crude material that was analyzed using a weight-
throughput synthesis for ease of handling relative to the solid percent purity method described previou$lyThe Experi-
reducing reagent NaBH(OAg)Optimization of the reaction ~ mental Section contains analytical data (NMR and combus-
conditions indicated that 56601000 mol % of the reducing  tion analyses) generated for these compounds after purification
reagent and 456500 mol % of aldehyde were required for by reverse-phase HPLC. In some cases, yields were low as
satisfactory conversion th6. Other reducing agents, such a result of losses on transfer of solutions, especially during
asN,N-diisopropylethylamine borane andN-ethylmorpho- the amine extraction (SLE) process. Furthermore, during
line—borane, were inferior to both pyridindorane and development of the support-bound PietSipengler route,
triacetoxyborohydride, typically resulting in incomplete we noted that certain solvents were not suitable for washing
conversion ofl5 to tertiary aminel6 under similar reaction  the resin because of premature cleavage of the support-bound
conditions. ester derivatives from the resin. In particular, exposure of
We observed that the TFA salt of the amine was essentialresin 15 or 17 (R* = 3-methylbutyl, derived fron13a) to
for successful reductive amination to the tertiary antiée methanol for 45 min generated up to-385% of the methyl
Furthermore, either aliphatic or aromatic aldehydes could ester, occasionally contaminated with the corresponding acid.
be successfully used in this transformation (Scheme 4). BothHowever, the nature of the intermediate on the support
N,N-dimethylacetamide and chloroform could be employed determined the potential for premature hydrolysis by the
as the solvent for the reductive amination reactions. However,wash solvents, as indicated by the data reported in Table 3.
N,N-dimethylacetamide was preferred in the application of For example, resin-bound intermediafisand 16 (entries
this chemistry to high-throughput organic synthesis becausel and 2) were not prone to hydrolysis under these conditions,
this solvent was less prone to evaporation, making it better indicating that the sulfonylated or tertiary amine derivatives
suited for use in open reaction vessels (e.g., 96-well plates).of tetrahydroisoquinoline are stable as support-bound esters
Use ofN,N-dimethylacetamide as the solvent in such vessels on Marshall resin. Furthermore, support-bound BOC-tyrosine
avoided resin losses due to the combination of hydrogen gasesterl4 afforded similar results, also supporting the fact that
liberated during the reductive amination reaction and the the substitution of the nitrogen is crucial to the stability of
tendency of the resin to float near the surface in solvents the resin to potential nucleophilic cleavage. In contrast, the
such as chloroform. secondary amin&7 or its TFA saltl5 (entries 3 and 4) are
Reaction of the support-bound ester with amines afforded much more prone to methanolysis from the resin under these
the desired amide$—3 upon cleavage from the resin. In  conditions. Therefore, these resins require careful handling
general, secondary amines reacted much more slowly thanand storage to minimize losses due to premature hydrolysis
primary amines with the exception of cyclic amines such as of the support-bound intermediates. Our optimized protocol
derivatives of piperazine and piperidine. Furthermore, pri- for the synthesis of these carboxyl-supported tyrosine- and
mary amines with branching at tlecarbon gave products  tetrahydroisoquinoline ethers does not require the use of
in lower yields and purities upon exposure to either rd@n  methanol or similar hydrolytic solvents.
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Table 2. Structures and Purities of Compounds Prepared According to Scheme 4

Purity
(%)

I /\Q
SOy
2a CH4CH,0 'S0, 29 66

Compound Structure Yield (%)*

Cl
o
CFs /EDQ)LN OCHg
AL
(0] SO, CH3
2b @A 33 50

N o
H |
3a CH3OM N~ 52 99

3b ©/\/\O N 57 71
&
jset e
N H
3¢ 0 49 81

(@]
jseahe
H
3d CH;O N 49 74

aYield of crude material? By quantitation against purified and fully characterized samples; see text for details.

