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Introduction.

Creation of a stereogenic center in a planned manner has been a challenge for
chemists since the stereoisomerism of organic molecules was discovered.
Development of new methodologies for the preparation of stereoisomers is among the
most important topics in modern organic synthesis. One of the most direct ways to
form an asymmetric center is selective proton delivery from a chiral proton source to
either side of a planar enolate (enantioselective protonation). Since the enolate is
generated from a racemic material, the method is also known as deracemization.
Racemic ketones, esters and amides can be deracemized in one step by an enolization,
enantioselective protonation sequence. In contrast to traditional resolution via a
diastereomer pair that would give a maximum of 50% chemical yield of a chiral
product, the deracemization affords nearly quantitative recovery of enantioenriched
material. In the most practical examples, a simple extractive procedure is sufficient to
separate the chiral proton source from the desired non-racemic product. Furthermore,
there 1s a clear advantage in the use of sub-stoichiometric quantities of expensive
chiral proton donor and a catalytic version of several stoichiometric protonations has
been developed recently.

Potentially being a powerful and attractive method for the synthesis of
enantioenriched carbonyl compounds, asymmetric protonation of enolates has not yet
developed into a convenient synthetic tool. The best protonation examples have
required extensive optimization of a chiral proton donor and deracemization
conditions. Very little is known about the design of a chiral proton source. The acidic
proton obviously must be in a sufficiently chirotopic environment for effective
enantioselection, but the importance of the pKa relationship between a proton donor
and enolate is less well understood.

Optically active I-anilino-1,2,3,4-tetrahydroisoquinoline CAPTIQ is a highly
efficient “chiral acid” in deracemization of various amide enolates. Our main
objective was to extend the scope of deracemization to other carbonyl compounds,
such as esters and amino acid derivatives. A series of isosteric chiral CAPTIQ analogs
that vary in acidity would allow the investigation of the enantioselectivity relationship
with the pKa difference between the enolate and a proton donor. The details of these

studies are highlighted in Chapter C.



Despite the fact that isoquinoline is a principal constituent of many alkaloids
and medicines, there is a lack of a general and convenient method for the asymmetric
synthesis of 1-aryl-1,2,3,4-tetrahydroisoquinoline. Chiral auxiliary mediated
asymmetric synthesis usually affords optically enriched isoquinolines. The purity of
diastereomers has to be further increased to >99% de by chromatography or
crystallization technique. Important disadvantages of covalently bonded chiral
auxiliaries are the cost of a chiral reagent and the additional steps needed to attach and
cleave the auxiliary. More convenient is resolution of inexpensive racemic
isoquinolines by crystallization of diastereomeric salts. In this transformation the
resolving agent can be easily recovered by a simple acid-base extractive work-up. The
approach was examined in Chapter A.

Catalytic asymmetric synthesis is an important alternative to all the above
mentioned techniques, because a large quantity of the chiral material can be produced
using a small amount of a chiral catalyst. The most direct route to non-racemic 1-aryl-
1,2,3,4-tetrahydroisoquinolines would be the asymmetric reduction of corresponding
3,4-dihydroisoquinolines. Recent report on highly efficient enantioselective transfer
hydrogenation of 1-phenyl-3,4-dihydroisoquinoline using a chiral ruthenium catalyst
encouraged us to apply this method for the synthesis of various CAPTIQ analogs.
Chapter B summarizes the scope and limitations of the Ru-catalyzed asymmetric
transfer hydrogenation as well as illustrates a practical application of the method for

the synthesis of chiral tetrahydroisoquinolines with aniline subunit.



Chapter A
Preparation of chiral anillno-isoquinolines by

diastereomeric pairs crystallization technique



Racemates resolution via diastereomer pairs crystallization technique is the
most straightforward route to optically active amines.' In this type of reaction,
substrate (racemic amine) is treated with one enantiomer of a chiral substance (the
resolving agent, chiral acid). Diastereomer pairs usually are tonic (diastereomeric
salts) or covalent. The method is fairly inexpensive because the chiral reagent can be
recovered by a simple acid-base extractive work-up. On the other hand, resolution
success often requires extensive screening of various chiral acids as well as careful
adjustment of crystallization conditions. The synthetic problem, however, becomes
technically easier in the cases when resolution of structurally related substrates has
already been reported.

Since tetrahydroisoquinoline is a principal constituent of various alkaloids and
drugs, a number of chiral reagents have been applied for the resolution of racemates.
Among them, tartaric acid and its O-substituted analogues as well as diacetone-2-
keto-L-gulonic acid are most frequently used'® for preparation of diastereomeric salts.
For example, chiral isoquinoline CAPTIQ, so far the best chiral proton donor for
deracemization of various amides,?* is commercially available as a salt with L(+)
tartaric acid (Aldrich). Use of tartaric acid for resolution of other 1-anilino-1,2,3,4-
tetrahydroisoquinolines® stimulated us to employ this technique for the preparation of

various CAPTIQ analogues as potential asymmetric proton donors.

1. Synthesis of racemic 1-anilino-1,2,3,4-tetrahydroisoquinolines.
Optimization of Bischler-Napieralski cyclization.
There are a number of methods for isoquinoline ring construction® and the

most frequently used processes are summarized in Table Al.



Table Al. General methods for isoquinoline ring construction.

"Disonnection .
approach” Reaction Products
O,C‘C Bischler-Napieralski | 3,4-dihydroisoquinelines
N
C Pictet-Spengler  [1,2,3,4-tetrahydroisoquinolines
“e
@ N Pomeranz-Fritsch isoquinolines
C
C\C
N Schlittler-Muller isoquinolines
c

Bischler-Napieralski cyclization i1s somewhat more attractive compared to the
alternatives because it employs relatively easily available substituted benzoic acids
Al as the starting material. Moreover, the cyclization affords C=N double bond
containing 3,4-dihydroisoquinolines A3, that potentially can be reduced in an

asymmetric way yielding chiral or enantiomerically enriched products A4.

1. Achiral reduction
2. Racemate resolution

©/\? Bischler- _N //\
COCH 0 NH Napieralski

X
©/ — 6/ cyclization

Al A2
Asymmetric
X=NRR,, NO,, Hal reduction

Bischler-Napieralski cyclization proceeds via initial formation of hydrochloric
salts of imidoyl chloride AS using POCls, PCls or SOCI, as a reagent. Subsequent loss
of hydrogen chloride generates imidoyl chloride species A6 which is in equilibrium
with the corresponding nitrilium salt A7.° In the presence of Lewis acids, such as
SnCla, ZnCl, or POCl;, PCls and SOCI,, nitrilium salt undergoes cyclization affording
3,4-dihydroisoquinolines A8.

wn
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It was also shown that related nitrilium salts A7 prepared by direct alkylation
of the corresponding nitriles A9 yield 3,4-dihydroisoquinolines A8 in the presence of
vz;rious Lewis acids (SnCls, ZnCl,).° Employing P,Os and polyphosphoric acid esters
as dehydrating agents resulted in the formation of corresponding imidoyl phosphates
as the intermediates.

Since our objective was the synthesis of various l-anilino-1,2,3,4-
tetrahydroisoquinolines A4 (X=NR;R;), choice of the proper N-protecting group in p-
phenethylamides A2 (X=NR|R;) was critical, because unprotected aniline NH; group:
obviously does not survive harsh Bischler-Napieralski cyclization conditions.
Moreover, it was reported that even cyclization of mono-N-protected anilino-B-
phenethylamides (N-acetyl and N-tosyl) failed to give the desired 3,4-
dihydroisoquinolines.** A family of various N-bis-protected B-phenethylamides A11-
Al4 was therefore readily prepared from isatoic anhydride A10 in order to determine

the best protecting group for the cyclization.



Scheme A2.
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Electron-withdrawing N-protecting groups were chosen assuming that an
electron-deficient 1-aryl substituent could polarize an amide carbony! group, thus
facilitating formation of the corresponding imidoyl chloride A6 and, consequently, the
nitrilium intermediate A7 (Scheme Al). An alternative approach to aniline protection
is the use of appropriate functionality that is resistant to cyclization conditions and can
afterwards be easily converted to anilino group. A suitable candidate is a nitro group
that can be selectively reduced to aniline’ in the presence of 3,4-dihydroisoquinoline
C=N bond as well as halogen, that can be replaced by various amines under
miscellaneous conditions.® Both nitro and halogen-substituted B-phenethylamides

A15 and A16 were easily prepared from the corresponding benzoic acids.

X O
CooH  1.S0ClL, AN-p0
2. PhCH,CH,NH, X

NaOH/ H,0

X =Cl, Br, NO, ALS (X=NO,
A16 (X=Cl, Br)

B-Phenethylamides A11-A16 were subjected to Bischler-Napieralski

cyclization and the results are summarized in Table A2.



Table A2. Bischler-Napieralski cyclization of various 3-phenethylamides A11-A16.

(O A
O
X

b

All-Al6 Al17-A21
Entry | Substrate X Dehydrating Conditions® Product | Yield
agent (%)
1 A13 | N(CH;)CH,Ph P,0s 6h A17° | 16
- HCI
2 Al4 N(CH3)AC PzOs 24h - 0
3 Al2 N(CHs)Tos P20s or 20h Al8 30
POCls
4 All N-phthalyl P,0;s 24h Al9 20
5 All N-phthalyl PCl; 30 min. reflux, CHCL;, | A19 73
then SnCl,, 4h
6 AlS NO; P,0;s 5h A20 72
7 Al6 Cl, Br P,0s 20h A21 70

(a) Unless indicated otherwise, all cyclizations were performed in xylenes under
reflux. (b) N-debenzylated product A17 (X=NHCHj3) was isolated.

Initially, N-benzy! group was employed for N-methyl aniline protection (entry
1). The tertiary amine was converted to hydrochloric salt A13 (See Scheme A2),
making the aryl group electron-deficient and thus favoring imidoyl phosphate A6
formation (see Scheme Al). Also, it was expected that ammonium salt would be less
prone to various side-reactions with an excess of phosphorylating agent. Surprisingly,
instead of the anticipated N-methyl-N-benzylaniline from the oily dark red reaction
mixture, the N-debenzylated product A17 was obtained in a low 16% yield. Isolation
of deprotected product A17 suggested that phosphorylation side-reaction and
subsequent phosphono-anilide degradation is responsible for the low chemical
outcome. Consequently, N-benzyl group can not be employed for aniline protection in
Bischler-Napieralski cyclization. It was also found that the N-acetyl protected
substrate A14 (entry 2) is unreactive under standard conditions, while N-tosyl analog
A12 afforded the desired isoquinoline A18 in a low 30% yield (entry 3). Similarly, N-
phthalyl aniline A11 gave only 20% of the desired isoquinoline A19 under standard
conditions (entry 4), however, the yield was significantly increased employing

modified reaction conditions (entry 5). Thus, treatment of B-phenethylamide A11 with



excess PCls in boiling CHCl; for 30 min. resulted in the formation of a yellow
precipitate, which upon addition of Lewis acid (SnCls) turned brick-red. Color change
indicates the formation of cyclized product A19, because 3,4-dihydroisoquinolines
usually are intensely red-colored in acidic media. The reaction was refluxed for an
additional 4 hours to complete cyclization and the desired N-phthalyl-isoquinoline
A19 was isolated in 73% yield. The cyclization was readily scaled-up to 85 g without
a drop in yield and consequently, the N-phthalyl protecting group combined with
modified Bischler-Napieralski cyclization conditions can be employed for preparative
scale synthesis of 1-anilino-3,4-dihydroisoquinoline.

In contrast to N-bis-protected  anilines (entries 1-4), cyclization of
nitrobenzene A1S does not suffer from side-reactions and proceeds relatively fast,
evidently because of a strong electron-withdrawing nitro group effect. The desired
nitro-isoquinoline A20 was obtained in 72% yield after Sh under standard conditions
(entry 6). The same level of conversion (ca. 70%) for bromo- and chloro-substituted
B-phenethylamides A16 was achieved after a considerably longer reaction time (20h,
entry 7). 3,4-Dihydroisoquinolines A21 (X=Cl, Br) are especially useful because a
number of methods for direct aryl halogen displacement by various amines have been
reported.**®

Since B-phenethylamides All, A15 and Al6 are almost equally good
Bischler-Napieralski cyclization substrates, overall reaction sequence to 1-anilino-3,4-
dihydroisoquinoline A22 was examined for each amide A11, A15 and A16 in order to
evaluate the most efficient route to the product (see Scheme A3). Thus, cyclization of
N-phthalyl-aniline A11, followed by hydrazine hydrate mediated protecting group
cleavage,’ afforded the desired 3,4-dihydroisoquinoline A22 in 37% overall yield.

Higher overall yield (ca. 50%) was achieved using the nitro-substituted p-
phenethylamide A15 (see Scheme A3). In this sequence, the nitro group was
selectively reduced in the presence of C=N double bond in 68% yield. The most
efficient route to 1-anilino-3,4-dihydroisoquinoline A22 turned out to be the Bischler-
Napieralski cyclization of 2-chloro(or bromo)phenyl-B-phenethylamides A16,
followed by halogen displacement with liquid ammonia or lower alkylamines™

affording the desired heterocycle A22 in 61% overall yield.




Scheme A3.
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The reaction sequence A16-tA22 technically is fairly simple and was easily
scaled-up (25 g amide Al6loading) without drop in chemical yields. The method was
also employed for the synthesis of various substituted N-methylanilines A26a~d from

the corresponding ortho-chlorobenzoic acids A23a-d (Scheme A4).

SchemeA4.
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Benzoic acids A23a-c are commercially available, however, trifluorornethyl-
benzoic acid A23c is relatively expensive for use as a starting material. A Therefore, it

was prepared in 2 steps from chlorobenzene A27 (Scheme AS).

(A) Aldrich. 18 DMlIg

10



Scheme AS.
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Bromination was performed according to the literature procedure' followed by
selective lithium-bromine exchange in A28."' Low temperature (-100 °C) is crucial to
achieve chemoselectivity in the metalation reaction as well as to avoid side-reactions
via dehydrobenzene, which are dominant at temperatures above —50 °C. Additional
stabilization of the intermediate A29 can be achieved by using bidentate ligand
TMEDA, frequently used as a complexing agent for various organolithium
derivatives." Finally, carboxylate was introduced by treatment of the aryllithium
intermediate A29 with CO, (dry ice), yielding the desired benzoic acid A23¢ in 52%
overall yield.

Methylsulfonyl-benzoic acid A23d was prepared in 3 steps from ortho-
chlorobenzoic acid A23a via formal reduction'® of chlorosulfonylbenzene A30'* to the

corresponding sulfinic acid A31, followed by alkylation of “soft” nucleophilic sulfur

by Mel."
Scheme A6.
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All substituted 1-anilino-3,4-dihydroisoquinolines A20, A22 and A26a-d were
conveniently transformed to the desired racemic 1,2,3,4-tetrahydroisoquinolines

employing reduction with NaCNBHj in acetic acid'® (70-85% yield).

A31: X=NO,, Z=H

O _N NaCNBH, O NH A32: X=NH,,Z=H

A33a: X=NHCH,,Z=H

X AcOH X
O O A33b: X =NHCH,, Z =NO,
z z

A33c: X =NHCH,, Z = CF,
A33d: X = NHCH,, Z = SO,Me

A20, A22, A26a-d

2. Racemates resolution by crystallization of diastereomeric tartrates.

Tartaric acid was chosen for the resolution because preparation of structurally
similar, optically pure 1-(5-chloro-2-methylamino)phenyl-1,2,3,4-tetrahydroiso-
quinoline (CAPTIQ) via crystallization of diastereomeric tartrates has already been
reported.*® Moreover, tartaric acid mediated racemate resolution succeeded also in the
case of N-unsubstituted diamine A32.%°

Contrary to reported successful resolution of diamine A32, we were unable to
achieve even smallest enantiomerical enrichment by the crystallization of tartrates
from ethyl alcohol and other solvents (methanol, acetone, EtOAc etc.). Moreover, all
attempts to prepare chiral diamine A32 using O,O-dibenzoyl tartaric acid,
successfully applied for racemic piperidine A34 resolution,'” as well as D-(+)-
camphorsulfonic acid (efficient in case of amine A35)'” in various solvents, failed.
Evidently, the difference in diastereomeric salt solubility is too small for the
separation by selective crystallization. Neither was any diastereomer separation
observed in the case of nitro-isoquinoline A31 and N-tosylanilide A36 employing

tartaric, O,0-dibenzoyltartaric and camphorsulfonic acids in various solvents.

