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Abstract: on solid phase are not only peptide couplings but also a
A multigram solid-phase synthesis of tetrahydrocarbazole 1 was  Fischer indole synthesis and a urea formation.

developed based a milligram-scale synthesis from Automated

Medicinal Chemistry (Koppitz, M.; Reinhardt, G.; van Lingen, Research Synthesis

A. Tetrahedron Lett.2005,46, 911—-914). It was shown that a The synthesis ofL in combinatorial chemistry was

fast scale-up by a factor of 2000 of the solid-phase synthesis is  performed on a 0.1 mmol scale using commercially available

possible in this case. Highly loaded Rink Amide resinwas used,  Rink Amide resin2* with a loading of 0.7 mmol/g (Scheme

and the eight-step-synthesis was performed within 5 days, 1). A solid-phase anchored dipeptide was synthesized by

ielding 35 g (34%) of desired product 1 i ; i i i

yielding 35 g (34%) of desired product 1. straightforward peptide coupling techniques with Fmoc-
protected valine, deprotection with piperidine, and subsequent
coupling with amino-cyclohexane-4-one carboxylic add,

Introduction Then, Fischer indole synthesis with phenylhydrazine/ZnCl

The application of solid-phase synthesis within research deprotection with piperidine, formation of the urea, and
is widespread in combinatorial medicinal chemistry because finally cleavage from the resin with TFA yielded the desired
this methodology allows the preparation of a broad range of Compoundl as a mixture of diastereomers which could be
different molecules in a very short time. Additional increase Separated by prep-HPLC. The acidic cleavage conditions
of speed and number of new chemical entities can be 9ave rise toabyproduct (about 10%) of which the structure
achieved by parallel synthesis employing lab roBots. was resolved during the scale-up process (see below).

The fast delivery of multigram amounts of drug substance ~ According to the research preparation the amide couplings
for first toxicological and formulation studies is an important Were performed twice, each time with a 3-fold excess of
issue in early-phase drug development. To accelerate thisdMino acid and the highly reactive, but expensive, HATU
process solid-phase chemistry should be considered as af(2-(1-H-7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluroni-
option. Solid-phase procedures are fast compared to liquid-Um hexafluoro-phosphate)} (2000 Euro/100 g), as a
phase chemistry because no purification of intermediate COUPIiNg reagent. Another significant drawback of the
products is necessary. In general the resins are washed anffS€arch synthesis was the high excess of quite expensive
used directly for the next reaction step. Until now, only a 2-Phenylethyl-isocyanate (200 Euro/25 g; 10 equiv) in the
few examples of large-scale solid-phase syntheses of non-Uréa forma\tlor_’r:5 Nevertheless, the yield of the medicinal
peptide molecules are reporté®ue to the limited number research reaction sequence was 15 mg of tetrahydrocarbazole
of publications in this research area we started a project tol (0.1 mmol scale, 31% o. th.).
deepen knowledge and practical experiences on this field.

We wanted to investigate if a scale-up of a solid-phase Scale-Up Results
synthesis of the new non-peptide potential drug-substance The main effort was put into rapid optimization of the
1, which originated from our own research, to a multigram reaction conditions of the research synthesis rather than the
scale is possible. By this strategy a time-consuming transferselection of different solid supports. Alternative resins such
to liquid-phase chemistry would be avoided at this early as the Sasrin resimor the well-known Wang resirwere not
phase of development. A liquid-phase procedure was notinvestigated since these solid supports are less susceptible
available at that point and would have required additional
development time. Therefore, solid-phase chemistry was (4) (a) Rink, H.Tetrahedron Lett1987,28, 3787-3790. (b) Bernatowicz, M.
chose for  fast scale-up. Among the feactons performed 5,020, S B Kiter e Latisss 30, 464546t ()

I.; Hudson, D.; Barany, GJ. Org. Chem1990,55, 3730—3743.
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Scheme 1. Solid-phase synthesis ofa

aReagents and conditions: a) piperidine, DMF, RT, 15 min; b) Fmd@-OH, TBTU 5, NMM (N-methylmorpholine), DMF, 40C, 4 h; c) piperidine, DMF,
RT, 15 min. d)3, TBTU 5, NMM, DMF, 40 °C, 4 h; ) AcCOH/NMP (Nmethylpyrrolidone) 7:1, PANHNK ZnCl; f) piperidine, DMF, RT, 15 min; g) PhC}H,NCO
6, DCM (dichloromethane), RT, 18 h; h) 25% TFA in DCM, RT, 4 h.