In summary, we have shown that a Piet8pengler Experimental Section
reaction can be performed on carboxyl-support tyrosine
ethers attached to a nucleophile-cleavable resin. The resulting General. Proton and carbon-13 NMR spectra were re-
products are valuable precursors to 1,2,3,4-tetrahydroiso-corded using a JEOL Eclipse FT-NMR spectrometer at 270
quinoline derivatives containing three sites of diversity. This and 67.5 MHz, respectively. Alternatively, carbon-13 spectra
approach offers an advantage to the strategy of large-scalewvere also obtained on a General Electric QE-300 FT-NMR
solution-phase synthesis of a tetrahydroisoquinoline scaffold, spectrometer at 75 MHz. Elemental analyses were performed
followed by attachment to the resin. The solid-phase Pictet by Robertson Microlit Laboratories Inc., Madison, NJ. MS
Spengler reaction and subsequent reactions on the supporand LC-MS results were obtained from either a Perkin-Elmer
further expand the versatility of rest) which has already  Sciex API150 spectrometer, interfaced with a Hewlett-
proven to be extremely valuable to the solid-phase synthesisPackard HP1100 HPLC, or a Finnigan TSQ7000 instrument
of other heterocyclic molecules. connected to a Hewlett-Packard HP1090 HPLC.
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Table 3. Effect of Nitrogen Substitution on Methanolysis of Support-Bound Tetrahydroisoquinoline Esters

)
S

o]
J@O‘JL"Q S U JO
/l\/\o N-g AT, 45 min (o] N-g

mass recovered

entry R (mgy comments
1 SQCeH4CH3 <1
2 CH,CgHs <1
3 H 45
4 H 40 TFA salt

a A sample of each resin (500 mg) was exposed to methanol (2 mL) for 45 min, and then the methanol solution was collected and
evaporated to give the amounts shown in the table. Products were characterized by LC-MBENIM& analyses.

Three BOC-tyrosine derivatives were purchased from (166.4 g, 890 mmol) was reacted with BQ@&yrosine (200
commercial sources: BOO-methyli-tyrosine, BOCO- g, 710 mmol), potassium iodide (18.28 g, 120 mmol), and
ethyl+ -tyrosine, and BOG3-(2,6-dichlorobenzyl)-tyrosine. 3.4 M aqueous KOH (500 mL), followed by a second
The remaining seven were prepared by alkylation of BOC- addition of the alkyl halide (34 g, 180 mmol) and KOH (6.6
L-tyrosine with commercially available alkyl bromides. g, 118 mmol), to give 276 g (99%) df3b as a viscous
Marshall resin [(4-hydroxyphenyl)thiomethylpolystyreGg, yellow oil. *H NMR (270 MHz, DMSO¢g) 6 7.47-7.39
was obtained from Midwest Biotech (loadifrg 1.2 mmol/ (m, 1H), 7.29-7.22 (m, 2H), 7.16 (dJ = 8.41 Hz, 2H),

0). Sulfonyl chlorides, amines, solvents, and reagents were6.92 (d,J = 8.7 Hz, 2H) 4.073.98 (m, 1H), 2.95 (dd] =
obtained from commercial sources and used as received. 14.4,5.2 Hz, 1H), 2.74 (dd, = 13.9, 10.4 Hz, 1H) 1.31 (s,

Representative Procedure for Alkylation of BOC+.- 9H); 13C NMR (67.5 MHz, DMSOss) 6 174.2, 157.3, 156.0,
tyrosine: N-a-t-BOC-O-(3-methylbutyl)-L-tyrosine (13a). 140.9, 140.7, 130.9, 130.7, 124.0, 114.9, 114.5, 78.6, 68.8,
A solution of BOCt-tyrosine (200 g, 710 mmol) in DMSO  55.9, 36.2, 28.7; MS (ESInz 390.2 [(M + H)*].

(1000 mL) was cooled in an ice bath. To this solution was  N-a-t-BOC-O-butyl-L-tyrosine (13c).According to the
added over 30 min a cooled solution of 3.4 M aqueous KOH general procedure, iodobutane (100 mL, 162 g, 890 mmol)
prepared from 85% KOH (114.8 g, 1700 mmol) and water was reacted with BOC-tyrosine (200 g, 710 mmol) and
(500 mL). The solution was then removed from the ice bath 3.4 M aqueous KOH (500 mL), followed by a second
and treated with potassium iodide (18.28 g, 120 mmol) addition of alkyl halide (20.4 mL, 180 mmol) and KOH (6.6
followed by 1-bromo-3-methylbutane (132.8 g, 890 mmol, g, 118 mmol), to give 240 g (99%) of tyrosine etl&c as
105.4 mL). The solution was then heated to-®&3 °C for a viscous yellow oil that solidified on standingd NMR
15—18 h. The reaction progress was monitored by HPLC- (270 MHz, CDC}) 6 9.58 (br s, 1H), 7.08 (d]) = 7.4 Hz,
UV and LC-MS, and an additional portion of each 1-bromo- 2H), 6.83 (d,J = 8.4 Hz, 2H), 5.02 (d,J = 7.9 Hz, 1H),
3-methylbutane (27.2 g, 180 mmol, 21.6 mL) and KOH (6.6 4.62-4.51 (m, 1H), 4.39-4.28 (br s, 1H), 3.93 (1) = 6.4