0
8 O 1. Tos-Cl / Py 1
NH (0] NH N 3539, ﬁ /@/
NHC .
- NO, O M NGCNBH, / AcOH O o
74%
A34 A3S A22

A36

In contrast, crystallization of diastereomeric tartrates derived from N-

methylanilino-1,2,3,4-tetrahydroisoquinolines A33, was effective for resolution of



unsubstituted and CF3-substituted diamines A33a and A33c, respectively. Thus, two
crystallizations of corresponding tartrate salts from ethyl alcohol, after workup,
afforded single enantiomers of potential chiral proton donors with > 99.5%

enantiomerical purity according to HPLC on the chiral stationary phase (CSP).

Scheme A7.
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No difference in the solubility of diastereomeric tartrates, however, was
observed in the case of poorly soluble nitro-isoquinoline A33b and, as a consequence,
all precipitate crops, according to HPLC on CSP, contained 1:1 mixture of
diastereomeric tartrates. Similarly, methylsulfonyl-isoquinoline A33d was not
resolved using various chiral acids and different solvents. Lack of separation in this
case is hard to explain in view of the easy resolution of CF3-substituted and
unsubstituted analogs A33a and A33c.

Thus, only moderate success has been achieved in the preparation of chiral
diamines by diastereomeric salt crystallization. Moreover, it was clearly shown that
the process is highly substrate-dependent and even small changes in substrate
structure affect the efficiency of resolution. Consequently, racemates resolution by
crystallization technique can not be employed in the design of a general method for

the synthesis of chiral 1,2,3,4-tetrahydroisoquinolines.



3. Chiral diamine preparation via (R)-O-acetylmandelic acid amides.

Potential solution of the problem could be synthesis of a key intermediate by
the resolution method and subsequent chemical transformations of optically pure
material. The most appropriate candidates for the key structure are nitro- and
aminophenyl-1,2,3,4-tetrahydroisoquinolines A31 and A32. Because all attempts to
resolve these substrates by diastereomeric salts crystallization technique have failed
so far, it was decided to employ an alternative resolution method. Thus, another
approach frequently used for racemates resolution is the introduction of a covalently
bonded chiral auxiliary, separation of diastereomers by chromatography or
crystallization technique and, finally, the removal of the chiral auxiliary.

It has been recognized that multiple interactions between the resolution
substrate and resolving agent are essential for successful resolution. Consequently,
chiral acid should possess an aromatic ring and an additional functional group besides
the acid functionality.'® A promising candidate is mandelic acid and its O-Me and O-
Ac substituted analogs, that have been widely used for racemic amines resolution.'®
Moreover, successful application of (R)-O-acetylmandelic acid as a chiral auxiliary
for HPLC separation of l-phenyl-1,2,3 4-tetrahydroisoquinolines'® urged us to
examine this commercially available resolving agent for the resolution of key
intermediates A31 and A32.

Treatment of nitro-isoquinoline A31 with commercially available (R)-O-
acetylmandelic acid in the presence of dicyclohexylcarbodiimide gave amide A37 as a

1:1 mixture of diastereomers:

Q

O
‘ NH R-(-)-O-Acetylmandelic acid ‘ N
- O
O CH»Cly O

75%
A31 A37

All attempts to separate A37 diastereomers by flash chromatography on silica
gel failed. As amide A37 is solid, crystallization was applied in the hope that
diastereomers have difference in solubility. Indeed, two crystallizations from ethyl
acetate - hexanes gave a single amide A37 diastereomer in 31% yield with (R,R)

absolute configuration according to X-ray analysis.



(R,R)-A37

With the single diastereomer (R,R)-A37 in hand, the racemization-free
removal of the chiral auxiliary became a crucial issue. Initially, hydrolytic methods
were employed to remove the O-acetylmandelic auxiliary. Thus, amide (R,R)-A37
was heated under reflux in 6 N hydrochloric acid for 1 hour and the isolated desired

1soquinoline (R)-A38 was partially racemized.”

O 6N HCl
- 50% dioxane
\102 -
46% chem. yield
54% ce
(R,R)-A37 (R)-A38

Although use of less concentrated hydrochloric acid (1N) resulted in a lower
degree of racemization (67% ee), the chemical yield was too poor (10%) to utilize this
method on a preparative scale.

Racemization apparently took place via an isoquinoline ring opening-ring
closure sequence in strongly acidic media, however, no attempts were made to study
the process in detail. Instead, the amide bond reductive cleavage to the corresponding
amine and aldehyde (alcohol) was examined.”® It should be noted that the scope of

potentially useful reducing agents for amide bond cleavage was diminished by low

(B) The optical purity of products was determined by HPLC on CSP.
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substrate solubility in common solvents such as THF, ether and toluene. The
solubility of (R.R)~A37in CH:zCh allowed to perform the reduction with DIBAL-H
(Scheme A8)7?I

Scheme AS.
44% chern. yield
-~.0>__ 45-47% ee
8- (R)-A38
0
N
0
N~ ~iBl-4
1HF/MeO~
reflux
49% chern. yiel
75% ee
(R)-A32 °

Surprisingly. product isoquinoline A38 isolated in 44% vyield, was agam
partially racemized. Optical yield did not improve even when the reaction was
performed at -100°C  (by Dffi-A.L-H addition to a melting surface of the reaction
mixture), As expected,nitro group was left unaffected ..Partial racemization (75%ee)
was also observed using LiBH; in refluxing Till-methyl alcohol mixture.? In this
case, nitro group was reduced and anticipated diamine A32 was obtained in 49%
chemical yield (Scheme AS8).

Since use of other reducing agents (LiAlIH4, LiA1H(t-BuO)3. Red Al)10 was
limited by the poor solubility of the amide A37, it was expected that the conversion of
nitro group to amino could solve the solubility issue. Nitro group hydrogenation was
performed in acetic acid and resulted in the formation of anticipated aniline A39

accompanied by an unexpected product of acyl group migration A40.
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Hy/ (5%) Pd - C i
N()z AcO
62% 39%

(R,R)-A37 (R,R)-A39 R,R-A40

‘ AcOH ?

'H-NMR experiments in acetic acid-ds showed that 50% of aniline A39 has
been already rearranged to isoquinoline A40 after 8h at 20 °C, while complete acyl

group migration was observed after 64 h at room temperature (ca. 4% of starting
material A39).

Aliphatic region
AcOH
/
Aliphatic nng protons
A39 A40
/ : 91 ‘K,_
M NV )U
A39: A40 ACOH
49 : 51

A39: A40
86: 14

After 8h \h
—/\/W\}qu\ M_) gl
i1

‘ AcOH

After 28h

VL

T

Aliphatic ring protons O T(Lo
After 64 h ©
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Anilide A40 formation was rather unexpected because O-acetylmandelyl

group migrates from the basic isoquinoline nitrogen to the much less basic aniline. It



can be rationalized either by sterical factors or by assumption that the driving force
for this rearrangement is protonation of isoquinoline as the more basic amine in acidic
media. It is believed that rearrangement occurs via a cyclic tetrahedral transition state

Adl:

A39 A4l A40

Lack of O-acetylmandelyl group migration product A40 i acetonitrile-d,
(polar aprotic solvent) and methanol-d, (polar protic solvent) after I1Sh at 70 DC
followed by 72h at 20 DC suggests that acidic media is crucial for the rearrangement.
This supports the assumption that the process driving force is protonation of the more
basic isoquinoline nitrogen.

Absolute configuration of amide A40 isoquinoline carbon was not determined
with independent methods; nevertheless, retention of R-configuration was assumed
because the rearrangement does not involve the chiral center.

To verify the structure of the amide A40, it was decided to prepare it using an
alternative pathway (Scheme A9). Besides, in the case of successful amide A40
diastereomers separation, cleavage of the O-acetylmandelic auxiliary would cause

fewer concerns because chiral N-unsubstituted isoquinolines do not racemize in acidic

media.
Scheme A9.
R-(-)-O- AcetylrnandeIIC O

NaCNBH3
DCC/DMAP;' ACOH
CHzCIZ 8Z% yield

96% yield

A22 A42 A40

“NH ~
> 999, ~ -1
99% ee! VNH.. T, reflux
95% chern. yiel 1 o)

(S)-A32 (S,R)-A40
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Since single diastereomer of nitro-amide A37 could be obtained by
crystallization technique, this approach was also applied to optical purification of
A40. Two crystallizations afforded a single diastereomer with (S,R) absolute

configuration according to X-rays analysis:

. ~n'lHO
HD)
(H (R)
©)

(S,R)-A40

Hydrolytic cleavage of O-acetylmandelic auxiliary in refluxing IN Hel for 4
hours proceeded without the complications encountered in the case of amide (R,R)-
A37, and desired optically pure diamine (S)-A32 was isolated in 95% vyield (see
Scheme A9). Thus, O-acetylmandelic acid turned out to be highly efficient chiral
auxiliary for resolution of racemic anilino-isoquinoline A32. From the other hand the
chiral reagent is too expensive" to be employed for preparative scale synthesis. This
shortage was overcome by combination of chiral auxiliary mediated racemates
resolution with diastereomeric salts crystallization technique. Thus, optically pure (5)-
diamine A32 was treated with L(+) tartaric acid and the resulting salt used as the seed

in crystallization of racemic diamine A32 salt with L(+)-tartaric acid.

 Seed crystals
L () Tartaric acid NaOH i H s
NHz . | - 10% chern. yield
= ioati NW-
4-6 crystallizations  CH2CI2 ) ~ >099% ee
of L(+) tartrate ’
rac-A32 (S)-A32

(C) Aldrich, 21.66 OM / g.
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Usually 4 to 6 crystallizations with seed crystals were required to obtain
enantiomerically pure diamine A32 in ca. 10% overall chemical yield. The method is
relatively inexpensive because once the seed crystals are generated they can be
retrieved after a successful prep-scale crystallization routine. Moreover, both chiral
tartaric acid and diamine can be recovered by a simple acid-base extractive workup.
At the same time, the procedure is fairly laborious and since diastereoselective
crystallization is a relatively slow process, it takes 2-3 weeks to complete the whole
crystallization cycle from racemate to pure single enantiomer. Another important
drawback is that the method gives access only to optically active N-unsubstituted
anilino-3,4-dihydroisoquinoline A32 and various derivatives that could be prepared
from this chiral diamine. Meanwhile, analogues such as 1-aryl-piperidines A34, A35,
as well as various 1-naphthyl-isoquinolines A43, apparently would require
dévelopment of different resolution conditions, which is, as mentioned above, a

laborious and time consuming process.

(\o
NHCH, No, OO NHR
A34 A35 A43

Although it is not an ideal route to the desired chiral 1-anilino-isoquinolines,
seed crystals mediated diastereomeric salts crystallization technique afforded a

reasonable quantity of chiral starting material A32 for synthesis of various

derivatives.

4. Synthesis of chiral 1,2,3,4-tetrahydroisoquinolines as asymmetric
proton donors.
Protection of the more reactive benzylic nitrogen as O-benzylcarbamate A44

allowed to prepare various chiral diamine A32 analogs (Scheme A10).

20



Scheme A10.

g S8 Ve
* NH Cbz-Cl/NEt3 * N 1. Ph3B1/Cu(OAc)2 NH
O
‘ NH,  cHcl O NH, 2. Hz/ 10% Pd-C

71% yield 56% overal chem. yield
A32 (after crystallization) Ad4 >999% e

(R) and (S) (R) and (S)

(S)-A4s

1. MesCO / AcOH

NaCNBH3
88% yield

2. Hy/ 10% Pd-C
95% yield

NH
NHSO,NMe, I @IN}Y
>99% ee >99% ee
(R)-A46 (S)-A47

1. MeaNSO2Cl1/ Py
48 h, 35 % yield

2. Hy/ 10% Pd-C
60% yield

Thus, N-phenylation according to the Barton procedure” with Ph;Bi and Cu(OAc),,
followed by the N-protecting group hydrogenolysis, afforded chiral N-phenylaniline
(S)-A45 in 56% overall yield with > 99% ee (Scheme A10).° N-isopropyl-diamine
(S)-A47 was readily obtained by reductive alkylation procedure. Sulfamoylamide (R)-
46 was synthesized in a low 21% overall yield, and the critical step (35% yield) was
N,N-dimethylsulfamoyl group introduction in aniline A44. Side-reactions in this
transformation will be discussed in Chapter B.

All optically active diamines A32, A33a, A33c and A45-A47 were examined
as asymmetric proton donors in deracemization of various lithium enolates derived

from amides and esters (for results and discussion see Chapter C).

(D) It is noteworthy to mention that all attempts to resolve racemic diphenylamine
A4S with various chiral acids in different solvents were completely unsuccessful.
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5. Summary.

N-phthalyl group is the best protection for aniline in Bischler-Napieralski
reaction.  Nitro-substituted  ~-phenethylamide is superior to N-protected
analogues. Cyclization of ortho-bromo( or chloro )benzoyl-~-phenethylamides
and halogen displacement by liquid ammonia or lower alkylamines is the

method of choice for the synthesis of 1-anilino-3, 4-dihydroisoquinolines.

Resolution  of racemic tetrahydroisoquinolines by diastereomeric  salts
crystallization ~ technique requires an extensive series of trial-and-error
procedures for every particular substrate. Moreover, the method was efficient

only for resolution ofN-methylanilines A33a and A33c.

Chiral O-acetylmandelic acid is an excellent resolving agent for isoquinolines
with nitrobenzene and aniline subunit A38 and A32. Complications with chiral
auxiliary removal after resolution of nitro-amide (R,R)-A37, however, preclude
its practical application. In contrast, the O-acetylmandelyl group was
successfully cleaved in mandelyl-diamine (S,R)-A43, affording an optically pure
(> 99% ee) desired key compound (S)-A32. The relatively high cost of the chiral

reagent makes the method too expensive for preparative scale synthesis.

The combining of (R)-O-acetylmandelic acid mediated racemic diamine A32
resolution as a method for seed crystals preparation with diastereomeric tartrates
crystallization technique gave access to a reasonable amount of non-racemic
diamine (S)-A32. The chiral material was further employed for the synthesis of

various analogs as asymmetric proton donors.
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Chapter B
Synthesis of Chiral Proton Donors via Catalytic

Asymmetric Transfer Hydrogenation



1. Introduction to the catalytic enantioselective reduction of cyclic imines.

The most direct route to chiral isoquinolines is the resolution of racemates
using diastereomeric salts crystallization technique.! Although chiral acids used for
amines resolution can be quantitatively recovered, the process is highly substrate
dependent and success often relies on chemist’s fortune (see Chapter A). Both
asymmetric synthesis of optically active isoquinolines” and diastereoselective reduction
of dihydroisoquinolines® usually employs stoichiometric amount of chiral building
blocks, auxiliaries or chiral reagents. Since chiral auxiliaries and reducing agents can
not be recovered, overall asymmetric synthesis process usually is expensive. Catalytic
enantioselective reduction is an important alternative to these techniques, because a
large quantity of the chiral compound can be produced using a small amount of a chiral
catalyst.

In contrary to catalytic asymmetric carbonyl group reduction, corresponding
reaction for imines is much more less developed.’ The subsequent literature review
covers the most important examples of catalytic enantioselective reduction of cyclic
imines. Particular attention will be paid to 1-aryl substituted cyclic imines as well as
3,4-dihydroisoquinolines because the main purpose is to find the most suitable and
efficient method for asymmetric synthesis of chiral tetrahydroisoquinolines with an

aniline subunit.

1.1. Rhodium and iridium catalyzed asymmetric hydrogenation and
hydrosilylation.

Rhodium (I) chloride modified with various chiral bidentate phosphorous
ligands was the first transition metal catalyst applied for asymmetric C=N bond
hydrogenation. In contrast to high enantioselectivities observed in hydrogenation of
various acyclic substrates (up to 95% ee for acyclic imines and 97% ee for
hydrazones),* only very limited success has been achieved in the case of cyclic imines’
While reduction of dihydroisoquinoline B1 with in situ prepared Rh(1)-DIOP catalyst
B4 afforded amine “optically pure or very nearly so after recrystallization of the
hydrochloride salt”,** hydrogenation of imine B2 was completely non-selective ™
Isoquinoline B3 in the presence of modified Rh(I) catalyst BS also yielded racemic

product
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The replacement of Rh (1) with the corresponding Ir (I) catalyst completely
changed the reduction course. Hydrogenation of imine B2 with Ir(l) analogue of
catalyst B4afforded optically enriched amine with 66% ee.s» Enantiocontrol was even
higher employing modified ligand - MOD~DIOP (see Figure B 1):

Table HI. Comparison of catalytic asymmetric imine B2 hydrogenation in the presence

ofRh(l) and Ir(l) catalysts.