to acidic cleavage than the Rink Amide resin. More acidic Scheme 2. Side reaction of 1 upon exposure to TFA,
cleavage conditions and longer reaction times were expectedyi€lding hydantoin 7

resulting in an increased formation of a side product known
from the research synthesis. Analytics were performed at the ~
0

end of the complete synthesis, and no byproducts due to A

incomplete reaction steps were found by HPLC after cIeavageHszAﬂ N\[(N\/\@ A HN \ o
of the product from the solid support. HPLC analysis showed % o
no products lacking an amino acid unit, and the reactions N
were shown to deliver reproducible results. N

H

In a first series of experiments with commercially

available Rink Amide (0.7 mmol/g loading), it turned out 1 7
that a repetition of the amide couplings is not necessary, andthe resin was filtrated, and all reagents were removed by
it could be shown that expensive HATU can be replaced by simply washing the resin. No byproducts due to incomplete
cheaper TBTU (2-(1-Hbenzotriazole-1-yl)-1,1,3,3-tetra-  conversions of the Fisher indole synthesis were observed by
methyluronium tetrafluoroborate. Furthermore, the ex- HPLC in the final productl. In the urea formation the
cesses of amino acids and coupling reagents were reduceémount of toxic and expensive 2-phenylethylisocyanate,
to 1.3 equiv. Especially, the reduced demand for the was reduced to 1.5 equiv (10 equiv in research synthesis),
noncommercially available amino-cyclohexane-4-one car- still leading to full conversion even though the amino
boxylic acid,3, had a significant impact on the effectiveness functionality suffers strong steric hindrance.
of the synthesis because this building block had to be The cleavage of the final product from the resin with 95%
synthesized in a separate four-step proce8e. further TFA in water was challenging. Already on a 0.1 mmol scale
effort was put toward optimizing the coupling reagent at this in research a byproduct was formed (10%) resulting from
early stage of drug development. The Fischer indole synthesiscleavage of the valine-unit and formation of a hydantsin
from Automated Med. Cherh®®was scaled up withoutany  (Scheme 2). Due to larger reaction volumes during the scale-
problems. All reagents were soluble under the reaction up process the removal of TFA took significantly more time,
conditions, preventing diffusion problems. After the reaction, resulting in larger amounts of the byprodctup to 50%).

. . This issue was approached by exchanging the aqueous TFA
(8) 1Bégt;n, A.; Lockwod, G.J. Chem. Soc., Perkin Tran4974,1, 1824— mixture by a 25% TFA in DCM solution for cleavage.
(9) Hutchins, S. M.; Chapman, K. Tetrahedron Lett1996,37, 4869—4872. Evaporation of the solvent was much faster, and the amount
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Scheme 3. Synthesis of a highly loaded Rink Resin 10 Table 1. Comparison of research and development synthesis

research  development
synthesis synthesis

scale 0.1 mmol 208 mmol
yield 15mg=31% 35g=34%
time for the whole synthesis &f 2 weeks 5 days
upscale into gram scale possible? not practicalyes

costd3 per 35 g ofl 25.000 Euro 5.500 Euro

was made as far as the costs are concerned and the time
required for the whole synthesis. In chemical development
the fast delivery of first amounts of drug substance is a
. . - . critical issue as well as the costs. A comparison of the costs
aReagents and conditions: Rink Amide link&r TBTU (1.3 equiv each), f L . . ..
NMM, DMAP (cat.), DMF, 3 h, 40°C. of the optimized synthesis with that of the original research
_ ~ synthesis is provided in the following table. Compared to
of side product was pushed below 20%. In-depth analysis the research synthesis we accomplished a scale-up by a factor
and improvement of the cleavage step in a similar case areof 2000 and significantly shortened the time for the whole
currently ongoing. procedure. In addition we were able to cut the costs for the
A neutralization of the Iarge amounts of TFA with a base whole Synthesis by a factor of 4 (See Table 1)
was not practical since it results in the generation of large  compared to a hypothetical liquid-phase synthesis our
amounts of waste. _ _ solid-phase procedure is likely to be more expensive.
During optimization, this synthesis was performed on a gynthesizing these 35 g of on solid phase required
2 g-scale (10 mmol) in good yields-60%) several imes  gjgnjficant amounts of resin and linker. After all 4000 Euro
with reproducible results even with reduced amounts of \yere spent for the resin and the linker whereas reagents and
reagents. This is an improvement compared to the researcfbu"ding blocks cost only around 1000 Euro for a-3-g
synthesis still using the same Rinl_< Amide resin. as a sqlid campaign which would have to be spent in a liquid-phase
support. However, due to the relatively low loading of this .o o qre as well. Interestingly, most of these additional
resin (0.7 mmol/g) large amounts of solvents and big flasks costs were caused by the Rink Amide linléef2500 Euro),
had to be used in a larger-scale synthesis. To address theSSnd only 1500 Euro had to be paid for the reSimvhich