g, 118 mmol) was added aft8 h at 60-65 °C to drive the Hz, 2H), 3.16-2.78 (m, 3H), 1.86-1.68 (m, 2H), 1.55
reaction to completion. After an additional 13 h of heating, 1.40 (m, 10H), 0.96 (tJ = 7.4 Hz, 3H);%C NMR (67.5

no starting material remained. The reaction mixture was MHz, CDCkL) ¢ 176.4, 158.2, 156.4, 155.4, 130.3, 127.5,
cooled to room temperature, diluted with water (1000 mL), 114.5, 80.1, 67.6, 54.4, 36.9, 31.3, 28.2, 19.2, 13.8; MS (ESI)
and washed with diethyl ether 2 1000 mL). The aqueous  m/z 338.3 [(M + H)*].

layer was then acidified to pH-23 with 85% phosphoric N-a-t-BOC-O-(prop-2-enyl)-L-tyrosine (13d).According
acid (100 mL), and the oily mixture was extracted with ethyl to the general procedure, allyl bromide (78.8 mL, 107 g,
acetate (Ix 2000 mL). The combined organic extracts were 890 mmol) was reacted with BOGtyrosine (200 g, 710
washed with water (500 mL) and saturated aqueous sodiummmol), Kl (18.28 g, 120 mmol), and 3.4 M aqueous KOH
chloride (1 x 750 mL), dried with sodium sulfate, and (500 mL), followed by a second addition of alkyl halide (15.6
concentrated in vacuo to give 249 g (99%)Ntr-t-BOC- mL, 180 mmol) and KOH (6.6 g, 118 mmol), to give 228 g

O-(3-methylbutyl)+-tyrosine (38 as a viscous yellow oil.  (99%) of13d as a viscous tan oil that solidified on standing.
IH NMR (270 MHz, DMSO#g) 6 7.12 (d,J = 8.4 Hz, 2H), H NMR (270 MHz, CDC}) 6 8.28 (br s, 1H), 7.09 (d] =
6.81 (d,J = 8.7 Hz, 2H), 4.05-3.90 (m with t at 3.93) = 8.2 Hz, 2H), 6.85 (dJ = 8.4 Hz, 2H), 6.1+5.97 (m, 1H),

6.7 Hz, 3H), 3.32 (s, 3H), 2.92 (dd,= 13.6, 4.7 Hz, 1H),  5.42 (dd,J = 17.3, 1.5 Hz, 1H), 5.28 (dd,= 10.4, 1.2 Hz,
2.72 (dd,J = 13.6, 10.4 Hz, 1H), 1.841.69 (m, 1H), 1.57  1H), 4.98 (d,J = 7.9 Hz, 1H), 4.62-4.35 (m with d at 4.51,

(@, J = 6.4 Hz, 2H), 1.32 (s, 9H), 0.960.93 (d,J = 6.4  J = 5.4 Hz, 3H), 3.152.75 (m, 2H), 1.551.25 (m, 9H);

Hz, 6H); 3C NMR (DMSO-ds, 67.5 MHz)6 174.2, 157.8,  13C NMR (67.5 MHz, CDCY) 6 176.4, 157.7, 155.4, 133.2,
156.0, 130.6, 130.3, 114.7, 78.6, 66.3, 56.0, 38.0, 36.2, 28.7,130.4, 127.9, 117.6, 114.8, 80.2, 86.8, 54.3, 36.9, 28.3; MS