Entry Metal Ligand Conversion ee
%) &)

Rh(1) DIOP 95 0
2 Ir(l) OIOoP 100 66

3 Rh(l) MOD-DIOP 60 0

4 le!) MOD-DIOP 100 81

Somewhat more promising method for reduction of cyclic imines is rhodium (1)
catalyzed asymmetric bydrosilylation procedure.” In 1975 Kagan" obtained several
enantiomerically enriched tetrahydroisoquinolines B3, B6~B7,. while Brunner and

Wiegrebe reported hydrosilylation of various 2-phenyl-3,4-dihydropyrrole derivatives

B8-Bil.:.
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Scheme B1.

X ~N . N CF3
N 1. Ph,SiH, / catalyst B4 |,
2. (CF;C0O),0

R

o=

R R
B3, B6-B7
B8-B11

Pyrrolines were separated from the unreacted starting imines B8-Bl1l via
distillation of in situ prepared N-trifluoroacetamides. Reductions were run in toluene,
however the best ee is achieved in the absence of solvent (entry 4, Table B2):

Table B2. Asymmetric hydrosilylation of various cyclic imines employing Ph,SiH, and
2 mol% of in situ generated [RhCl]-DIOP B4.

Entry Imine R X Conversi ee
on (%) (%)

1 B6 CH,Ph H 78 23
2 B3 CH; OCH; 93 6
3 B7 CH,Ph OCH; 98 39
4 B8 H - 84 64
5 B9 2-OCH; - 85 31
6 B10  3,4,5-(OCH;); - 81 31
7 B11 4-Br - 82 60

Drop in optical induction for MeO substituted substrates (entries 5-6 vs. entries
4 and 7, Table B2) was attributed to intermolecular coordination of MeO-groups to
Rh. Rh(I)-Phephos catalyzed hydrosilylation procedure was also applied for the
reduction of cyclic structure B12 yielding enantiomer of the antidepressant

“Pyrazidole” with 73% enantioselectivity:*

HC H,C
O Rh(D)-(S)-Phephos |
N h
$ o e

. ~

N Ph,SiH, N H/E
B12 73% ee P
69% yield (S)-Phepho

In general, Rh(I)-catalyzed asymmetric reductions afford cyclic amines with

moderate enantioselectivities, lower than observed using other transition metal
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catalysts (see also Table B1). Evidently, this is the reason why further development of
asymmetric catalytic reduction methods has been based on transition metals other that
Rh, such as Ir, Ru and Ti.

Chiral neutral Ir(111),” Ir(I)* and cationic Ir(I)° catalysts have been widely used
in asymmetric hydrogenation of various imines. Ir(III) catalyst exists as stable and
easy-handled dimer that was successfully introduced and explored by Osborn.” In the
reaction mixture dimeric species equilibrate with monomers which was proposed to be

the active catalyst:

H X
Scheme B2. GP\{ ,X\{ -PN  Dimeric
P/Ir‘X/lr\P Ir(I1) catalyst
X H

18 e complex
P P =chiral ligands ﬂ

X =halogen H  Active Ir(III)
I catalyst
2 Gy =
X - N
16 e complex B2

H =
A

|
P\I

*

N
p7 | X Ir(TIT) / imine
X complex
\—/ 18 € complex

< /Ir

In contrary, neutral as well as cationic iridium (I) catalysts usually are prepared
in situ from commercially available chloro(1,5-cyclooctadiene)iridium (I) or chloro-
(norbornadienyl)iridium (I) dimers and an appropriate chiral diphosphine ligand:

Scheme B3. X-‘I

AR .
A y) Q)I\O—R Catalytic cycle
/ (see Scheme B2)
gong
< [ ROH] BIS
L / neutral [r(T) catalyst
/ \ / /_\

L P P +

[IxCoD)Cl], Clo,
CH,Q, \I/];) Amon 2 S or

T(;;F exchange PF, B

B14
Cationic Ir(I) catalyst
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Cationic Ir(l) complex B13 forms if catalyst preparation is carried out in

CH.Ch or 1HF. Chlorine replacement by non-nucleophilic coordinating anion such as
CI0, ~ or PF6~ affords cationic |ren catalysts B14, which are stable enough to be

isolated and purified by recrystallization. In the Presence of alcohol, however,
formation of neutral complex DIS is proposed. Catalysts B1S usually are prepared in
situ within minutes before hydrogenation is carried out and utilized without isolation.
Iridium catalysts of different oxidation states (Ir(T) and Ir(lll» as well as
neutral and cationic Ir(l) species have been used for reduction of structurally distinct
cyclic imines, so it is difficult to compare the reactivity and selectivity of catalysts.
Fortunately, there are several common substrates for all catalysts - imines B2 and B16

and rough selectivity comparison can be made.

Figure B2. .\
+
Clo, PF
H2
B10 B17 B18
0:CPP
<y: ~ Q
) 0 PPhz R\]
(R,R)-DIOP pp~
{S.S).BDPP i
(SKEWPHOS) {25,4S}BCPM: (RR}BICP (R}BINAP: Al =Ph

(RrToI~BINAP: Al =p.CH,CH,
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Table B3. Asymmetric hydrogenation of cyclic imines B2 and B16 with different

iridium catalysts (see Figure B2 for ligands structure):

Entry Catalyst® Ligand Imine Pressure  Yield ee  Lit
(atm) (%) % ref.

1 Ir (1) BDPP B2 40 99 80 7a
2 Ir (I1I) DIOP B2 28 99 51 7a
3° Ir (1) DIOP B2 100 99 66 5b
4° Ir (D) BCPM B2 100 32 28  8a
5¢ Ir (I) BCPM B2 100 99 66 3a
6 Ir (1) BICP B2 68 99 78  8b
7 Cationic Ir (I) B17 B2 80 99 8 9a
8¢ Ir (I) BICP B16 68 99 65 8b
9 Ir(I)  Tol-BINAP  BI16 60 99 23 8¢
10 Ir(I)  Tol-BINAP BI6 60 46 89 8
11 Cationic Ir (I) B18 B16 100 - 64  9b

(2) 0.2 Mol% Ir(11I), 1mol% Ir(I) and 0.2 mol% catalyst B17. (b) Hydrogenation was
carried in the presence of 2mol% BusN'T as additive. (c) Additive: 2 mol% Bils. (d)
Hydrogenation in the presence of 4mol% phthalimide” as additive.

Although DIOP-modified Ir (I) catalyst is more selective than the
corresponding Ir (IIT) species (entry 3 vs. 2), simple DIOP ligand replacement by
BDPP (entry 1) makes Ir (III) catalyst enantioselectivity similar to the best Ir (I)
example (entry 6; see also Table B1, entry 4). Cationic catalyst B17 is significantly less
selective than the neutral one (entry 7 vs. 6), however deactivation of the catalyst B17
during hydrogenation is reported. In contrary, cationic Ir (I) catalyst B18 is
comparable to Ir(I)-BICP (entries 8 and 11). Thus, Table B3 shows that there is no
decrease in selectivity comparing in situ prepared catalysts with isolated neutral Ir (III)
and cationic ones. Obviously, iridium oxidation state and type of catalyst complex 1s a
minor issue compared to chiral ligand structure that has to be optimized for each
particular substrate. Additives, solvents and hydrogenation temperature are additional
variables of great importance. For example, replacement of Buy,N'I" for Bil; as additive
results in more than twofold enantioselectivity improvement (from 28% to 66% ee,

entries 4-5), while hydrogenation temperature lowering by 50 °C (to -30°) resulted in
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further increase in enantioselectivity to 91% ee. Finally, hydrogenation selectivity is
sensitive also to the solvent used. Thus, hydrogenation of cyclic imine 816 in methanol
yields corresponding amine with 23% ee, while in benzene 89% ee was observed
(entry 9 and 10).

Because hydrogenation success depends on many variables that have to be
carefully adjusted for each particular substrate, further literature analysis will be

focused mainly on asymmetric transfer hydrogenation of various isoquinolines. to

Table 84. Effects of additives, solvents and reduction temperature on Ir(1)-BCPM

catalyzed asymmetric hydrogenation of 3,4-dihydroisoquinolines. a

M~ = = MQBY

MeO MeO MeO
MeO
83 PhCh,0
MeO 822
OMe
819:n=1 821
820: n=2
Entry  Imine Additive Solvent T Conv. ee Lit.
(0C) (%) (%) ref.
83 }) .- PhH-MeOH 20 90 18 I0a
2 83 . PhH-MeOH 92 12 I0a
3 83 PhH-MeOH 66 3 I0a
4 83 96 44 I0a
5 83 20 95 41 I0a
6 83 94 70 I0a
7 83 phthalimide 94 79 I0a
83 phthalimide 95 85-93  10a,b
9 819 F4-phthalimide toluene 5 84 88 I0b
10 820 phthalimide toluene 2 75 87 IOb
lib 821 phthalimide PhH-MeOH 5 50 31 lab

12 822 F4-phthalimide  toluene-MeOH 2-5 85 86 lac

(a) Under 100 atm hydrogen pressure and with | mol% of the catalyst. (b) 0.5 Mol%
Ir(1)-BINAP catalyst was used. (c) In the presence of2 mol% Ir(I)-BINAP.
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If no additive is present or an iodide such as Bils and Bus;N'T" is added as a co-
catalyst, enantioselectivities are lower than 20% ee (entries 1-2). Six-membered imides
are ineffective, while five-membered imides improve ee’s (entry 3 vs. 4). Clear solvents
effect is observed: in less polar solvents higher selectivities are obtained (entries 4-7).
The lowering of hydrogenation temperature further improves ee’s (entry 8 vs. 7).
Optimized conditions (entry 8) were applied for hydrogenation of various isoquinolines
B19-B22 affording chiral alkaloids or their precursors in reasonable optical purity (86-
88% ee).

Enantiocontrol achieved with Ir-catalysts is relatively high (up to 93 % ee).'**®
Moreover, Ir-catalyst system tolerates presence of various functional groups such as
nitro-group, ketones esters and nitriles.” On the other hand, disadvantages of Ir-
cz{talyzed procedure (relatively high hydrogen pressure (28-100 atm), sensitivity to
temperature and solvents used) combined with need for empirical adjustment of ligand

structure and additives for each particular substrate make it less attractive compared to

alternative Ti and Ru catalyst systems.

1.2. Hydrogenation and hydrosilylation catalyzed by chiral titanocene catalysts.
Buchwald achieved excellent enantioselectivities and chemical yields in
asymmetric hydrogenation'' and hydrosilylation'? of various cyclic and acyclic imines
employing a chiral ansa-titanocene catalyst. Based on extensive mechanistic studies,
ansa-titanocene (I11) hydride B23 was proposed to be the active hydrogenation
catalyst. Because catalyst B23 is highly reactive and air-sensitive it is generated in situ
from air-stable chiral precatalysts B24-B26. Treatment of chiral ansa-titanocene
dichloride B24 and 1,1’-binaphth-2,2’-diolate B25 with n-BuLi and phenylsilane under
hydrogen atmosphere generates green colored solution of active catalyst B23 In the
presence of 5 mol% catalyst reduction of various cyclic imines B28-B30 proceeds with

excellent enantiocontrol (95-99% ee) and high yields.
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Scheme B4.
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~N
MeO
N
BS:n=1 CH, !
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The first step of the proposed catalytic cycle is reaction of titanium (III)
hydride B23 with an imine via 1,2-insertion reaction to form titanium amide B27.'*
Reduction enantioselectivity is controlled at the stage of amide B27 formation and
depends on sterical interaction between catalyst ligands and imine substituents,
particularly at imine nitrogen (Ry) (Scheme B4). According to the proposed model'®
syn-imine should give (S)-isomer of amine while anfi-imine should afford opposite
product enantiomer (R)-isomer. Experimental observations supported stereochemistry
predicted by models (Table BS, entries 1-2, anti-imine vs. entries 5-6, syn-imine). The

second step in catalytic cycle is the hydrogenolysis of amide B27 wia o-bond

metathesis process to form amine enantiomer and regenerate the titanium hydride B23

35



1la-c

Table BS. Catalytic asymmetric hydrogenation (entries 1-7) and
hydrosilylation'** (entries 8-9) of cyclic imines using chiral titanocene catalyst.

Entry Imine Catalyst Pressure T (°C) Yield ee (%)

mol% (atm) (%) (config)
] BS 5 34 21 86 99 (R)
2 B8 5 5.4 65 83 99 (R)
3 B28 S 34 65 78 98
4 B29 S 34 45 71 98
5 B3 5 136 65 82 98 ()
6 B3 5 54 65 79 95 (5
7 B31 5 5.4 65 72 99
8 B8 0.1 - 35 96 98
9 B30 2 - r.t. 64 98

Ansa-titanocene catalyzed hydrogenation was applied also for kinetic
resolution of various 2,3, 2,4 and 2,5-disubstituted pyrrolines."” The best result was
obtained in reduction of rac-2,5-diphenylpyrroline B32. The reaction was allowed to
proceed to 50% conversion and enantioselectivity measured for reduction product -
cis-2,5-pyrrolidine B33 was 99% ee (34% yield). Unreacted enantiomer of starting

material B32 (99% optically pure) was recovered in 37% yield.

B25 /55 atm H’l /O\
PhM&Ph 1. 2 eqn-Buli Ph"'"(N)'\Ph + Ph Ph

N ' N
2. 2.5 eq PhSiH, H
rac-B32 (S)-B32 cis-B33

99% ee 99% ee
Ph Ph
@;Ph @\Ph
B34 B35

Modest result, however, was achieved for 2 3-diphenylpyrroline B34 (75% ee
for unreacted starting material), while 2,4-diphenylpyrroline B35 showed relatively
poor selectivity (49% ee for unreacted B35).

Although various cyclic imines are reduced with excellent enantiocontrol,

relatively high hydrogen pressure (5.4-136 atm) and highly demanding (air and
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moisture-free) reduction conditions combined with necessity of the catalyst
preactivation are important drawbacks of Buchwald’s hydrogenation procedure.

Even more important disadvantage is poor catalyst compatibility with various
functional groups.'"® While N-benzyl pyrrolylimine B31 is reduced with 99% ee and in
72% chemical yield (Table BS, entry 7), free pyrrole B36 is reported to destruct
catalyst, but N-lithio and N-TMS derivatives (B37 and B38, resp.) failed to react at all.
Pyridyl substituted imine B39 also failed to react, but reduction of 2-furyl-2-pyrroline
B40 could not be forced to completion even under harsh conditions, possibly due to
catalyst inhibition by binding of the amine to the metal in a bidentate fashion:

Figure B3.

| , N
N S = \_O
\ / N
B39 CH, B40 CH,
B31:R = CH2Ph P ~CH,
B36: R = H N Ph ﬁN
B37:R=Li cl
B38: R = SiMe, BAL X< B
. =Dr
B42: X = CF, B43

It was also found that an imine containing an aromatic bromide B41 deactivates
the catalyst and ca. 5% debrominated product was detected. Besides, imine B42
containing trifluoromethyl group was found to destroy catalyst. On the other hand,
titanium catalyst tolerates presence of oxygenated functional groups, such as acetals,
silyl ethers and alcohols (alcohols are silylated in situ).

More convenient precatalyst B26 activation as well as simpler experimental
procedure was achieved using hydrosilylation procedure.'” Ansa-difluoro titanocene
B26 was in situ converted to the active catalyst B23 by reaction with PhSiH; (Si-F
bond formation is proposed to be driving force for this reaction). Hydrosilylation
proceeded at room temperature in argon atmosphere with lower catalyst loading (0.1-2
mol%) and cyclic chiral imines B8 and B30 were reduced with 98-99% ee and in
substantially higher chemical yields (96-97%; silylamines were never isolated due to
their lability) than in hydrogenation experiments (77-86%). Chiral substituted
pyrrolidines were obtained with the same absolute configuration as in the case of

titanium-catalyzed hydrogenation. Hydrosilylation is proposed to proceed by a
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catalytic cycle similar to that for hydrogenation (Scheme B4). It was also found that
reaction tolerates presence of an aromatic chloride B43.

Recently, polymethylhydrosilane (PMHS) in the presence of /i-BuNH, was
employed as more convenient and inexpensive hydride source for the reduction of
acyclic imines.'?

Finally, hydrosilylation procedure was successfully employed in asymmetric
total synthesis of piperidine alkaloids (S)-Coniine and (2R, 6R)-trans-Solenopsin A."