issues there was need for a higher loaded resin. The SyntheSiﬁ\dicates that the cost of a solid-phase synthesis depends on
the sorts of resin and linker that are used. These costs have

of such highly loaded Rink Amide resin is already knotn.
to be balanced to the amount of work and time which would

Amino-functionalized polystyrene (2.9 mmol/g) was
coupled with commercially available Rink Amide link8r be needed to develop a solution-phase synthesis. Here
yielding the highly loaded Rink Amide resit0 (Scheme workup procedures would have to be developed which might

even lead to a change of reaction conditions (e.g., change

3).
The eight-step synthesis dfwas repeated on large scale . : . .
g b sy P g of solvents). In solution this reaction sequence would include
many purification procedures since equimolar amounts of

with the highly loaded resii0. 35 g (34%,>95% purity

by HPLC) of pure product were obtained from ca. 200 g of )

resin with only one chromatographic purification procedure byprodycts (abou'F 709) are formed, resulting from TBTU/
HATU in the peptide couplings. The workup procedure on
that scale would take at least one full day per peptide

after the last step.
Interestingly, the yield was lower (34%) than the ones > . X

obtained with commercially available resins (0.7 mmol/g) COUPling step. Alternatively, the search for other coupling
on a 10 mmol scale. A decrease in yield at higher loading '¢@gents would definitely afford some time.

was observed by Raillaftias well. This topic was also After all, a very stable and reliable procedure was
addressed by Huds¥hand Zikod! who proposed a de- developed (the procedure was performed four times with
creased accessibility of reactive sites on higher loaded resinsSimilar results). Performing the whole reaction sequence on
However, Meisenbach et #l.reported constant yields @ 35-g scale took only 5 days of lab work under the optimized

independent of the resin loading. conditions. This amount of drug substaricis sufficient to
start formulation development and early toxicological studies.
Comparison to Alternative Syntheses Compared to the known large-scale solid-phase synthesis in

Since all development syntheses start from the researchthe literaturée’ these results confirm and expand the findings
procedures we did a comparison of both procedures toof Raillard®@and Meisenbach due to the different types of
validate our improvements. Compared to the researchchemical transformations on the solid support, thus making
synthesis the yield was slightly increased (31% research; 34%the solid-phase methodology an attractive alternative for fast
development); however, the most significant improvement scale-up of small molecules in early-phase drug development.

However, it should be noted that a further scale-up of the
(10) ﬁfasr‘zjf]’gi'teﬁ"‘;,\fo,?f gr'g'f"ghiﬁiggé%éng%rgf'g;‘"l%‘_’aka' Vi bytdle. M synthesis oft is still challenging due to decomposition of
(11) Zikos, C. C.; Frederigos, N. Gietrahedron Lett1995,36, 3741—3744. the product by TFA. This is not necessarily a general problem
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of solid-phase chemistry but is likely to happen quite often mixture was stirred at 40C for 4 h. The resin was filtered
since cleavage conditions often are relatively harsh. off and washed four times with 1500 mL of DMF.

Currently, this methodology is applied to more sophisti- Fischer Indole Synthesis.A mixture of 1200 mL of
cated molecules to broaden the scope of chemical transfor-AcOH, 200 mL of NMP, ZnCJ (286.2 g, 2.1 mol), and
mations and to deepen the knowledge about solid-phasephenylhydrazine (226.8 g, 2.1 mol) was added to the resin
scale-up techniques and their limits. Publications on the and stirred at 70C for 18 h. The resin was filtered off and
results of that work are currently in preparation. washed four times with 1500 mL of DMF.