25.1, 23.0; MS (ESIywz 352.2 [(M + H)*]. (ESI) m'z 322.0 [(M + H)™].
Other derivatives ofl3awere prepared ir-85% yields N-a-t-BOC-O-(3-phenylpropyl)-L-tyrosine (13e). Ac-
under similar conditions, as reported below and in Table 1. cording to the general procedure, 1-bromo-3-phenylpropane
N-a-t-BOC-O-(3-fluorobenzyl)-L-tyrosine (13b). Ac- (134 mL, 175 g, 890 mmol) was reacted with BQ@yrosine

cording to the general procedure, 3-fluorobenzyl bromide (200 g, 710 mmol), potassium iodide (18.28 g, 120 mmaol),
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and 3.4 M aqueous KOH (500 mL), followed by a second
addition of alkyl halide (27.2 mL, 180 mmol) and KOH (6.6
g, 118 mmol), to give 284 g (99%) of tyrosine eti&eas

an off-white solid.*H NMR (270 MHz, CDC}) 6 9.61 (br

s, 1H), 7.34-7.14 (m, 5H), 7.08 (dJ = 7.9 Hz, 2H), 6.82
(d,J = 8.4 Hz, 2H), 4.98 (dJ = 7.9 Hz, 1H), 4.62-4.52
(m, 1H), 3.92 (tJ = 6.4 Hz, 2H), 3.1#2.94 (m, 2H), 2.79

(t, J = 7.2 Hz, 2H), 2.172.02 (m, 2H), 1.42 (s, 9H):*C
NMR (75 MHz, CDCE) 6 176.5, 158.1, 155.4, 141.5, 130.4,

Kane et al.

additional dichloromethane (100 mL) to rinse the resin from
the bottle. The resin was washed with dichloromethane (2
x 1000 mL) and then alternate portions of diethyl ether (3
x 500 mL) and dichloromethane (8 1000 mL), followed

by a final rinse with diethyl ether (% 500 mL). The resin
was dried by suction under nitrogen and then transferred to
a 500-mL wide-mouthed Nalgene bottle and dried under
vacuum overnight. Each resin was analyzed by the ¥eCl
pyridine test (see below) to determine the completeness of

128.5,128.4,127.7,125.9, 114.6, 80.2, 66.9, 54.4, 36.9, 32.1the acylation reaction.

30.8, 28.3; MS (ESI)wz 400.0 [(M + H)*].
N-a-t-BOC-O-3-(trifluoromethylbenzyl)- L-tyrosine (13f).
According to the general procedure, 3-(trifluoromethyl)-
benzyl bromide (210 g, 890 mmol) was reacted with BOC-
L-tyrosine (200 g, 710 mmol), KI (18.28 g, 120 mmol), and
3.4 M aqueous KOH (500 mL), followed by a second
addition of the alkyl halide (43 g, 180 mmol), Kl (18.28 g,
120 mmol), and KOH (6.6 g, 118 mmol), to give 312 g
(99%) of 13f as a viscous yellow oil that solidified on
standing.'H NMR (270 MHz, CDC}) 6 9.64 (br s, 1H),
7.68 (s, 1H), 7.58 (t) = 5.9 Hz, 2H), 7.49 (dJ = 7.7 Hz,
1H), 7.12 (d,J = 8.4 Hz, 2H), 6.90 (dJ = 8.7 Hz, 2H),
6.48 (br d,J = 6.7 Hz, 1H), 4.59 (br gJ = 6.9 Hz, 1H),
3.17-2.83 (m, 3H), 1.41 (s, 9H}3C NMR (75 MHz, CDC})

FeCly/Pyridine Test for Free Phenol® A small amount
of each resin was placed in a test tube and treated with
dichloromethane (5 drops), pyridine (5 drops), and a 0.5 M
solution of Fed in chloroform (5 drops). After a-510-
min reaction period, the resin was filtered, washed witt82
portions of dichloromethane, and then visually inspected. A
purple-gray color indicated that substantial free phenol was
present. If no color change was observed, coupling was
complete.

Support-Bound Pictet—Spengler Reaction. Preparation
of Resin 15.A 2-L Nalgene bottle was charged with resin
and dichloromethane (250 mL). To this slurry was added a
50:48:2 solution of TFA/dichloromethane/anisole (800 mL).
The bottle was capped loosely and shaken vertically on a

0 176.0, 157.4, 155.4, 138.0, 130,5, 128.9, 128.7, 124.6, platform shaker for 1.5 h. The slurry was filtered with a glass-
123.9,122.2, 114.8, 81.6, 80.2, 69.1, 56.2, 54.4, 36.9, 28.1,fritted funnel using additional dichloromethane (100 mL) to