Conclusion.  Titanocene catalyzed asymmetric hydrogenation and
hydrosilylation affords cyclic amines with excellent enantioselectivities (97-99% ee)
and in high yields. However, due to low titanium catalyst compatibility with various
functional groups at current level of development it can not be employed for synthesis

of chiral anilino-isoquinolines.

1.3. Ruthenium(Il) catalyzed asymmetric reduction of cyclic imines.

Although the first highly selective ruthenium catalyzed imine B44 asymmetric
hydrogenation was reported by Oppolzer in 1990, (see Scheme BS), this remained
the only attempt to employ Ru(Il) catalysts for reduction of cyclic imines until 1996
when Noyori applied Ru(Il)-catalyzed asymmetric transfer hydrogenation protocol to

reduction of various cyclic imines'® B3, B19-B21 and B45-B47:

Scheme BS.
Ru,CL[(R)-(+)-BINAP]Et,N
N\
Oppolzer: N ANH
PR 4 atm H, AN
6o 0 CH,Cl,/ EtOH o ©
B44 99% ee after recrystalliz.
72% chem. yreld
. SO, Ar R,
Noyori: @ :
e N
,Ru\
MeQ NH, Yl MeO
I
~N NH N
Meo: : ; : MeoQ\? i
R HCOOH - NEt, 5:2 R R
B3: R = CH, B46: R = CH,
B19: R = 3.4-(Me0),C H,CH, B47:R=Ph

B20: R = 3,4-(Me0).C,H,(CH,),
B21: R = 3 4-(MeO).C,H,
B45: R =Ph
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Due to excellent optical yields, operational simplicity and functional groups
compatibility and selectivity Noyori procedure is regarded as breakthrough in
development of methods for catalytic asymmetric isoquinolines reduction. The catalytic
method is particularly useful for transfer hydrogenation of cyclic imines with ee values
ranging from 90% to 97% ee:

Table B6. Asymmetric Transfer Hydrogenation of Imines by Chiral Ru(Il) complexes
B48-B50:

SlOZAr R“ B48: né(arene) = p-cymene; Ar=4-CH,C H,

: N‘Rnf B49: n%(arene) = p-cymene; Ar = 2,3 4-(CH,),C H,
NH, i BS50: né(arene) = benzene; Ar = 1-naphthyl

Entry Imine  Catalyst S/C Time  Yield ee
B ) (%)

1 B3 B48 200 3 99 95
2 B3 B48 1000 12 97 94
3 B19 B49 200 7 90 95
4 B20 B49 200 12 99 92
5 B21 BS0 100 12 99 84
6 B45 B50 200 8 99 84
7 B46 B48 200 5 86 97
8 B46 B48 1000 12 89 93
9 B47 B48 200 5 83 96

Reduction of 1-methyl-3,4-dihydroisoquinoline B3  proceeds  with
enantioselectivity comparable to that obtained using ansa-titanocene catalyst. The
experiment simplicity, however, makes this method more attractive than Buchwald'’s
procedure (compare Table B6, entries 1-2 and Table BS, entry 4). Substituted 1-aryl
(entries 5-6, Table B6) and 1-arylalkyl-3,4-dihydroisoquinolines (entries 3-4) are
reduced in higher optical and chemical yields compared also to Ir(I)-catalyst'® (Table
B4, entries 9-11). Asymmetric reduction is successfully extended to the synthesis of
optically active indoles from the corresponding imines B46-B47 (entries 7-9).

Transfer hydrogenation is reported to proceed smoothly in various aprotic

polar solvents such as DMF, DMSO, MeCN and CH,Cl,, using inexpensive, stable and
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easy-handled formic acid-triethylamine 5:2 azeotropic mixture as a hydrogen source.
Generally, Ru catalyst is prepared from [RuCly(n’-arene),], and N-sulfonylated 1,2-
diphenylethylenediamine, however, the same result can be obtained using catalyst
formed in situ. The C=N/C=0 chemoselectivity is superior to that observed in the
stoichiometric reduction using NaCNBH; and imine B3 can be reduced even in
acetone. A competitive experiments show that imine B3 is >1000 times more reactive

than structurally related acetophenone BS1 or a-methylstirene BS2.

MeO MeO
~N
O
B3 B51 BS2

The hydrogenation rate and enantioselectivity is influenced by Ru catalyst (n°-
arene and arylsulfonyl group in catalyst ligand) as well as by the solvent and reduction
temperature used.'® The general sense of asymmetric induction with Ru(II)-catalyst
B48-B50 system is illustrated in Figure B4. In the stereodetermining hydrogen-transfer
step, Ru catalyst discriminates between the enantiofaces at the sp® nitrogen atom of the

. . : 3
imine, generating a stereogenic sp” carbon.

Figure B4. R

l (S.5)

Hydride transfer from active catalyst - Ru-hydride species to an imine requires out-of-
plane interaction between the Ru-H moiety and C=N bond. Noyori'®® suggests that N-
H linkage in Ru catalyst B48-BS0 can stabilize a transition state through hydrogen
bonding with imine nitrogen (see Figure B4).

Recently, chiral Ru-(oxazolinylferrocenyl)phosphine catalyst BS3 has been
employed in asymmetric hydrosilylation of 2-aryl-3,4-dihydropyrrole B8 "’
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Corresponding (S)-amine was isolated with 88% ee and in 60% yield. Analogous Rh(I)

B8

catalyst showed considerably lower selectivity (34% ee) (see also Table B2, entry 4).

Conclusion. Ru(Il) catalyzed transfer hydrogenation of cyclic imines affords the
highest enantioselectivities for almost all substrates tested. In combination with
operational simplicity it is the method of choice for the synthesis of chiral isoquinolines

containing an aniline subunit.

1.4. Asymmetric hydrogenation of cyclic enamides."®

Being closely related to olefins hydrogenation, asymmetric reduction of cyclic
enamides is one of the most efficient tool for highly enantioselective synthesis of 1-
alkyl and 1-arylalkyl substituted isoquinolines.' Initially, chiral Rh(I)-complexes'>”
such  as BS5 were employed affording  N-acetyl-1-methyl-1,2,3,4-
tetrahydroisoquinoline with reasonable enantioselectivities (81% ee in the best case):

Scheme B6.

Ph\};h OMe +
N P .
{ /\hﬁ‘w

Ph ph
MeO MeO
AcClor Ac,0 B5S
~N C
MeO NEyorPy  MeO \n/ % JamH, S/C=500  MeO ¥ N\”/CH’
0
B3 81% ee
99% conversion
19¢,d

The method became synthetically important after Noyori had shown'**? that various N-
acylated 1-alkylidene and 1-benzylidene isoquinolines can be hydrogenated in the
presence of Ru(11)-BINAP catalyst with excellent enantioselectivities (up to 100% ee,

see Table B7).
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Table B7. Asymmetric  hydrogenation  of  2-acyl-1-alkylidene-1,2,3 4-
tetrahydroisoquinolines B54, B56-B58.

Entry Substrate Catalyst S/C  Pressure T  Yield ee
@m  (C) (%) (%)

1 (2)-B56 (R=CH;) (S)-B61 100 4 30 95 75
2 BS54 (S)-B62  50-200 4 - 100 96
3 (Z)-B56 (R=H)  (R)-B62 200 1 30 100 >99.5
4 (2)-B56 (R=H)  (R)-B62 200 100 30 100 96
5 (2)-B56 (R=H) (R)-B62 200 4 0 0 -
6 (Z)-B56 R=H)  (R)-B62 200 100 60 98 9]
7 (Z)-BS6 (R=CH;) (R)-B62 200 4 24 100  >99.5
8  (E)-BS6 (R=CH;) (R)-B62 200 4 24 <3 -
9  (2)-B56 (R=CF;) (R)-B62 200 4 24 10 ;
10 (Z)-B56 (R=tBu) (R)-B62 200 4 24 100 50
11 (2)-B57 (R)-B63  50-200 100 - 99 96
12 (Z)-BS8 (R)-B63  50-200 100 - 98 98

The comparison of catalysts clearly shows that Ru-complex is superior to
cationic Rh(I)-catalyst (entry 7 vs. 1 and entry 2 vs. Scheme B6). Extensive studies
revealed that N-acyl group is crucial for the reaction because it acts as a binding tether
to the catalytic metal center. Z-olefin geometry is important for high reactivity and

enantioselectivity.'” E-olefin could not be reduced under standard conditions (entry 8
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vs, 7). Hydrogenation occurs regioselectively at the enamide part leaving tetra-
substituted olefinic linkage intact (entry 11-12, product amines B'59-B60). Both N-
formyl and N-acetyl amides can. be used (entries 3 and 7), but the strongly electron-
withdrawing CFleO-group and bulky pivaloyl group decreases reactivity and/or
enantioselectivity (entries 9-10 vs. 3 and 7) The reaction usually is run under 1-4 atm
of hydrogen at 30°C. Increased temperature and pressure results in lower
enantioselectivity (entry 4 and 6 vs. 3), while diminishing the temperature to 0 °c
causes inhibition of the reaction (entry 5 vs. 3).

Despite the excellent enantioselectivities achieved for a variety of isoquinolines,
hydrogenation can. not be employed for reduction of l-aryl substituted substrates
(formation of the corresponding enamide would require non-aromatic, unstable

guinone-type structure 864):

MeO MeO
MeO Mea
B64

Asymmetric hydrogenation has been successfully employed for large-scale
synthesis of piperazine-z-carboxamide B66,20 building block of Merck MV protease
inhibitor IndinaviT~.
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The enantioselectivity of reduction was found to depend on electronic
character of olefinic double bond, which can be regulated by N-protecting groups,
particularly at nitrogen in 4th position. N*-Boc group was found to be the best. Careful
optimization of reduction conditions for each particular substrate combined with
extensive screening of diphosphine ligands resulted in highly enantioselective large-

scale synthesis of chiral piperazine B66.

Table B8. Optimized conditions for asymmetric hydrogenation of cyclic enamide B6S

in the presence of Rh(I) catalysts.

Entry Enamude Ligand Catalyst T Pressure  Yield ee Lit.
(P-P") mol%  (°C) (atm) (%) (%) ref

1 B65Sa BINAP 2 40 70 96 99 16a

2 B65b  {2,2]-Phanephos - -40 1.5 >99 86 16b
3 B65c BINAP 7 40 100 >89 97 16¢

4 B65d 1-BuTRAP 1 50 1 85 96 16d

The hydrogenation of enamides has been recently extended also to the synthesis

of cyclic amino acids B67 and B68 with various ring size.?"
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Scheme BS.

[Rh(COD)~R,R)-(Et-DuPHOS)]OTf
. | 6 mol% Q Size Chem(%) ee(%)
ol N° "CO,Me

N "CO,Me >~ a: n=0 84 0
Ph H., (6 atm) / r.t. / MeOH . n= 5

Cco, 2 &o.ph b: n=1 9 27

E 2 ¢ n=2 96 95

B67 \\3 B6S d n=3 9% 97

P;E / e n=4 97 95

Et-DuPHOS:@[ Y Et f:+ n=8 96 91

fb g n=11 86 86

o
Excellent enantioselectivities were achieved in the case of medium B68c-e and

large ring size B68f-g while 5- and 6-membered cyclic enamides B68a-b were
obtained either racemic or with low ee’s. In contrary, Comins was able to reduce

enamide B67b with reasonable 80%ee employing [(S)-BINAP]Ru catalyst. **°

1.5. Catalytic enantioselective imines reduction by borane.

Despite to the very few reports on successful borane-mediated catalytic
asymmetric reduction of imines, potentially it is an alternative to transition metals
catalyzed hydrogenation, especially because there i1s no need of high-pressure
equipment. Various chiral boranes have been used as catalysts and chiral Lewis acid
complexation to nitrogen lone pair allowed to discriminate imine enantiofaces by a
non-chiral hydride source, wusually borane (BH;-THF, BH;-SMe, erc).
Enantioselective catalytic reduction has been applied mainly for acyclic imines and only
recently Kang reported enantioselective reduction of cyclic imines - 34-
dihydroisoquinolines in the presence of 20 mol% chiral thiazazincolidine catalyst

B70:%

Scheme B9. MeO n
Zn
/: N Et |MeO
l\:llc S + MeO
MeO Ph B70 Q
R - NH
~N N7 S MeO .
MeO Borane o 15 t e
R : \Me R
L Ph !
B71
B3: R = CH,
B19: R = 3,4-(Me0),C,H,CH, e 5
B21: R = 3,4-(Me0),CH, ];:\IZZn\ BDMPB: QO o
B73:R = 3,4,5-(Me0),C,H,CH, L en, B o, 2
lf)hMc ’
B72
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The reduction is assumed to proceed via formation of enantioface-selective
complex B71 between chiral Lewis acid B70 or B72 and isoquinoline nitrogen lone
pair and the complex geometry controls the reaction stereoselectivity. Borane- TIfF is
the best reducing agent for all substrates (entries 1-3, Table B9), except of l-aryl-3,4-
dihydroisoquinoline B21, where BDMPB is superior (entry 5 vs. 4):

Table 89 Reduction of 3,4-dihydroisoquinolines with 20 mol% thiazazincolidine
catalyst intoluene at -5 DC:

Entry  IWiifle  Catalyst Borane  Yield (%) ee (%)

1 B3 870 BHs-THF 65 86
2 B19 870 BHs-THF 83 78
3 B73 870 BH,-TI-JF 25 76
4 B21 870 BHs-THF 92 24
5 H21 872 BDI\1PB 69 56
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1.6. Summary.

Literature analysis was carried out to reveal the most suitable method for
catalytic asymmetric synthesis of chiral isoquinolines with aniline subunit. The

following conclusions can be made:

1. Rh(I) and Ir(T) catalyzed asymmetric hydrogenation and hydrosilylation procedure
requires a careful optimization of catalyst, additives and reduction conditions and in
the best case affords chiral isoquinolines with lower enantioselectivity than the

corresponding titanocene and Ru(II) catalyzed processes.

2. Despite to excellent enantiocontrol, several limitations in the case of ansa-
titanocene catalyst, namely, relatively high hydrogen pressure (5.4-136 atm), highly
demanding (air and moisture-free) reduction conditions combined with the necessity
to activate titanocene catalyst prior to use is an important drawback of Buchwald’ s
hydrogenation procedure. Moreover, ansa-titanocene catalyst shows low tolerance
toward various functional groups, such as unprotected imine N-H and aryl

halogens.

3. Asymmetric hydrogenation of 3,4-dihydroisoquinoline-derived enamides is
questionable in the case of 1-aryl substituted substrate since it requires formation of

potentially unstable quinone-type structure.

4. Ru(ll) catalyzed transfer hydrogenation of various 3,4-dihydroisoquinolines
proceeds with excellent enantioselectivity and chemical yield. Operational simplicity
(reduction can be preformed in open reaction vessel with in situ prepared catalyst)
makes Noyori procedure the method of choice for the synthesis of various chiral 1-

aryl substituted isoquinolines.
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2. Asymmetric reduction studies.

Because the chiral environment in commercially available diamine B73
(CAPTIQ) (see Scheme B10) has been demonstrated to be highly effective in the
protonation of amide enolates,” our goal was to utilize the same scaffold for the
generation of chiral acids with enhanced acidity, useful for protonation of more acidic
enolates, derived from esters or lactones.

Review on catalytic asymmetric hydrogenation shows that Noyori’s procedure is
superior to alternative reduction techniques because of experimental simplicity and
promising enantioselectivities. Thus, 1-phenyl-3,4-dihydrotisoquinoline B45 is

quantitatively reduced to chiral amine B74 with 84% ee.'*

Scheme B10.

O:
- 0
N\R ~Ph
MeO 4 U‘ MeO
(> -
MeO 2 (S.,5)-B50 McoC(/\‘N“
"
B73 O HCOGH - NEY, 5:2 @
CH,Cl,
(CAPTIQ) B4S B74

Our objective was to apply Noyori method for synthesis of CAPTIQ and its
analogs - chiral 1-anilino-1,2,3,4-tetrahydroisoquinolines. The initial goal was to find
the optimum catalyst and reduction conditions as well as to test various functional
groups tolerance to Ru(ll)-catalyzed transfer hydrogenation. Another goal was to

establish how ortho-substituents in phenyl ring influence the reduction process.

O ~N Ru catalvst ‘?

X = Hal, NHR, etc.

Precise understanding of Noyori procedure’s scope and limitations would
allow creating a general and convenient method for asymmetric synthesis of various
chiral 1-anilino-1,2,3,4-tetrahydroisoquinolines as potential asymmetric proton
donors.