Urea Formation. The resin was suspended in 1300 mL

Conclusion of DMF, and 300 mL of piperidine were added. The mixture

Solid-phase procedures from combinatorial chemistry can was stirred for 20 min, and the resin was filtered off and
be scaled up to a 3940-g scale (scale increase by a factor washed four times with 1500 mL of DMF. Then the resin
of 2000) without changes to the synthetic approach but with was suspended in 1600 mL of DCM, and phenylethyliso-
significant changes to the reaction conditions. Large excessesyanate6 (46.3 g, 0.315 mol) was added. The mixture was
of reagents can be avoided, and thus the costs can be reducestirred for 24 h at room temperature. The resin was filtered
by a factor of 4. This was demonstrated by the fast synthesisoff and washed three times with 1500 mL of DCM.
of 35 g (34% yield) ofl on solid phase. These results show Cleavage.The resin was suspended in 1200 mL of DCM,
the opportunity to use solid-phase chemistry to rapidly and 400 mL of TFA was added. The mixture was stirred at
provide first amounts of drug substance for early toxicologi- room temperature for 3 h. The resin was filtered off, and

cal and formulation studies in drug development. This is of
particular interest for development candidates of which solid-

the procedure was repeated once.
The combined filtrates were evaporated to dryness, and

phase procedures already exist and a liquid-phase procedur800 mL of 1 N NaOH and 500 mL of EtOAc were added.

has not been developed yet.

Experimental Procedures

All reagents and solvents were obtained from commercial
suppliers and used without further purification. Highly loaded
aminomethylated polystyrene (2.9 mmol&as obtained
from NovaBiochem (Ldufelingen, Switzerland). Rink Amide
linker 8 was purchased from Iris Biotech GmbH (Marktred-
witz, Germany). All resins are 1% cross-linked with divi-
nylbenzene. Amino-cyclohexan-4-one carboxylic acid was
prepared according to Britten et®&The introduction of the
Fmoc-group was performed as described by Koppitz &t‘al.

A white precipitate was formed which is filtered off to give
a first crop of product (11 g). The aqueous phase was
extracted with EtOAc (500 mL) and discarded afterwards.
The white precipitate which had formed was filtered off and
washed with EtOAc (5 g). Half of the solvent was evapo-
rated, and another crop was collected after crystallization at
—18°C for 72 h (2 g). The solvent was removed completely,
and the resulting red oil was purified by column chroma-
tography (EtOAc, silica gel). Overall yield: 35.0 g (34%;
>95% purity).

Analysis was performed by HPLC. (Agilent 1100 HPLC
DAD (diode array detector) and MSD (mass selective

Reactions were performed using standard laboratory detector) SL; column: Kromasil 100 C1&#n, 125 mmx

glassware. Standard glass-frits were used for filtrations.

Loading of Aminomethylated Polystyrene.The ami-
nomethylated polystyrene resin (72.4 g, 2.9 mmol/g) was
suspended in 1600 mL of DMF. TBTU (87.6 g, 0.273 mol,
1.31 equiv), Rink Amide linkeB (147.3 g, 0.273 mol, 1.31
equiv), DMAP (1.65 g, 0.0137 mol, 6.5 mol %), and
N-methylmorpholine (69.0 g, 0.683 mol, 3.3 equiv) were
added, and the mixture was stirred at 40 for 4 h. The
resin was filtered off and washed four times with 1500 mL
of DMF. The resin was used without any further manipula-
tions.

Performing Peptide Couplings.The resin was suspended
in 1300 mL of DMF, and 300 mL of piperidine were added.
The mixture was stirred for 20 min, and the resin was filtered
off and washed with four times with 1500 mL of DMF. Then
the resin was suspended in 1600 mL of DMF. TBTU (87.6
g, 0.273 mol), Fmoc-protected amino acid (0.273 mol),
DMAP (1.65 g, 0.0137 mol, 5 mol %), and-methylmor-

pholine (69.0 g, 0.683 mol, 2.5 equiv) were added, and the

(12) A repetitive execution of the small-scale research synthesis is not practical

due to large amounts of needed building b&k

(13) Only material costs are considered for total costs of the product.

(14) Kortenaar, P. B. W.; Van Dijk, B. G.; Peeters, J. M.; Raaben, B. J.; Hans,
P. J.; Adams, M.; Tesser, G. Int. J. Peptide Prot. Resl986,27, 398—
400.
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3.0 mm; Eluent A: HO + 0.1% HCOOH; Eluent B: ACN
+ 0.1% HCOOH (A:B 8:2—1:9); UV-detection at 214 nm.