MS (ESIl)m/z 439.8 [(M + H)™].
N-o-t-BOC-O-2-(trifluoromethylbenzyl)- L-tyrosine (13g).
According to the general procedure, 2-(trifluoromethyl)-
benzyl bromide (210 g, 890 mmol) was reacted with BOC-
L-tyrosine (200 g, 710 mmol), potassium iodide (18.28 g,
120 mmol), and 3.4 M aqueous KOH (500 mL), followed
by a second addition of the alkyl halide (43 g, 180 mmol)
and KOH (6.6 g, 118 mmol), to give 270 g (87%) of tyrosine
etherl3gas a flaky, white, sticky solidH NMR (270 MHz,
CDCly) ¢ 7.68 (dd,J = 16.1, 7.8 Hz, 2H), 7.50 (§ = 7.4
Hz, 1H), 7.36 (tJ = 7.4 Hz, 1H), 7.18-7.08 (m, 2H), 6.89
(d,J=8.4 Hz, 2H), 5.25-5.10 (m with s at 5.21, 3H), 4.61
(br g,J = 6.9 Hz, 1H), 4.44-4.30 (m, 1H), 3.04 (ddJ) =
13.6, 5.9 Hz, 1H), 2.962.82 (m, 1H), 1.41 (s, 9H)}*C
NMR (75 MHz, CDC}) 0 176.3, 157.4, 155.4, 135.6, 132.0,

rinse the resin from the bottle. The resin was washed with
dichloromethane (5 1000 mL) and then alternate portions
of diethyl ether (3x 500 mL) and dichloromethane (3
1000 mL), followed by a final rinse with diethyl ether {2
500 mL). The resin was dried by suction under nitrogen,
transferred to a 500-mL Nalgene bottle, and dried under
vacuum.

Paraformaldehyde (17.4 g, 576 mmol, 600 mol %) was
dissolved in TFA (1440 mL) and toluene (1440 mL) and
stirred with an overhead mechanical stirrer. The dry resin
was added to this solution, which was then heated in a
preheated oil bath to 80C for 2.5-4 h. The resin was
siphoned from the flask into a glass-fritted funnel using
vacuum, with dichloromethane being employed to assist in
the transfer of residual resin. The resin was then washed with

130.5, 128.6, 127.6, 125.8, 122.5, 114.9, 80.2, 66.1, 54.3,dichloromethane (5 1000 mL) and then alternate portions

37.0, 28.2; MS (ESI/z 440.2 [(M + H)™].
Preparation of Resin 14.The O-alkyl-N-BOC-tyrosine

of diethyl ether (3x 500 mL) and dichloromethane (38
1000 mL), followed by a final rinse with diethyl ether {2

derivative (L3, 288 mmol) was dissolved in dichloromethane 500 mL). The resin was dried by suction under nitrogen,
(750 mL) and cooled in an ice bath. With stirring, the solution transferred to a 500-mL Nalgene bottle, and dried under
was treated for +2 min with diisopropylcarbodiimide (DIC; ~ vacuum overnight. The resin was stored in tightly capped
45.0 mL, 36.3 g, 288 mmol), and a precipitate formed. The Nalgene bottles to minimize exposure to atmospheric mois-
mixture was stirred for an additional 10 min and removed ture.