2.1. Experimental results.

Asymmetric reduction experiments are summarized in Table 10.
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Table BIO. Asymmetric reduction of 3,4-dihydroisoquinolines using different chiral

Ru catalysts. a

Substrate” Catalyst Catalyst
(mol-%) Al = I-naphthvl Ar - 4-methylphenyl Ar = 4-tluorophenyl

Type R X [Time] PR:sM:BYS .. @'l prsmBy © ee IR:SM:BY © ee

(h) %) op) T ) (%) %) (%)
A H H 1[13] 68:16d,°44(50) g7:8° 28 8~:de 33
A MeO H 1[13] 97:1:2'~$($8)E" 96:1:3 58 9316 67
A H NH: 2[16] 48:44 ¢ 78"HY  e6:23° 85 66:26° 79
A MeO NH2 2[16] 75:10:8 "11.(8~)f" 14615 43 16 11 56
A H NHCH, 2[16] 54:44°  >./85,':" 79:14° 91 g2:11° 86
A H Cl 1[13] 56:36° 86- ... 66:28° NV . 573 91
A H Br 1[13] 59:36:4 94 . am 94 5535:9 95
A MeO Br 0.67[13] 71:23:4 98~30"  67:29:3 08.7.., 69264 97.8
A H NO; 1[13] Q:99
A MeO NO, 1[13] B0 2080l 97.1
B MeO H 2[16] o Q:99° —
B MeO H 7.5[72]g 11:87 96""98h.
B H Me 2[16] s 3461 93
B MeO  CHjPh 7.5[72] O 16:19 98~99h
c  MeO H 1[13] 8298 98.1 82.9:8 985 88:47 98.7
C MeO OCH.Ph 1[13] ! Q:99

g

(@) All the reductions were performed in 0.5 roM scale, HCO,H:substrate  molar ratio
6:1; if not otherwise noted, both chemical yields and enantioselectivities (ee) were
determined by HPLC on CSP (using separately prepared standards) for a crude
reaction mixture and represent average of at least two reactions (two HPLC runs for
each reaction). (b) Unless indicateq otherwise, one and the same substrate batch was

used for all reductions in the cor |ng| ent . () SM - starting material; PR -
reduction ProdUct~~~Y:-r~NUction ~-{:
X H] X
o J (rX
8M PR BY

(d) Isolated yield after purification on preparative TLC plate. () Yields of BY (and
other minor by-products) was not determined either due to inadequate HPLC assay or



lack of standards. (f) Yields in brackets correspond to runs with different sample of
catalyst (see Table B1l and following discussion). (g) HCO,H:substrate molar ratio
55:1. (h) Approximate value is shown; exact ee’s could not be determined due to lack
of proper HPLC assay (peak of starting material traces overlapped with minor
enantiomer peak).

2.2. Discussion. Factors controlling asymmetric reduction process.

2.2.1. Substrate influence.

The original Noyori procedure'® employs 6 7-dimethoxy substituted
1soquinolines as hydrogenation substrates (Scheme B10). It was decided to apply the
reduction to 6,7-unsubstituted-3,4-dihydroisoquinolines, analogues of commercially
available diamine (CAPTIQ) B73. It was found, however, that substrates having
methoxy groups generally show higher chemical and optical yields (compare entry 2
vs. 1, 8 vs. 7 and 10 vs. 9). This is not always the case (entries 3-4) and although
preliminary experiments supported higher enantioselectivity also for MeO-substituted
anilines, further experiments reversed this pattern for these particular substrates (see
Table 13, entries 3-4; this will be discussed later). Higher chemical outcome and
enantioselectivity for MeO substrates could be attributed to electronic factors, namely,
increasing C=N double bond electronic density due to electron-releasing effect of
methoxy groups. This would make stronger Ru catalyst - substrate complex and, thus,
improve enantioselectivity. To support this assumption both electronic rich (toly/) and
poor (4-fluorophenyl) groups contawning Ru catalysts B76 and B77 were utilized,
anticipating that electronic poor ligand in Ru catalyst would stronger interact with

- . - M 13 : " 24
electronic rich substrate due to 7t system interaction (“‘w-stacking’).

T Re B76: R = CH,
3 ~cl o
NH, B77:R=F

It turned out, however, that generally there is no difference between these two

catalysts. Obviously, electronic factors are less important than sterical preferences.
Possibly methoxy groups expand isoquinoline system thus improving C=N

enantiofacial discrimination by Ru(ll) catalyst. Observation that indolyl-imine B78
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was reduced with higher enantioselectivity than dimethoxyisoquinoline B4S supports

this assumption.*

96% ee

MCO O
MeO =N Ru catalyst | 849 ee $3% vield
(1]

O 99% yield

Even more considerable turned out sterical demands of ortho-substituents in 1-
phenyl ring. Increasing bulk of ortho-group (compare entries 1, 3, 5, 6, 7, and 10,
Table B10), enhances reduction enantioselectivities:

H <NH; <NHCH; ~ Cl1 < NO; ~ Br
Obviously, ortho-substituent helps to hinder one C=N enantioface, thus favoring a
specific rotamer in one of competing diastereomeric transition states during substrate -
Ru catalyst complex formation.

Figure BS. Formation of competing diastereomeric substrate-Ru catalyst complexes.

H H

A sterically demanding ortho-substituent efficiently hinders Ru(II) catalyst
approach to one imine enantioface resulting in enhanced enantioselectivity. For
example, the o-bromophenyl group provides sufficient control in the asymmetric
hydrogenation step so that useful ee levels can be achieved with or without the
methoxy substituents.

Unprotected N-tosylamide (entries 11-12) and, especially, N-substituted
tosylamides (entries 13-14) also are bulky enough to help ruthenium catalyst

efficiently discriminate between C=N enantiofaces resulting in high optical yields

(A) It should be noted that Ru catalysts with different ligands were used for substrates B45
and B78.
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(92-99% ee) for all tested substrates. Substrate with condensed benzene ring instead
of ortho-substituent (entry 15, Table 10) behaves similarly. Furthermore, if there is
both condensed benzene ring from the one side and bulky substituent from the other
in the 1-phenyl ring (entry 16), the reduction does not take place at all (in standard
conditions). Evidently, access to either side of planar C=N system in this case is
hindered.

Dihydroisoquinolines with less sterically demanding ortho-substituents (H,
NH;) (entries 1-4) show lower optical yields. In these substrates methoxy groups play
a role in enantiofaces discrimination (entries 1-2). Surprisingly, ortho-aminophenyl
substituted isoquinolines do not match general pattern (entries 2 and 3) and,
unexpectedly, MeO presence lowers ee’s. The influence of MeO groups on the
enantioselectivity of reduction of sterically demanding substrates is low (compare
er;try 7 and 8).

Chemical yields in general are higher for MeO-substituted 1soquinolines (entry 2

vs. 1,4 vs. 3, 8 vs. 7 and 10 vs. 9). N-Sulfonylanilines afforded reduction products in
significantly lower yields compared to halogen and amino substituted substrates, thus
requiring substantially higher catalyst loading and prolonged reaction time. For
instance, reduction of N-tosyl-3,4-dihydroisoquinoline under standard conditions used
for amino substituted isoquinolines yielded 99% recovered starting material with no
reduction product (entry 11 vs. entries 3-5). Even increased catalyst loading and
prolonged reaction time gave chiral tetrahydroisoquinoline in only 11% yield (entry
12). Low chemical yields can be attributed to fact that reduced 1,23 4-
tetrahydroisoquinolines, being mono-sulfonylated diamines are structurally related to
the ruthenium catalyst ligand. Eventual strong complexation with the reduction
product can strongly (depending on the complex dissociation rates) inhibit the

catalyst.

L No more free — Inhibited
Mono-tosyl diamines ligation sites  Ru catalyst



Increased ruthenium catalyst loading (7.5 mol% and more) makes asymmetric
reduction of N-sulfonyl-3,4-dihydroisoquinolines too expensive, especially on a
preparative scale. Alternative approach is to diminish complexation ability of the
reduction products by inactivation of a diamine ligation site. Indeed, sulfonamide N-H
replacement by methyl group significantly increased chemical yields (entry 13 vs. 11;
note that only 2 mol% catalyst and 16 h was used compared to entry 12).
Unfortunately, it is almost impossible to remove methyl group after reduction and
therefore it is useless as a protecting group. N-Benzyl protection was tested instead of
N-methyl and chemical yield was reasonably higher accompanied with excellent
enantioselectivity (entry 14 vs. 12). Nevertheless, at least 7.5 mol% Ru(II) catalyst
loading was crucial also for N-benzylsulfonamide reduction. This is a reasonably
higher loading than in the case of N-unsubstituted 1-anilino-3,4-dihydroisoquinolines.
Consequently, more “reduction fuel” - HCOOH-NEt; (5:2 azeotropic mixture) was
also used.

It should be noted that reaction conditions used for all experiments in Table B10
are by no means optimal - the main principle was to provide equal reduction

conditions to compare relative reactivity of various substrates.

2.2.2. Catalyst effect.

Ruthenium catalyst dominates in favoring one of competing diastereomeric

transition states in the case of ortho-unsubstituted substrates and substrates with small

sterical demands. Bulky sulfonyl group (1-naphthylsulfonyl) in catalyst ligand

increase optical yields (entries 1,2 and 4) compared to smaller tosyl and 4-
fluorophenylsulfonyl group. The catalyst effect, however, disappears as substrates
with strong sterical preferences (bulky ortho-groups) are subjected to the reduction
(entries 5-8). In this case ortho-substituent dominates in preferring one of the

competing transition state.

2.2.3. Substrate and catalyst quality.

As mentioned above, ortho-aminophenyl substituted 3,4-dihydroisoquinolines
fall out of general pattern regarding to methoxy group influence on reduction
enantioselectivity. While in preliminary experiments naphthyl-Ru catalyst (batch #2,

see Table B11) reduced diMeO-ortho-aminophenyl isoquinoline B80 in higher optical



yield than observed for unsubstituted substrate,® consistent results could not be
obtained employing different catalyst batch (#3) (entry 4 vs. 3, Table B11). Because
identical reduction conditions were constantly used there are only two variables that
could provoke substantial fluctuation of results, namely - purity of substrate and
catalyst. It is believed that substrate impurities reduce chemical outcome while optical
yields are under control of catalyst.

Table B11. Differences in asymmetric reduction enantioselectivities depending on

employed naphthyl-Ru catalyst B50 batches.”

), ! :o
X “No - ph
Ruy
< 5
B50
Substrate Naphthyl-Ru catalyst batches.
Entry R X Batch #1° Batch #2 Batch #3
ee(%) | chem | ee(%) | chem | ee(%) | chem
(%) (%) (%)"
l H H 44 | 68 | so° | 76 - -
2 MeO H 845 99 88 70¢ 63 97
3 H NH; - - 48 46° 78 48
4" MeO | NH; - - 83 10208 | 71 75

(a) If not otherwise noted, one and the same substrate batch was used for all
reductions in the corresponding entry. (b) We thank Prof. R. Noyor for providing this
sample of naphthyl-Ru(Il) catalyst. (c) Average of 2 reactions (43.5 and 44.9% ee
resp.). (d) Isolated yields. (e) Represents 2 reactions (both shows 50% ee). (f)
Chemical yields determined by HPLC using standards. (g) Published result from
Noyori group.'® (h) Different substrate portions were used for catalyst batch #2 and
#3 (1) Average of 2 reactions (70.1 and 71.8% ee resp.)

The variation of chemical yields in reduction of anilino-imine B80 (Table
B11, entry 4, batch #2 vs. batch #3) can be attributed to the fact that substrate was
contaminated to various extent with an impurity. 1-Anilino-3,4-dihydroisoquinoline
B80 was prepared from the corresponding nitro-imine B79 by reduction with

Fe/HCL” It was found that the product aniline contained intensely yellow impurity

(B) These results agree with the general trend for higher yields in the case of dimethoxy
substituted substrates; see Table B10.
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that could not be removed by flash chromatography.

MeO MeO MeO

MeO __Fe - *+ MeO MeO

Nncl +

B79 B8O BS1

The yellow contaminant could not be separated well enough to give satisfactory
analysis or spectra, but one small sample was obtained having a 3:2 ratio of
oxygen:nitrogen according to elemental analysis. 200 MHz IH_NMR spectrum shows
similar signal pattern to that of aniline B80 with all aliphatic isoquinoline ring protons

shifted downfield by approximately 0.4-0.8 ppm:

B79

~
BSO

MeO | N

8 70 60 SO 4 3D 20 10 00
[] + B81
~
1 aN-Q
|
8. 70 60 SO 4. 3D 20 10 00
F)
Fel c~~\JDoaN«~ Fe3 c~'fl4l\JnaN4I~E361Jrr'<DIOOI

Fe2 C~\JDoaN«~'WIOOI

Taking as a basis NMR spectra and elemental analysis, structure B81 was assigned for
yellow contaminant. Analogous indazole N-oxides are reported as yellow solids."”
With impurity levels near 20%, transfer hydrogenation did not occur within 16 h
at 20°C suggesting that contaminant inhibits the catalyst. Repeated crystallizations
reduced the amount of the contaminant to 2%, but with considerable material loss.
When B80 containing ca. 2% of the impurity was treated with 1 mol% of the

naphthyl-Ru catalyst (batch #3), transfer hydrogenation proceeded in 75% vyield
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(compare entry 4, Table B11) and with 71% ee.

In another attempt using catalyst batch #2, enantioselectivity mysteriously

increased to 83% ee, and similar inconsistencies were encountered in attempts to
hydrogenate Noyori substrate B45 and its 6,7-unsubstituted analog (entries 1-2, Table
B10). No substantial difference between the two batches of catalyst could be detected
using NMR methods, but the limited solubility of both naphthyl-Ru(II) catalyst and its
precursor (C¢Hs);RuCl,?” complicates catalyst assay using spectroscopy. Furthermore,
having identical NMR spectra, naphthyl-Ru catalyst batch #2 reduced ortho-
unsubstituted dimethoxy isoquinoline B45 in higher ee’s than both sample received
from Noyori lab (batch #1) and batch #3 (entries 1-2, Table 11).

A possible problem in catalyst preparation could be incomplete conversion of
'[RuClz(n6-benzene)] B83 and ligand B82 to catalyst BS0.

“Scheme B11.

0 O cl_ ,Cl Ph
., NH Ph Bcsl3 cl O A o
NH, —_— Buve, ©/ NH,
N
B32 BS0 B84

Unreacted ruthenium source B83 can in principle serve as non-chiral hydrogenation
catalyst thus lowering optical yields. Simple recrystallization could in principle solve
contaminant issue, however, catalyst is reported to decompose upon attempted
purification.'®® On the other hand, employing Ru catalyst formed in situ from
[RuCly(n°-benzene)] B83 and mono-N-sulfonyl diamine B82 in triethylamine Noyori
was able to achieve results similar to the ones obtained in reduction employing
isolated catalyst.'

Ligand exchange in Ru(Il) catalyst (N-sulfonyl-ethylenediamine BS82
replacement by reduction product amino-isoquinoline B84, see scheme B11) could be
an alternative interpretation of scattered ee’s values, however in recent paper Noyori
has shown that structurally related [(BINAP)Ru]Cl, complex irreversibly interacts
with ethylenediamine ligand, similar to B82. Resulting Ru(II)-ethylene diamine

complex was found to be resistant toward competing diamine ligands.?®

(C) One and the same isoquinoline batch was used for all reduction experiments.
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Most likely the problems arise from improper Ru(Il) catalyst preparation
procedure. No attempts were made to define the source of the problem in catalyst
preparation because relatively consistent results were obtained with modified Noyori

catalysts B76'® and B77 (see entries 3-4, Table B10).

2.3. Optimization of the reduction conditions.

Early hydrogenation attempts gave <25% conversion using a 6,7-unsubstituted
analog of Noyori substrate B4S, but this difficulty was overcome simply by arranging
an outlet for the reaction vessel. Evidently, it is important to provide an exit for the
gases (H; + CO,) produced by decomposition of the HCO,H/Et3N reducing reagent as
the hydrogenation proceeds. This, however, is a minor problem compared to the
examples above where reduction products or impurities acted as catalyst inhibitors.

As already mentioned, asymmetric reduction conditions used for all experiments
(Table B10) are not optimal and were chosen to provide equal reduction conditions in
order to compare relative reactivity of various substrates. There are several potential
ways to improve reduction rate - larger catalyst loading, longer reaction time, higher
temperature as well as use of different substrate concentration and change of solvent.

Table B12. Optimization of asymmetric transfer hydrogenation.