A separation of the diastereomers for analysis was
achieved by preparative HPLC using a Purosphere Star C18
5um (125 mmx 25 mm) using 0.2% NElin H,O/acetonitrile
as an eluent (25 mL/min).

1 (Diastereomer 1):'H NMR (300 MHz, DMSO¢s) 6
10.72 (s, 1H), 7.48 (s, 1H), 7.677.32 (m, 9H), 6.96 (td)
=7.5Hz,J= 1.2 Hz, 1H), 6.88 (tdJ = 7.5 Hz,J = 1.0
Hz, 1H), 6.07 (tJ = 6.0 Hz, 1H), 6.12 (s, 1H), 4.13 (dd,
= 9.0 Hz,J = 4.8 Hz, 1H), 3.14 (m, 2H), 2.89 (d,= 19.2
Hz, 2H), 2.79—2.55 (m, 3H), 2.58 (@,= 6.3 Hz, 2H), 2.00
(m, 2H), 0.88 (dJ = 6.9 Hz, 3H), 0.79 (dJ = 6.9 Hz, 3H);

C NMR (75.5 MHz, DMSOds) 6 174.5, 173.0, 157.4,
139.6, 136.1, 133.0, 128.6, 128.2, 127.4, 125.9, 120.2, 118.1,
117.0, 110.6, 104.8, 57.9, 56.9, 41.1, 35.9, 30.7, 30.4, 28.3,
19.4,19.1, 17.2;d]%%40 = 137.8 (c= 0.567 mg/mL DMF);

mp 248°C.

1 (Diastereomer 2):*H NMR (300 MHz, DMSO#¢) 6
10.73 (s, 1H), 7.45 (s, 1H), 7.677.32 (m, 9H), 6.96 (td)
=7.5Hz,J= 1.2 Hz, 1H), 6.89 (tdJ = 7.5 Hz,J= 1.0
Hz, 1H), 6.18 (tJ = 6.0 Hz, 1H), 6.14 (s, 1H), 4.09 (dd,
= 8.4 Hz,J = 4.5 Hz, 1H), 3.15 (qJ = 6.8 Hz, 2H), 2.90
(s, 2H), 2.59 (tJ = 7.5 Hz, 2H), 2.45-2.73 (m, 3H), 1.98



2.18 (m, 2H), 0.87 (dJ = 7.2 Hz, 3H), 0.79 (dJ = 7.2 Hz, ds) 0 176.9, 156.2, 138.6, 136.5, 133.3, 129.3, 128.8, 127.5,
3H); 3C NMR (75.5 MHz, DMSOsdg) 6 174.8, 173.0, 157.8, 126.9, 120.9, 118.7, 117.5, 111.1, 104.6, 60.3, 39.2, 34.5,
139.5,136.1, 133.2,128.6, 128.2, 127.3, 125.9, 120.2, 118.1,31.0, 30.4, 19.5; IR (KBr) 3370, 3135, 1762, 1702, 1454,

117.0, 110.6, 104.5, 57.9, 57.1, 40.6, 35.9, 31.0, 29.8, 27.8,1423 cn’; MS (ES)m/z (%) 382 (30, [M + Na]), 360

IR (KBr) 3370, 3061, 3027, 2967, 2929, 1650, 1635, 1555, found 359.1637; mp 213C.

1510, 1265, 743 crt; MS (ES)m/z (%) 498 (40, [MF +

Na‘]), 476 (100, [M" + H]), 459 (28), 360 (22), 329 (31),  Acknowledgment

310 (18), 293 (21); HRMS (EI) calcd 475.2594 for We thank M. Koppitz for stimulating discussions and J.

Ca7H32Ns0;3, found 475.2590; mp 24€C. Krueger (all Schering AG) for excellent technical and
Hydantoin 7: 'H NMR (400 MHz, DMSO¢) 6 10.78 analytical support.

(s, 1H), 8.49 (s, 1H), 7.367.15 (m, 7H), 6.98 (dtJ = 8.0

Hz,J=1,2 Hz, 1H), 6.90 (dt) = 7.8 Hz,J = 1.2 Hz, 1H), _ _

3.62 (t,J = 7.2 Hz, 2H), 2.92-2.78 (m, 5H), 2.56 (m, 1H), Received for review December 22, 2005.
1.96 (m, 1H), 1.72 (m, 1H%:C NMR (100.6 MHz, DMSO- OP0502607
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