from the ice bath. During this time, a 2-L Nalgene bottle  Preparation of Support-Bound Sulfonamide 12 from
was charged with Marshall resi® (80 g, 96 mmol) and Resin 15.Resin15 (125 mg, ca. 12xmol) was converted
dichloromethane (250 mL). To the BOC-tyrosine derivative/ to the free amine according to the following wash se-
DIC solution was added a solution of dimethylaminopyridine quence: DMA (1x 1 mL), 20% triethylamine in DMA (2
(DMAP; 3.51 g, 28.8 mmol) in dichloromethane (100 mL). x 1 mL), dichloromethane (2 1 mL). This resin was rinsed
The resulting solution was quickly added to the resin, and with DMA (2 x 1 mL) and then treated with 1 mL (0.53
the bottle was capped and shaken manually fol® min, mmol) of a sulfonyl chloride as a 0.53 M solution in DMA.
with occassional venting. The bottle was then tightly capped This was followed by the addition of neat triethylamine (74
and shaken on a platform shaker for-184 h. After this uL). The reaction mixture was shaken for-184 h on a
time, the slurry was filtered with a glass-fritted funnel using platform shaker, and then the resin was fitered. The resin
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was washed with DMA (Z 1 mL) and then with alternating  149.0, 148.2, 143.1, 135.1, 133.2, 132.1, 130.9, 130.1, 129.1,
portions of MeOH (3x 1 mL) and dichloromethane (38 1 128.7,128.6, 127.9, 126.0, 125.9, 125.4,119.3, 119.1, 114.3,
mL). 112.7,111.1,110.4, 66.2, 57.2, 55.8, 46.4, 43.1, 29.7, 24.4;
Cleavage of Sulfonamide 12. Preparation of Tetrahy- ~MS (ESI) m/iz 698.3 [(M + H)*]. Anal. Calcd for
droisoquinoline 2. Resin12 (125 mg, ca. 12%mol) was CasH3aF3N30;S:1/2H,0:  C, 59.48; H, 4.99; N, 5.95.
washed with 1,4-dioxane (2 1 mL) and then was treated Found: C, 59.55; H, 4.75; N, 5.60.
with an amine (1 mL, 0.40 mmol) as a 0.40 M solution in Reductive Amination of Support-Bound Amine 15.
anhydrous 1,4-dioxane. The resin slurry was then shaken forFormation of Support-Bound Tertiary Amine 16. Resin
18—-24 h on a platform shaker. The resin was filtered and 15 (130 mg, ca. 13@&:mol) was rinsed with DMA (2x 1
washed with anhydrous 1,4-dioxane 2 450 uL). The mL) and then treated with an aldehyde (1 mL, 0.63 mmol)
combined filtrate and washes were frozen and lyophilized as a 0.63 M solution in DMA, followed by the addition of
for a minimum of 18 h. borane-pyridine complex (7&.L). The reaction mixture was
The residue obtained from lyophilization was dissolved Shaken for 1824 h on a platform shaker. After this time,
in chloroform (1.10 mL), and the solution was added to a the solvents were drained, and the resin was washed with
fritted vessel previously packed with Varian Hydromatrix DMA (2 x 1 mL) and then with alternating portions of
diatomaceous earth and treated with either BD®f water MeOH (3 x 1 mL) and dichloromethane (8 1 mL). This
or 500uL of 2 N KHSQy. The choice of extraction solvent  resin was carried on to the next step.
depended on the hydrophobicity of the amine employed in  Tetrahydroisoquinoline 3. Resin 16 was washed with
the cleavage step. In general, hydrophobic amines were besainhydrous pyridine (2« 1 mL) and then treated with an
extracted using the acid buffer. The chloroform solution was amine (1 mL, 0.50 mmol) as a 0.50 M solution in anhydrous
collected, and the source vessel was washed with chloroformpyridine. The resin slurry was shaken for448 h on a
(2 x 450 ulL). The combined organic solutions were platform shaker, after which it was filtered. The resin was
concentrated in vacuo to give the crude sulfonargidehich washed with anhydrous pyridine (2 450 uL), and the
was analyzed according to the weight-percent purity method washes were combined with the original filtrate. The
described previoushf Yield and purity data for compounds combined filtrate and washes were concentrated in vacuo.
prepared in this manner are listed in Table 1. Data are The residue was dissolved in chloroform (1.20 mL) and
reported below for representative example& pfepared as  transferred to a fritted syringe cartridge, previously loaded
described above, which were used for quantitative purity with Varian Hydromatrix diatomaceous earth and treated with

analysis. H,O (500uL). The solution was allowed to percolate through
2-(3-Chlorobenzenesulfonyl)-7-ethoxy-1,2,3,4-tetrahy-  the diatomaceous earth, and the filtrate was collected. The
droisoquinoline-3-carboxylic Acid [2-(2-Fluorophenyl)- source vessel was rinsed with CH@ x 450uL), and the

ethyllamide (2a). Isolated as a yellow, viscous oil after rinse solution was transferred to the syringe cartridge
reverse-phase HPLGH NMR (270 MHz, CDC}) 6 7.66 containing the diatomaceous earth. The resulting filtrate was
(t, J=1.98 Hz, 1H), 7.56 (dt) = 7.67, 1.73, 1.24 Hz, 1H),  collected, and the combined chloroform solutions were
7.45 (dg,d = 8.16, 1.24, 0.99 Hz, 1H), 7.32 (3, = 7.92 evaporated; then, the residue corresponding to tetrahydroiso-
Hz, 1H), 7.23-7.13 (m, 1H), 7.06-6.99 (m, 3H), 6.89 (dJ quinoline3 was dried under high vacuum. Yield and purity

= 8.41 Hz, 1H), 6.69-6.62 (m, 2H), 6.53 (dJ = 2.47 Hz, data for compounds prepared in this manner are given in
1H), 4.40-4.36 (m, 1H), 4.30 (dJ) = 6.43 Hz, 2H), 3.99 Table 1. Data for the purified material prepared according
3.89 (m, 2H), 3.76:3.63 (m, 1H), 3.66-3.32 (m, 2H), 3.04  to this procedure are reported below.