;l'os

Ph.. T‘}% .Ph
R O Ph/E\/P‘{J\Cl Rm R
~N NH N
O " e Br " H 4 Bro
HCOOH - NE,
CH,CI,
B85 B86 B87
a:R=H
b: R=0Me
Entry R Solvent T €0 Catalyst Rxn ee HPLC yield (%)
(mol%) tir;\e (%) | B8 | B85S | B87
(h)
1% | MeO t CH>Cl 20° | 067 13 1987 68 | 30 3
2 | MeO | CH,Cl, 20° 1 13 | 986 | 84 8 8
3 MeO | CH,ClL, 20° 0.67 24 | 986 | 78 3 19
£ H | CH,Ch 20° Jj 13 1V 94 | 44 57 7
5 H | CH;CN 20° 1 13 85 | 53 | 45 2
6 H CH,Cl; | reflux 1 13 90 | 45 | 49 5
7 H CH,Cl, reﬂzudnuéhen i 13+24 | 90 | 43 47 10

(a) Standard conditions (see Table B10). (b) Approximate room temperature.
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Prolonged reaction time (entry 3) increased both the amount of product B86b and
by-product B87b, while larger catalyst loading resulted mostly in higher product yield
(entries 1-3, Table B12). Formation of by-product (N-formamide) was encountered to
varying degrees in all of the hydrogenations, increasingly so for the slower reductions
(see also Table B10). Evidently, formamide formation by HCOOH-NEt; reagent
increases with time (entry 3 vs. 1, Table B12). Consequently, additional loading of
“reduction fuel” - HCOOH-NEt; (5:2 azeotropic mixture) also increased formamide
B87b formation.

Bromoisoquinoline B85a reduction in acetonitrile®” occurs with lower
enantioselectivity and in slightly higher chemical yield (entry S vs. 4). Temperature
increase does not affect reaction course (entry 6 and 4).

Different substrate concentrations as an additional variable were examined in

the case of N-toluenesulfonamides reduction experiments.E
Table B13. Asymmetric reduction yields depending on substrate concentration.”

Tos
,Ph

HCOOH - NE, 5:2

CH,Cl,
B89
Entry Substrate concentration Yields’ (%)
(mM/mL) B38:B89 ee
1 0.09 21:72 92
2 0.2 34:61 92
3 0.4 57:39 93

(a) Asymmetric reductions were carried out in 0.5 mM scale (within 16 hours and
employing 2 mol% tosyl-Ru catalyst B76); see also Table B10. (b) Both chemical
yields and enantioselectivities (ee) were determined by HPLC (using separately
prepared standards) for a crude reaction mixture.

(D) Another alternative solvent - DMF was not examined.
(E) In all previous asymmetric reduction experiments (Tables B10-B12) components
concentration was equal to that used in the original Noyori paper (0.4 mM/mL).



As shown in Table B13 higher dilution lowers chemical yields, however it is
believed that concentration issue has comparatively smaller influence than other

factors discussed above.

2.4. Absolute stereochemistry of the reduction products.

Absolute configuration in 6,7-unsubstituted diamines series was assigned by
comparison of transfer hydrogenation products chiral HPLC behavior with that of
standards prepared from diamine with known (S§)-absolute configuration,
unambiguously assigned by X-ray analysis for corresponding (R,S)-O-acetylmandelic
acid anilide B90 (see Chapter A).

Scheme B12. @H
HE B LR

3 X-r
OAc ays

I
O

(R,S)-BY0

l IN HCl
1. Cbz-Cl/ NEt,

0 o Q0 o Ok R
ooron NH , NH  3.H,/PdC @
=N reduction, 0 1. n-BuLi(Ieq) . H, _NH CH

H: H": 3
’ NH, NHCH, AN,
CwCuCl (cat.)

B86a (S)-B91 (S)-B92 (S)-B89
i X [

(S)-B91 (R)-B92 (S)-B89
Noyor I Noyon T

T <j reduction. C> <: redgcu'on. :>

O ~N O =N O _N
CH
NH, NHCH, N
3 <

B93 BY%4 BS8

Chiral auxiliary cleavage in (R S)-amide B90 and asymmetric transfer hydrogenation
of bromo-imine B86a with subsequent bromine displacement by ammonia both
yielded (S)-enantiomer of anilino-isoquinoline B91. Consequently, Noyori reduction
of bromo-imine B86a affords corresponding (S5)-bromo-isoquinoline. Asymmetric
hydrogenation of anilino-imine B93 also yielded (S)-diamine B91 (Scheme B12).
Regioselective alkylation of N-lithio-anilide with Mel gave (5)-N-methyldiamine
B92. Surprisingly, asymmetric hydrogenation of corresponding imine B94 afforded

Opposite enantiomer - (R)-isomer, according to chiral HPLC comparison with

59



standard (S5)-B92, respectively (see Scheme B12). In contrast, transfer hydrogenation
of N-tosylamide B88 yielded the anticipated (S)-enantiomer of B89.

Thus, asymmetric transfer hydrogenation of imines B86a, B88 and B93
employing (5,5)-Ru(Il) catalyst afforded (S)-isomer as the major enantiomer. These
results are in accordance with the general sense of asymmetric induction introduced
by Noyori:'**®

Figure B7. Noyor scheme for the general sense of asymmetric induction

H
ﬂ(S,S)wRu catalyst

(S.8)-Ru catalyst

MeO

OMe OMe ©/
U(R.R)-Ru catalyst

H (S)

)

Reversed enantioselectivity in the case of N-methylaniline B94 falls out of
general pattern and remains unexplained, especially because transfer hydrogenation
enantioselectivity in 6,7-dimethoxy series also supports Noyori’s asymmetric
induction model (Figure B7). Thus, the absolute configuration of 6,7-dimethoxy-
bromobenzene B86b was confirmed to be (§) by X-ray crystallography in the case of

crystalline N-formyl by-product B87b (anomalous dispersion method).

CHJ @/ Br

B87b
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Employing bromo-isoquinoline B86b as a standard, absolute configuration was
assigned for several asymmetric reduction products in 6,7-dimethoxy series:
Scheme B13.

MeO:i:[' 7 H Meo]@i) Meojg;\‘
NH iqui

H

A Br I:> @/Br CwCuCl (cat.) ©/NH2

(S)-B87b (S)-B86b (S)-B84
[l l
X-rays (S)-B86b (S)-B84
Noyorn
[ <: reduction. :> ‘
MeO O MeO O
MeO:‘i‘)N/ MeO:‘f\i
- a
B85b B8O

Thus, all the hydrogenations with the exception of N-methyl substrate B94
correspond to Noyori model for asymmetric induction'®*® (Figure B7). Table B14
summarizes all confirmed absolute configurations as well as those assigned on the
basis of chiral HPLC behavior of structurally related products:

Table B14. Absolute configuration of major enantiomer of asymmetric reduction

products:*

e T
NH
NH X
R ¥ R
Y XY

A B
Entry Substrate Absolute
Type R X configuration
1 A H H R
2 A MeO H R4
3 A H NH, S
4 A MeO NHz S
5 A H NHCH; R
6 A H Cl N
7 A H Br S
8 A MeO Br S
9 B MeO H 5P
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(a) Unless indicated otherwise, absolute configurations were confirmed by chemical
correlation with diamine (S)-B91 or bromo-isoquinoline (5)-B86b. (b) Assigned by
comparison -of chiral HPLC behavior of structurally related products. (c) Absolute
configuration is (R) because of different substituents priority order; (R) configuration
still corresponds to Noyori model for asymmetric induction (Figure B7). (d) Absolute
configuration determined by Noyori group'®® (X-ray crystallography).

2.5. Summary.

1. Ruthenium(1II) catalyzed asymmetric transfer hydrogenation is directed mainly by

sterical factors. Substrates with bulky ortho-substituents influence the reduction

enantioselectivity by favoring specific rotamer in one of competing diastereomeric
. transition states for hydrogenation. Ruthenium catalyst influence dominates in the
case of sterically less demanding isoquinolines. Dihydroisoquinolines with
methoxy groups yield reduction products with higher optical and chemical
outcome. Relative strength of factors controlling the reduction course can be

arranged in a following order:

Ortho-substituent > isoquinoline methoxy groups > Ru catalyst ligand

2. Ruthenium catalysts modified by tosy!/ and para-fluorophenylsulfonyl group in
general show similar selectivity toward tested substrates. [-Naphthylsulfony!
ruthenium catalyst demonstrates higher enantiodifferentiation ability toward

substrates with low sterical demands.

3. To achieve high reduction yields substrates must be especially pure. Small amount
of contaminant can cause a serious drop In chemical outcome and

enantioselectivity.

4. Absolute configuration can be established using Noyori’s model for asymmetric

induction.



3. Practical application of the Noyori reduction.

3.1. Synthesis of chiral sulfonamides by direct transfer hydrogenation of
the corresponding imines.

Moderate enantioselectivities (70-85% ee) and high purity levels required for
anilino-imine B80 due to catalyst inhibition by contaminant indazole N-oxide B81
make direct Noyori hydrogenation unattractive for the synthesis of desired chiral
diamines B84 and B91. In contrary, excellent ee values (93-99%) observed in
reduction of N-tosylanilides are encouraging despite the high Ru(Il) catalyst loading
needed. Because several methods for mild N-sulfonyl group cleavage® have been
reported this approach could be an alternative route to chiral diamines B84 and B91.
Furthermore, chiral N-sulfonyldiamines themselves are asymmetric proton donor with
enhanced N-H acidity, potentially useful for protonation of ester and amino acid
enolates.

Additional advantage is that all necessary substituents are introduced in racemic
3,4-dihydroisoquinoline prior to the asymmetric reduction. This allows creating a chiral
center at the end of reaction sequence, thus avoiding further multi-step chemical
manipulations with optically active reduction product. We hoped to diminish catalyst
loading and to increase chemical yields by finding an appropriate protecting group for
sulfonamide N-H. Proposed approach was employed for synthesis of chiral N-sulfonyl-

isoquinolines.

MeO O MeO
MeO #Ng NH

X = p-tolyl, CH;, 1-naphthyl, 2-naphthyl
R = H, CH,Ph, methoxymethyl




3.1.1. Chiral sulfooamides via asymmetric reduction of N-benzyl protected

34-dibydroisoq Dinclines, Racemization pro blems,

As follows from Table BID, reduction of N-protected sulfonyl-3,4-
dihydroisoquinolines resulted in higher chemical outcome and consumed less catalyst
compared to N-unsubstituted sulfonamides (entries 13-14 vs. 11-12). Initially. N-
benzyl group was chosen as the protecting group for prep-scale synthesis of chiral

tosylamide B99.

Sche:meB14
Me8™" & N (e
BoBr N O
- . 21 =0
K.:.JCO,! DMF e Tos
B96
I. Tosyl-Ru
catalyst
fICOOH-NE~ 5:2
2. (CFIC0)zO | NEI!
10%Pd-C MeOWCF
NH,00cH B98 Me.ONa. MeO i & .- N.:|;;.OJ
MeOH-~05;1 — TIF-MeOH H~' N.r-Ph
reflux,2h |
' e -S-T
#9707
Meow:,,=:
1-7 NH
Mea H;' H 0 ~ Pd-CI NHpOCH
O1 -0 MeOH.H.p 5:1, reflux
Tos
B99a

N-Benzyl protected sulfonamide B96 was prepared in 68% Yyield from tosylarnide
B95a. Asymmetric reduction (2.5 roM scale) was carried out using 6.3 mol-% tosyl-
Ru catalyst. After quench the mixture contained reduced chiral isoquinoline B98
together with unreacted starting ma.terial B96. Because preparative scale separa.tion by
flash chromatography was complicated due to close Rf values and unsuitable elution

order (product comes out of column after starting material) the reduction product B98
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was not isolatedf but inm situ converted to N-trifluoroacetanilide B97. This
transformation reversed elution order and allowed an efficient separation of product
B98 (in form of CF;-amide B97) from starting dihydroisoquinoline B96. Besides, N-
trifluoroacetamide B97 was readily crystallized from ethyl alcohol thus further
increasing both chemical and optical purity.®
N-trifluoroacetyl and N-benzyl protecting group cleavage turned out to be
critical step in the reaction sequence. Only method suitable for racemization-free
removal of trifluoroacetyl group was treatment with methanolic MeONa in THF for 72
h at room temperature. Chiral isoquinoline B98 (99% ee) was obtained in almost
quantitative yield (98%). The following alternative methods were unsuccessful:*°
(2)K2COs5 in MeOH-H,O 4:1, 120 h, room temperature failed to give deprotected
isoquinoline B98;

(b)PhCH,N"Me; OH in absolute MeOH led to incomplete conversion after 120 h at
room temperature (product <20%);

(c)NaBH, in MeOH-THF 1:1 (5 h reflux) caused partial racemization (>95% chem.
yield and 93 % ee).

Treatment of CF;-amide B97 with 10% Pd-C under transfer hydrogenation
conditions (NH4OOCH, MeOH-H,O 5:1, 5 h reflux) cleaved both N-
trifluoroacetamide and N-benzyl groups (75% yield of deprotected sulfonamide),
however product N-tosylanilide B99 was partially racemized (87% ee). Surprisingly,
stopping reaction prior to completion (2h reflux, ca. 60% conversion) yielded N-tosyl
diamine B99 racemized to a smaller extent (96% ee). The same degree of racemization
(87% ee) was observed upon N-benzyl group cleavage in isoquinoline B98 under
transfer hydrogenation conditions (72% isolated yield). Furthermore, when catalytic
hydrogenation” was employed to remove N-benzyl group, desired diamine B99
obtained was still partially racemized (96% ee). These results indicate that

unsubstituted 1,2,3,4-tetrahydroisoquinolines B98 and B99 are apt to partial

racemization in the presence of Pd catalyst and hydrogen source, however mechanism

(F) Aliquot was taken from the mixture to determine reduction enantioselectivity (99% ee) and
chemical yields (63% together with 25% recovery of starting material).

(G) Initially Cbz-group was employed instead of trifluoroacetyl. However, the corresponding
carbamate could not be made crystalline after purification by flash chromatography.

(H) Successfully used to remove N-Cbz group without racemization in synthesis of various
chiral N-substituted anilino-isoquinolines, for example tosylamide B89 (Scheme B12).
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is not dear. It should be pointed out that optical purity of both compounds B98 and
B99can be increased by crystallization. Besides, Nebenzyl protecting group cleavage is
as a matter of optimization. Meanwhile, lack of available racemization-free method for
the removal ofN-benzyl protecting group forced us to investigate alternative ways for

the synthesis of chiral N~sulfonyldiamines.

3.1.2. Practical scheme for N-sulfonyldiamines synthesis. Metboxymethyl
protecting group.
To avoid N-benzyl group cleavage problems more labile N-meth axymethy I

(MOM) protecting group was employed.'

ScliJeme B15.
MOM-CI
NaH/THF
B80 Bl100a~d
Meo~ | ™" a: R= tolyl
McOh-. © NH b: R=-methyl
r ,\F,',So_ ¢: R™I-maphthyl
J RO d: R=2-naphthyl

Sulfonamides B95a-d, prepared by treatment of aniline B80 with the corresponding
sUlfonylcWoride in pyridine, were converted to sodium salts by NaB in THF and

alkylated with MOM-CL1. Protected isoquinolines BlOOa-d were isolated in 56-72%

(1) In our case N-MOM group is stabilized by electron withdrawing substituent at nitrogen.
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yield, accompanied with a byproduct. Taking as a basis NMR spectra and elemental

analysis, by-product was identified as N-formyl-3,4-dihydroisoquinoline B104:

MeO O MeO MeO
N..O = N..O + N_H
O Ssg  MOM-CI(1.4eq) O e N
R THF R 0
B95a-d B100a-d B104

If R = 2-naphthyl, B100d : B104 =62 : 12 (%)

The structure of formamide B104 was verified by synthesis from anilino-3,4-

dihydroisoquinoline B80.

2N _HCOOH _ MeO N~
NHz DCC/DMAP(cat.) N N O NH,

B104  40% 60%

Although byproduct was isolated and characterized particularly in synthesis of MOM-
protected tosyl and 2-naphthylsulfonamides, it was observed in all the MOM-
protection reactions. The formation of byproduct B104 from sulfonamides B100a-d
could in principle proceed via imine B104a in the presence of an excess of base,

however no attempts were made to prove the mechanism:

MCO O (B MCO ]
H
NH O N
MeO OMe MeO »*OMe
SRR Cr
R/S\\ R\S//O
O- B104a
B100a-d
H,0
quentch
MO O MeO
MeO N O N H
¢ E H MeQ 7 KOH
O \rr - MeOH N OMe
] ®L
B104 -
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Asymmetric reduction of MOM-protected substrates BIOOa-d yielded chiral
1,2,3,4-tetrahydroisoquinolines  in excellent enantioselectivities and good chemical

yields (Table B 15).