(dd, J = 15.59, 4.95 Hz, 1H), 2.74 (1 = 6.93 Hz, 2H), 2-(2,5-Difluorobenzyl)-7-methoxy-1,2,3,4-tetrahydroiso-
2.61 (dd,J = 15.59, 6.68 Hz, 1H), 1.38 (1] = 6.93 Hz, quinoline-3-carboxylic Acid (Pyridin-2-ylmethyl)amide

3H); 13C NMR (67.5 MHz, CDC}) 6 170.0, 157.7, 139.0, (3a).Isolated as a beige solid after preparative reverse-phase
135.4,133.2,132.6, 131.2,130.3, 129.1, 128.4, 127.6, 125.6 HPLC, partitioning of the TFA salt between aqueous sodium
125.4, 124.4, 124.2, 115.5, 115.2, 114.0, 112.2, 63.5, 56.9,hydrogen carbonate and chloroform, separation, and evapora-

46.4,39.7, 29.0, 14.8; MS (EStYz517.1 [(M+ H)*]. Anal. tion of the organic phase. The residue was then purified by
Calcd for GgH26CIFN2O,S: C, 60.40; H, 5.07; N, 5.42. normal-phase HPLC on silica gel using a gradient of
Found: C, 60.01; H, 5.32; N, 5.15. methanol/dichloromethane/hexandd NMR (270 MHz,