Table B15. Asymmetric reduction of MOM-protected N-sulfonyl-3,4-dihydroiso-

quinolines BIOOa-d?.

"Tos
Meoc Ph< e
MeO | ~ g-N rOMe
~ SI 0 HCOOH-NE~ 52
R Cl1:2C~
BIOOa-d BIOla-d BI02a-d
Entry R (GfO)
BIOI BIOO
a tolyl 99 58 30
b methyl 93P 18°
c I-naphthyl 97 . 53 40
d 2-na hth | [:97" 73 22

(@) In the presence of7.5 mol% B76, HCOzH:substrate molar ratio 55:1, reaction time
- 84h. (b) Determined for the corresponding crystalline N-trifluoroacetamide BI102b.

After quench the reduction mixture contained products BIOla-d together with
unreacted starting material BIOOa-d. For the same experimental reasons as in the case
ofN-benzyl substituted sulfonamide B98 the reduction products were not isolated] and
converted in situ to N-trifluoroacetanilides B 102a-d.

It should be pointed out that the cleavage order of N-trifluoroacetyl and N-
methoxymethyl protecting groups is crucial. Preliminary N-MOM group cleavage
experiments with tosylamide BlOla showed that anticipated isoquinoline B99a forms
in 29% vyield after 3 h reflux in IN HCI, while the undesired cyclization product B105

was formed in 60% yield.

(1) Aliquots were taken from the reduction mixtures to determine hydrogenation
enantioselectivity and chemical yields for BIOla and BIOlc-d.
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MeOD;\' MeO MeO
MeO™ 'y /M INHCL/THF MeO™ ™ pr MeO - NEL

F : H
N, - . N.¢{ - Hi N C>,
- —< >— S +
O'ES:‘) Oo 0 @ OS“O
29% 60%

Heterocycle B105 chemical structure® was verified by synthesis from racemic diamine

B84-rac.

(paraformaldehyde) MeO _TIsCl _ Mo N D
NH, NH Py, 1h N‘s'@’
O CH,CL, 3A sieves O o
reflux, 4h
B84-rac B10S5-rac

To avoid the formation of heterocycle B105 it was decided to cleave N-MOM
group prior to N-trifluoromethyl protection removal. Thus, N-methoxymethyl group
was hydrolyzed in boiling 1N HCI (18 h) to give sulfonamides B103a-d (Scheme B195)
in 87-93% yield without affecting N-trifluoroacetyl group. The latter was then
hydrolyzed by K,CO; in wet methyl alcohol (36h at 20 °C) to give the desired chiral
sulfonyldiamines B99a-d.

The reaction sequence (Scheme B15) allowed to prepare a family of potentially
useful, chiral aniline derivatives B99a-d having enhanced N-H acidity, from the
corresponding imines B100a-d with high enantiomeric purity (>99% ee after
crystallization). However, the number of steps required due to the problems with
catalyst inhibition, as well as the complications with the protecting group chemistry,
make this approach laborious, especially for preparative scale synthesis of various

CAPTIQ analogs.

3.2. Preparative scale synthesis of (S)-1-anilino-1,2,3 4-
tetrahydroisoquinoline. Reinvestigation the hydrogenation stereochemistry of N-
sulfonamides.

While direct reduction of unsubstituted anilino-3,4-dihydroisoquinolines B80
and B93 occurs with moderate enantioselectivity and requires high substrates purity

levels, hydrogenation of suitably N-protected analogs B95, B96 and B100 is fairly

(K) Optical purity of B105 was not determined.
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laborious and demands high catalyst loading (7.5 mol%). Alternative and more direct
route to desired chiral diamines B84 and B91 would have to involve asymmetric
hydrogenation of imines with substituent that can be converted into nitrogen
functionality. Suitable candidates are bromo-isoquinolines B85a-b because a number
of methods for aromatic halogen replacement by amines have been reported.”!
Moreover, asymmetric hydrogenation of ortho-bromo imines B8Sa-b employing 0.67
or 1 mol% catalyst proceeded without any of the complications encountered with the
various ortho-amino derivatives and afforded products with excellent

enantioselectivities (94-99% ee, see Table B12).

Scheme B16.
MeO O
MeO ~N 1. Asymmetric reduction Meoj@C‘NHz cr NH, (hqund) Me OD;\NH
O Br 2 HCl-salt crystallization Br CwCuCl
>99% ee
B85b (S)-B86b (S)-B84
MeNH, (liquid)
Cu/CuCl
MeO
MeO :H; NH
©/NHMe
(5)-B106

As the reaction mixture contained hydrogenation product (S)-B86b, accompanied with
byproduct N-formamide (up to 19%) and unreacted starting material B85b, product
isolation from the reaction mixture was critical, especially for prep-scale
hydrogenation. It was found that the reduction product can be conveniently isolated
and purified as a hydrochloride salt. Furthermore, when B86b was released from the
hydrochloride with aqueous base, >99% ee was measured for the recrystallized
material. Thus, the asymmetric hydrogenation and subsequent crystallization provides
material with excellent enantiomeric purity and in reasonable yield. Scaling up to 18 g
afforded product in 62% vyield and with 10% loss in chemical yield compared to 0.5
mM scale.

With practical access to >99% enantiomerically pure (5)-B86b, the problem of

replacing bromide by an amino group was investigated. This proved to be relatively

70



easy by an adaptation of the method published in 1968 by Ot et al*™ Thus, aryl-
bromide (5)-B86b was treated with liquid NH; in the presence of copper powder and
CuCl in a Parr reactor at 70 °C for 5 days. The product (5)-B84 was obtained in 82%
yield after crystallization (99% ee). In a similar process, (5)-B86b reacted with
CH;NH,/Cu/CuCl to afford (5)-B106, 80% isolated yield after crystallization, 99% ee.
Bromine displacement in the presence of catalytic Cu/CuCl is Ullmann-type reaction.
The reaction readily occurs with simplest liquid amines’® (reactivity order:
dimethylamine > methylamine > ammonia) and can be easily scaled-up. Higher boiling
amines such as N N-dimethylethylenediamine gave lower yields (30%) under the usual
conditions.

The asymmetric hydrogenation - amination sequence provided sufficient
amount of (5)-B84 to allow the reinvestigation of the sulfonamide derivatives. After
protecting secondary amine nitrogen as the Cbz derivative (5)-B107, N-sulfonylation
could be carried out without complications, and deprotection (H:/Pd-C) gave
sulfonamides B99a-d. The absolute configuration of chiral sulfonamides B99a-d
prepared from (S5)-bromophenyl-1,2,3,4-tetrahydroisoquinoline ($)-B86b was the same
as for material prepared by asymmetric reduction of protected N-sulfonylamino-3,4-

dihydroisoquinolines B100a-d (Scheme B17)."
Scheme B17.

NH2 MO ; 1. XSO,Cl / NEt

H:
ONHZ Wd -C/ AcOH

MeO
(S)-BS6b (S)-B107 D;\
MeO NH

H:
N..O
So
MeO
O 1. Asymmetric €0 G // (S)-B99a-d
MeO ~N OMe reduction
( MeO
N..O Deprotection
O Sty 2 (CF,C00 ON OMe
X NEY,
(S)-B100a-d (S)-B102a-d

X =Tolyl, methyl, 1- and 2-naphthyl

(L) Verified by the HPLC on CSP.
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Thus, asymmetric reduction of various N-sulfonylamino-3,4-dihydroisoquinolines (§)-
B100a-d follows the Noyori’s asymmetric induction model'® and affords chiral

isoquinolines with .§ absolute configuration.

3.3. Synthesis of N,N-(dimethylsulfamoyl)anilino-isoquinoline.

As our objective was synthesis of various acidic CAPTIQ B73 analogs, N,N-
dimethylsulfamoyi-anilide B108 (pK,(DMSO) ~ 12-14)* was chosen as synthetic
target. Initially, direct asymmetric hydrogenation of suitably protected sulfamoylanilide
B107 was tested.

MeO N g MeO: : : N}h

! H
NTSTNMeZ B NTS:NMe2
Y s
B107: R = benzyl or B108
methoxymethyl (MOM)

Serious problems, however, were encountered upon attempts to synthesize
sulfonamide B107. Thus, treatment of aniline B80 with N,N-dimethylsulfamoyl
chloride in pyridine gave unexpected cyclic sulfonamide B112 (Scheme B18).

Scheme B18.

MeO
L
MeO Me,NSO,Cl

NH
O ? base

B80

— B111 -
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It is believed that upon formation, the desired sulfonamide B109 in the presence of
base equilibrates with the deprotonated anilide B110, showed as 2 resonance forms.
Because there is no nucleophile in the reaction media (except of unreacted aniline B80)
intramolecular attack by nucleophilic isoquinoline nitrogen on sulfur could in principle
take place with formation of 6-membered ring. Alternatively, formation of cyclic
sulfonamide B112 proceeds via sulfonylamine B111 followed by intramolecular [4+2]-
type cycloaddition.> According to another possible pathway reaction proceeds via ring
alkylated sulfamoylamide B113 (Scheme B19).
Scheme B19.

MeO
LY
MeO Me,NSO,Cl

B112

Because of unexpected difficulties in the synthesis of sulfamoylamide B107 an
alternative route to desired product B108 was employed starting from chiral aniline
(S)-B84. Isoquinoline nitrogen in diamine (5)-B84 was selectively protected by Cbz
group and subjected to reaction with 10-fold excess of N,N-dimethylsulfamoylchloride
for 48 hours at room temperature. Flash column chromatography gave mixture of
desired N-sulfamoyl derivative B114 (37% yield) and starting material (5)-B84 (22%
recovery) accompanied by dimer B116 (41% yield) and tetramethylsulfamylamide
B115.

MeO MeO
1. CbzCl/NE
ml—l g N-Cbz
MeO H” MeO AT
A_NH, 2. MgNSO,Cl H, N NMe,
SRS

(S)-B84 w 37%
(S)-B114 (S,9)-B116

+ Me,NSO,NMe,
B115



Large excess of sulfamoylchloride was employed to increase sulfamoylation
rate and to diminish amount of unreacted Cbz-isoquinoline, thus avoiding the
formation of dimeric product B116.

Scheme B21. Me,NH

nee
N-Cbz
MeO /-< MeO >
MeO. X NH,
| O
i H Toz
" N..-NMe, MeO

MeO
H

S? Nsg2O (S)-B107

0 s
(S)-B114 >—< (S)-B117
Pyridine
+ Pyridine x HCl

Me,NSO,Cl1 +

NSO, Me,NSO,NMe,

B115

(S,5)-B116

The formation of sulfonylamines from the corresponding sulfamoylchlorides or
sulfamoylphthalimides in the presence of base traditionally has been used to generate
substrates for cycloaddition reactions.” To avoid sulfamoylamine (S)-B117 formation,
Cbz-aniline (5)-B107 was treated with N,N-dimethylsulfamoyl chloride in the presence
of only 1.5 eq of NEt; in THF. No product was observed after refluxing for 8 h.
Obviously pyridine is necessary because it acts not only as HCI scavenger but also as

sulfamoylation catalyst, forming activated amide B118.

S
@ Me,NSO,CI | J o
N oCl
~
N °3s.
O’ NMe2
B118

To exclude presence of any base sulfamoyl pyridinum chloride B118 was prepared
separately and added (4 eq) to Cbz-aniline (S)-B107 solution in MeCN. Surprisingly,
no product (S5)-B114 was detected after 18 h stirring at room temperature. Thus, the

reaction in pyridine so far is the only applicable method for preparation of sulfonamide

(S)-B114.
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Cbz group removal by catalytic hydrogenation in the presence of 10% Pd-C
failed in EtOAc, but succeeded in glacial AcOH to give the desired chiral isoquinoline
(S)-B108 in 91% yield. In a similar manner protecting group was removed in bis-

product (S,5)-B116 to give bis-sulfonamide (§,S5)-B119 (Scheme B22).

MeO MeO
: :] [ N-R
MeO H MeO

R=Cbz: (S,S)-B114 ) H C R = Cbz: (§,5)-Bi16
2
R =H: (S,5)-B108 Pd-C\ R =H: ($.9)-B119

3.4. Preparation of various CAPTIQ analogs with increased N-H acidity.

To avoid complications with synthesis of Noyori hydrogenation substrates,
optically active Cbz-protected anilino-isoquinoline (§)-B107 was employed as a
starting material for the preparation of various CAPTIQ analogues. N-Acyl, N-
phosphinyl and N-2-pyridyl groups were introduced in a straightforward manner
followed by Cbz protective group cleavage to afford chiral anilines B120-B123.

MeO
Scheme B22. I:()NH
MeO T B . (9-B120:R=CH,

N
1. RCOCV Py T (5)-B121L: R = I-naphthyl
2. H,/10% Pd-C 0
Meoj@;\\ MeO
N-Cbz
w2l XL
e o 1.ELPOCVPY — MeO™ ™7 >y

- JEt
©/NH2 2.H,/10% Pd-C ©/N‘IR~E‘
o

(5)-B107

/Q\ MeO
1.Cs,CO, /Br M ODQNH
Pd(OAc), / BINAP ¢ H”: H

NN
toluene, reflux, 7h ©/ \“/\J
2. H,/10% Pd-C 7

Slightly modified Buchwald’s procedure34 was employed for 2-pyridyl group

(S)-B122

(5)-B123

introduction in aniline (S)-B107. Triamine (S)-B123 is potentially a promising chiral

proton donor because tridentate ligand has an increased ability to coordinate lithium.
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3.5. Specific properties of N-anilino-3,4-dihydroisoquinoline system.
Acetyl group migration.

Initially the preparation of N-acetanilide B120 was attempted via transfer
hydrogenation  of  (N-benzyl-N-acetyl)anilino-3,4-dihydroisoquinoline B124.
Complications encountered in the synthesis of the reduction substrate B124 forced to
pursue alternative routes and desired N-acetyl substituted chiral diamine (S)-B120 was
later prepared from chiral starting material (see above). Attempts to synthesize N-
acetyl 3,4-dihydroisoquinoline B124, however, revealed specific properties of 1-
anilino-3,4-dihydroisoquinoline system that are worth to be mentioned in brief.

Reaction of aniline B80 with AcCl in pyridine (standard procedure used for N-
sulfonamides B95a-d) caused the precipitation of a yellow material almost immediately
after acid chloride was added. Alternatively, aniline B80 was treated with neat acetic
anhydride. Major products isolated from both reactions were identical according to
elemental analysis and matched the calculated values for the corresponding N-
acetylaniline. Surprisingly, 'H-NMR spectra showed that both products have similar
set of signals, arranged, however, in a different pattern. Careful NMR spectra
interpretation allowed to assign major product structures for each reaction. Thus,
anticipated N-acetanilide B125 was formed in the reaction of aniline B80 with neat
Ac,0 without added base, while treatment with AcCl in pyridine afforded a

surprisingly stable ortho-quinone imine B126.

Scheme B23.
MeO
MeO
AcCl 0 K\COA o
MeO Py MeO
M O N / B126 O N O
<O MeO T Yen
3

SN
AcZO O
B8O T Mo /
O ) B127

Ortho-quinone imines or aza-ortho-xylylenes generally are unstable and usually have

been generated in situ for various cycloaddition reactions > Structurally related 1-
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alkyl-3,4-dihydroisoquinoline derived N-acyl enamides were prepared by acylation in

pyI’I‘d'me. 194,36

Even more intriguing is the rearrangement of quinone imine B126 to N-
acetanilide B125 in the presence of base. Acetyl group migration (rearrangement) to
aniline nitrogen in DMF in the presence of NaH occurs in less than 30 minutes (first
aliquot taken from the reaction mixture after 30 min. showed that reaction is already
completed). Although considerably slower, rearrangement takes place even in the

presence of dry K.COs; in DMF-d; and the process can be observed by IH_N1vIR.