2-(4-Acetylaminobenzenesulfonyl)-7-(2-trifluorometh- ~ CD2Cly) 6 8.43-8.41 (m, 1 H), 8.12 (br s, 1H), 7.677.53
ylbenzyloxy)-1,2,3,4-tetrahydroisoquinoline-3-carboxyl- (M, 1H), 7.43-7.35 (m, 1H), 7.18:6.93 (m, 6H), 6.7&
ic Acid 3,4-Dimethoxybenzylamide (2b)Isolated as awhite ~ 6.72 (m, 1H), 6.57 (d) = 1.2 Hz, 1H), 4.41 (1) = 5.4 Hz,
solid after purification by reverse-phase HPLE! NMR 2H), 3.84-3.78 (m, 2H), 3.72 (s, 3H), 3.6%3.57 (m, 2H),
(270 MHz, CDC}) 6 8.40 (s, 1H), 7.62, (s, 5H), 7.47 @,  2.99 (d,J = 6.7 Hz, 2H);**C NMR (67.5 MHz, CBCly) 6
= 7.4 Hz, 1H), 7.33 (tJ = 7.7 Hz, 1H), 7.18 (s, 1H), 6.96  172.7,158.6, 157.4, 149.3, 136.9, 135.9, 129.5, 126.5, 122.5,
(t, J=5.7 Hz, 1H), 6.86 (d) = 8.2 Hz, 1H), 6.68 (dd) = 121.7,117.9,116.9, 116.8, 115.8, 115.7, 115.5, 113.0, 112.1,
8.2, 2.2 Hz, 2H), 6.66.56.57 (m, 2H), 6.34 (dd] = 8.1, 63.0, 55.5, 52.0, 51.1, 44.5, 27.4; MS (E8i) 424.3 [(M
1.7 Hz, 1H), 5.09 (s, 2H), 4.454.36 (m, 2H), 4.36-4.08  + H)']. Anal. Calcd for GsH2sNoF20,: C, 68.07; H, 5.47;
(m with t at 4.21,J = 5.4 Hz, 3H), 3.70 (s, 6H), 3.07 (dd, N, 9.92. Found: C, 67.87; H, 5.29; N, 9.95.
J=15.1, 3.2 Hz, 1H), 2.47 (dd,= 15.1, 6.2 Hz, 1H), 2.03 2-Furan-3-yl Methyl-7-(3-phenylpropoxy)-1,2,3,4-tet-
(s, 3H);**C NMR (67.5 MHz, CDCJ) 6 170.7, 169.1, 157.3,  rahydroisoquinoline-3-carboxylic Acid (2-Hydroxyethyl)-
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amide (3b). Isolated as a beige solid after reverse-phase
HPLC.H NMR (270 MHz, CBQCl,) 6 7.61 (br s, 1H), 7.42
(t, J=1.7 Hz, 1H), 7.3#7.36 (m, 1H), 7.36-7.15 (m, 5H),
7.05 (d,J = 8.4 Hz, 1H), 6.72 (ddJ = 2.5, 4.1 Hz, 1H),
6.59 (d,J = 2.7 Hz, 1H), 3.90 (tJ = 6.4 Hz, 2H), 3.74 (q,
J=15.1, 23.8 Hz, 2H), 3.63 (s, 1H), 3.58.53 (m, 4H),
3.48 (t,J = 6.4 Hz, 1H), 3.33-3.26 (m, 2H), 2.97 (dJ =
6.4 Hz, 2H), 2.77 (tJ = 7.2 Hz, 2H), 2.16-2.00 (m, 2H);
13C NMR (67.5 MHz, CBCl,) 6 174.4, 158.0, 143.8, 142.1,
141.4,136.2,129.2,128.8, 128.7, 126.5, 126.2, 122.4, 113.5
112.7, 111.3, 67.4, 62.8, 62.1, 54.6, 54.2, 53.8, 53.4, 53.0,
51.7, 49.0, 42.6, 32.4, 31.3, 27.4; MS (E81)z 435.5 [(M
+ H)*]. Anal. Calcd for GeHsoN2O4: C, 71.87; H, 6.96; N,
6.45. Found: C, 71.49; H, 6.71; N, 6.34.
7-Butoxy-2-(5-methylthiophen-2-ylmethyl)-1,2,3,4-tet-
rahydroisoquinoline-3-carboxylic Acid (2-Piperidin-1-yl-
ethyl)amide (3c).Isolated as a yellow oil after reverse-phase
HPLC. 'H NMR (270 MHz, CDQCl,) 6 7.52 (brt,J = 4.7
Hz, 1H), 7.03 (dJ = 8.2 Hz, 1H), 6.72-6.68 (m, 2H), 6.58
6.53 (m, 2H), 3.88 (tJ = 6.5 Hz, 2H), 3.78 (s, 2H), 3.77
(g,J = 15.6, 28.7 Hz, 2H), 3.50 (§ = 6.4 Hz, 1H), 3.25
(dddd,J=16.0, 6.0, 11.9, 11.9 Hz, 2H), 2.97 (@= 5.6 Hz,
2H), 2.44 (s, 3H), 2.3#2.25 (m, 5H), 1.76-1.65 (m, 2H),
1.57-1.38 (m, 8H), 0.94 (1) = 7.2 Hz, 3H);**C NMR (67.5
MHz, CD,Cl,) 6 172.5, 158.0, 140.8, 139.9, 135.8, 129.5,
126.2,126.0, 124.8, 113.4, 112.6, 68.0, 61.9, 57.9, 51.3, 36.3
31.7,26.5, 26.4, 24.9, 19.6, 15.5, 14.0; MS (E812470.6
[(M + H)*]. Anal. Calcd for G/H3gN30,S: C, 69.04; H,
8.37; N, 8.95. Found: C, 69.02; H, 8.33; N, 8.83.
7-Methoxy-2-(3-methoxybenzyl)-1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic Acid Butylamide (3d). Isolated as
a white wax after chromatographic purification by reverse-
phase HPLC!H NMR (270 MHz, CBQCl,) 6 7.28-7.15
(m, 2H), 7.06 (dJ = 8.4 Hz, 1H), 6.96-6.78 (m, 3H), 6.72
(dd,J = 2.7, 4.3 Hz, 1H), 6.54 (d] = 2.4 Hz, 1H), 3.8%
3.57 (m, 4H), 3.78 (s, 3H), 3.72 (s, 3H), 3.45Jt 6.4 Hz,
1H), 3.16 (qd,J = 3.0, 9.9 Hz, 2H), 2.99 (d) = 6.5 Hz,
2H), 1.42-1.32 (m, 2H), 1.2#1.14 (m, 2H), 0.86 (tJ =
7.2 Hz, 3H);**C NMR (67.5 MHz, CDCl) 6 172.7, 160.3,

158.5, 140.6, 136.1, 129.8, 129.4, 126.6, 121.3, 114.7, 112.9,

112.0, 62.5, 58.5, 55.5, 51.8, 39.0, 32.2, 27.0, 20.4, 13.9;
MS (ESI) m/z 383.5 [(M + H)*]. Anal. Calcd for
Co3H3oN-Os: C, 72.22; H, 7.91; N, 7.32. Found: C, 71.99;
H, 8.01; N, 7.23.
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