Aromatic reqgion Aliphatic region

after 6 min

after 20 min

after 1 h

after 8 h

after 32 h

after 45 h I || || ||| |||
~N N

l,L‘_;_£+L’_I 1 |
' || FE

-
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It is believed that rearrangement can proceed via a six-membered intermediate B127.
Several attempts to trap the possible intermediate B127 were made. Initially, benzyl
bromide in DMF and dry K;CO; was employed and instead of anticipated O-benzyl
ether B129 rearranged acetanilide B125 was isolated as the major product,

accompanied with benzophenone B128:

Scheme B24.
MeO NvPh
PhCHzBr(l leq) MeO MeO
"K,CO,/ DMF N‘n’CH’ "
24%
B128
N o-/<
*CH}
B127 B129

The formation of ring-opening product B128 is assumed to occur via alkylation

of rearranged isoquinoline B125 nitrogen with a strong alkylating agent - benzyl

bromide.
Scheme B25.
MeO O MeO MeO Bh
N G COM
MeO 2 H MeO MeO N
N\n/CH3 (\NTI/CHJ N\r(CH3
SRR - o
B12S ~—_ K,CO, I B129
PhCH,Br 2KBr + H,CO,
MeO
+ Ph
HBr oo /N—/
H € _
co,+ \o _/ N\H/CH:,
Ph / O
H o)
MeO N.__Ph
‘ ~ /— 1 B129
MeO o H MeO j’h MeO Bh
[ o C O
Tl/ ) MeQ Pyvph MeO N~
o] HTO H HO H
) e e
B
B128 ‘ O o ‘—< O o
— PhCH,Br
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One equivalent of water necessary for the formation of benzophenone B128 formally
can be generated from K,CO; and 2 eq. of HBr (formed upon alkylation with BnBr).
Alternatively, ring-alkylated product B129 can undergo intramolecular cyclization to
B130. Subsequent alkylation with another molecule of BnBr results in a charged
structure B131 that generates benzophenone B128 upon aqueous workup (Scheme

B26):
MeO O /N+ h
CH -— CH: _-— ‘N\O-
T, \

Scheme B26.

B129 Mo
° O Ph
N—
MeO o
Q N/}\CW
PhCH,Br
B130
MeO NvPh MeO MeO
’/I/\/ ?‘vph workup Mw?vph
B128 B131

To avoid the formation of ring opening product B129 a weaker electrophile -
benzyl chloride as well as cooling to 0° C was employed. Quinone imine B126 was
added to NaH (1.3 eq) suspension in DMF immediately followed by benzyl chloride (5
eq). After stirring for 6 h reduced N-benzyl isoquinoline B132 was isolated as the main
product in 88% vyield (Scheme B27). Evidently, benzyl chloride alkylated the
rearranged product and the resulting isoquinolinium salt was reduced by NaH. In
contrary, if benzyl chloride is added to the mixture of NaH and substrate B126
beforehand stirred for 12 h, N-benzyl acetanilide B133 was isolated as minor product

(17%) together with unreacted acetyl migration product B125.

79



Scheme B27. p
MeO
@

MeO H
1. NaH/ DMF-THF 1:1 N\H/CH;
2. PACH,CI(1.1 eq) O o
0,
deed immediately ‘ B 88%
132
MeO CH, 1. NaH / DMF-THF I:1
o O N~ 2. PACH,CI (1.1 eq)
N ﬁdded after 12 h |
O MeO MeO O
Bi126 ’N + MeO N -
N__C
SAN
o]
17% 71%
B133 B125

Similar results were obtained employing DMSO as a solvent. Such a diverse
‘outcome can be understood assuming that acetyl group migration occurs in the
presence of a catalytic amount of base. When benzyl chloride is added immediately
after NaH, acetyl group has already migrated, whereas the resulting N-acetanilide
B125 is not yet deprotonated, because NaH is insoluble in DMF and forms a
heterogenous system. As a result, alkylation occurs on isoquinoline nitrogen. On the
other hand, after 12 hours rearranged acetanilide B125 is completely deprotonated and
added benzyl chloride alkylates amide nitrogen yielding the desired amide B133.

Summary of the above reactions is given in Scheme B28.

Scheme 28.
N -
CHy —— CHJ
- CH,
”wr
G

Cataiytic
H* cycle

‘4
CH
N~H ? ~ZN
NI _CH, PRCH,X ZN rPh
N\I 1,CH,
o
o . \/:Ph
N— P Nj - N__/Ph Ph
> NaH H HO & o
NYCH; N\|-r°”= (Reaction w/ No_CH, —> H_cn,
J o K,CO, ! DMF) \g/ jor
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3.6. Toward 1-naphthyl diamine.

Naphthy! tetrahydroisoquinolines B136 are of special interest as potential
asymmetric proton donors. Because of limited access to suitably substituted
naphthalenecarboxylic acids two general ways to the desired compounds were chosen.
Path A provides introduction of appropriate substituents in 3,4-dihydroisoquinoline
B134 and subsequent creation of chiral center while path B includes modification after

asymmetric reduction of unsubstituted substrate B135.

Scheme B29.
COOH /
McO

NH
B133 NHR

B136

B135

Examination of Path A.

3,4-Dihydroisoquinoline B134 (X=H) was prepared in 3 steps from
commercially available naphthalene-1-carboxylic acid B133 via Bischler-Napieralski
cyclization of corresponding B-phenethylamide in 58% overall yield. Initially ortho-
lithiation was employed for the introduction of substituents in B-position of
naphthalene ring in B134, with the hope that lithiated naphthalene B134 (X=Li) is
stabilized via chelation by isoquinoline nitrogen:*’

MeO
O ZN
N

MeO

L S-membered

OO chelation ring

B134 (X=Li)

sec-Butyllithium was employed for lithiation and instead of anticipated ortho-methyl
product after quench with Mel 1,4-Michael-type addition products syn-B137 and anti-
B137 were isolated in a 1:4 ratio (determined by NMR).

81



MeO O MeO MeO
1. sec-Buli(1.1eq) O O N
2N ZN N MeO 7

MeO TMEDA /-78°C MeO
S9N H 9@
B135 anti-B137 1 - 4 syn-B137
71% after
recrystall.

Similar 1,4-type Michael addition of various lithium amides to naphthyloxazolines have
been studied by Meyers group.’® They observed competitive 1,6-type versus 1,4- .
conjugated addition and found that sterical factors are responsible for addition
regioselectivity.’® We decided to exploit 1,4-Michael type addition for the
introduction of amino group in naphthylisoquinolines. Both in Meyer’s studies and our
experiment with sec-BuLi aza-enolate formed after conjugated addition of nucleophile
was trapped by Mel thus interrupting aromatic system. To regenerate aromatic
naphthalene 1t was necessary to use electrophile that could be subsequently removed.
Phenylselenyl chloride was chosen as an aza-enolate quenching agent because it can be

oxidatively eliminated”” with regeneration of naphthalene aromatic system.

MeO MeO MeO
O N 1. sec-BuLi (1.1eq) MeO\@\N SePh O O N
Z 3 789, 4 € A #
MeO TMEDA / -78°C MeO : MCPBA MeO N u MeO
SO SSARENeE

B134 B138 B139 B140 H

The addition product B138 was not isolated; however, it had similar TLC behavior to
the adduct B137. Treatment with m-chloroperoxybenzoic acid (MCPBA) yielded 2:1
mixture of two isomers according to NMR. It has been impossible to determine
whether they are two regioisomers B139 and B140* or two diastereomers of B139.
Nevertheless, our approach was successful and it potentially can be employed for the
introduction of substituents at the ortho-position of various 1-substituted naphthalenes.
With efficient synthetic approach in hand model studies were necessary to simplify

NMR spectra interpretation and to test further crucial asymmetric transformations.

(M) It is possible that isoquinoline B139 exists as mixture of atropoisomers and each of them
has a chiral center in sec-Bu group.
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Ortho-substituted naphthyl-3,4-dihydroisoquinoline as a model compound for
NMR and asymmetric hydrogenation studies was prepared from commercially

available 2-hydroxy-1-naphtoic acid B141.
1. (COCl), / DMF

toulene
MeO
COOH 1. BnBr/K,CO, COOH 2. (MeO),Ph(CH,),NH, ¢
OH DMF OC H,Ph NEL/CHCL _N
O 2. NaOH 3. P,05 / xylenes OCH,Ph
ethyleneglycol flux. 1h
B141 1500C B142 e

B143
The reaction of naphthoic acid B141 with excess BnBr gave bis-benzylated derivative.

Benzyl ester hydrolysis failed with 50% NaOH in DMF and with NaOH in DMSO at
100°C. Carboxylic acid B142 was prepared only by employing more harsh hydrolysis
conditions - solid NaOH in boiling ethyleneglycol. Conversion to acid chloride,
followed by reaction with B-phenethylamine and cyclization afforded the desired
isoquinoline in 61% yield (from acid B142). Debenzylated isoquinoline was detected as
a cyclization byproduct. As anticipated, 3,4-dihydroisoquinoline B143 exists as a
mixture of atropoisomers."

Further synthetic strategy required either the resolution of racemate B143 into
atropoisomers with subsequent asymmefric reduction of a pure enantiomer or achiral
reduction followed by the resolution of racemic product. Surprsingly, no reduction
product was observed by applying Noyori asymmetric transfer hydrogenation
conditions (7.5 mol% tosyl-Ru catalyst) to isoquinoline B143 (see also Table B10).
Moreover, preliminary experiments showed that even NaCNBHj; reagent in glacial
acetic acid*' does not reduce 3,4-dihydroisoquinoline B143 under standard conditions.
Evidently, access to either side of planar C=N system for 2-substituted naphthyl
isoquinoline is hindered. In contrary, unsubstituted analog B134 (X=H) can be
hydrogenated with excellent enantioselectivity (98.1-98.7 % ee) and in high yield (82-
88%, see Table B10, entry 15 vs. 16).

Consequently, synthetic strategy based on the reduction of 2-substituted
naphthyl isoquinoline (Path A, Scheme B29) turned out to be unsuccessful. Further
attempts will be directed towards the modification of chiral unsubstituted 1-naphthyl-

1,2,3 4-tetrahydroisoquinoline B135 (Scheme B29).

(N) Two peaks were observed on HPLC on CSP for B143.
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3.7. Summary.

1. Noyori asymmetric transfer hydrogenation using tosyl-Ru catalyst B76 is effective
for the enantioselective hydrogenation of imines B96 and B100a-d, having fully
substituted nitrogen groups. On the other hand, number of steps required because
of the problems with catalyst inhibition and complications with the protecting group
chemistry, combined with high catalyst loading (7.5 mol%) make this approach

relatively laborious and expensive.

2. N-Unsubstituted 1-anilino-3,4-dihydroisoquinolines B80 and B93 can be
hydrogenated with moderate enantioselectivity (71-85% ee), but required

_impractical purity levels for the substrate.

3. The best hydrogenation results were obtained with the bromophenyl imine B8S. In
the case of B85b, the product (S)-B86b was formed with 98.7% ee, and the
material could be upgraded to >99% ee by the crystallization of the hydrochloride
salt. Scale-up to 18 g was carried out with a 10% loss in yield without encountering

other complications.

4. Reaction of (S)-bromophenyl-isoquinoline B§6b with liquid NHj; in the presence of
Cu/CuCl gave the desired chiral aniline (5)-B84. Chiral diamine (5)-B84 was
successfully employed as a chiral starting material for the synthesis of various N-
substituted anilino-tetrahydroisoquinolines as potentital asymmetric proton donors.
Thus, asymmetric hydrogenation of bromo imine B85b combined with the copper-
catalyzed amination currently is the method of choice for the synthesis of CAPTIQ

analogues.
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Chapter C

Asymmetric Protonation of Lithium Enolates



1. Literature review.

The enantioselective proton transfer from a chiral proton source to enolate is a
powerful and attractive method for the synthesis of enantioenriched carbonyl
compounds, because there is no need to use classical resolution or a covalently
bonded auxiliary, which introduce additional steps. Racemic ketones, esters and
amides can be deracemized in one step by an enolization - enantioselective
protonation sequence.’ In the most practical examples, a simple extractive procedure

is sufficient to separate the chiral acid from the desired carbonyl compounds.

Despite the conceptual simplicity, proton transfer is a complicated process and
enantioselectivity depends on a number of variables.

1) pK,relationship between a proton source and enolate.

A chiral acid H-A" must discriminate between the prochiral faces of the planar
enolate and as small as ~ 5.3 kcal/mol® difference in free energies of activation
(AAG”) between diastereomeric transition states accounts for proton transfer
selectivity. Consequently, enantioselective protonations are kinetically controlled
reactions and under thermodinamic control racemic products are obtained. If pK,
difference between enolate and proton donor is insufficient, the rates of enolate
protonation (forward reaction) and reverse reaction (deprotonation) are comparable.
This results in equilibrium between protonated substrate and enolate (thermodynamic
process) and after quench racemized substrate is obtained. Large pK. difference
decreases reverse reaction (deprotonation) to the minimum value and makes proton
transfer irreversible. However, there is a risk of the excessively rapid and therefore
less selective enolate quenching if pK, difference is too large. Therefore, the choice of
a chiral proton donor of appropriate acidity is essential and low temperatures as well

as short reaction times enhance the chances of success. Evidently, it is impossible to

(A) Calculated for 99% enantiomeric excess (see refs. 2).
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design a universal proton donor that could be used for a range of enolates varying
from ketones to amides, because of substantial difference in enolate basicity. Instead,
better understanding of pK, relationships between enolate and chiral acid would in
principle allow to create a certain set of proton donors that could be practically used
for deracemization of various carbonyl compounds. Despite a large number of reports
on enantioselective kinetic protonations, no systematic invesigations of the pKa
relationship between chiral acids and enolates have been made up to date.

2) Enolate geometry.

E- and Z-enolates exhibit different enantiofacial selectivities, because two
diastereomeric transition states for the protonation of the E-enolate are different from
those for the Z-enolate. It is therefore important to minimize the amount of that
enolate isomer which leads to lower, possibly reversed asymmetric induction.

3) Enolate-proton donor complex properties. Aggregation and complexation.

Lack of precise information concerning transition state structures complicates
design of effective proton donors. It is generally accepted, however, that the preferred
trajectory for the C-protonation of enolates is a vertical approach of the “proton” to
the enolate n-system plane, with a preferential colinear arrangement between donor
atom, proton and acceptor atom. Optimally, the transferred proton should be located
near the stereogenic center (within the “chiral environment”).

Considering the enolate-chiral acid complex formation as the first step in
deracemization reaction, it can be assumed that protonation enantioselectivity is
controlled at the stage of the mixed aggregate formation. Efficient chiral proton
donors generally have electron-rich groups capable to chelate or coordinate enolate
counterion, usually lithium, thus enhancing conformational rigidity in the transition
state. The best lithium coordinating agents are various nitrogen and/or oxygen
containing bi- and tridentate ligands.’

Additional variables that influence the structure, aggregation and reactivity of
metal enolates complexes are Lewis basicity of solvent and the concentration of metal
salts.* These variables presumably affect also the transition state for proton transfer
from a chiral acid to an enolate. The following literature examples will highlight the
most important of these effects.

Duhamel was the first to achieve practical results by protonation of an enolate

(Scheme C1).** By appropriate selection of the ester group in the diacyl tartrate C2-
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C5, the product (5)-C1 could be obtained in up to 54 % ee. Methyl esters C2 gave
essentially racemic product, but increasing the ester steric bulk resulted in higher ee.

In the best case, the di-adamantyl ester CS gave 54% ee.

Scheme C1.
Ph
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It was also found that substituents on the aromatic ring had an effect on the
enantioselectivity.* Increasing enolate C1 basicity by electron donating groups in the
benzylidine group enhanced ee up to 61% in the case of the p-dimethylamino group.
In contrast, decreasing basicity relative to the unsubstituted benzaldehyde by electron
withdrawing groups diminished the ee to 12% in the case of the p-cyano group.

CH, LDA, THF X ee (%)
-50°C CN 12
CO,CH;

| B H 50
(0] CH3 55
)(@) >— 0 CO,H OCH; 57
\Bu /—/ tBu N(CHs); 61
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Based on these pioneering studies more practical levels of enantiocontrol were
achieved by Fehr and Galindo.” The addition of n-BuLi at -110 °C to the ketene C6
affords a 97:3 (E:Z) ratio of ketone enolate C7 isomers. Protonation of this enolate
mixture with excess C8 afforded product (S)-C9 with an impressive 96% ee (Scheme
C2). However, if the enolate was quenched with only 0.95 equiv. of C8 and the
residual enolate trapped with TMS-CI, then (S5)-C9 was recovered in greater than 98%
ee along with a ca. 1:1 (E£:Z) ratio of enol silane isomers. Enolate that is protonated at

a lower rate and with lower selectivity (Z) is trapped by TMS-CI, along with some



unreacted (£) isomer (Scheme C2). These results indicate that the major enolate

isomer (£) has a large kinetic advantage in the protonation step.

Scheme C2.
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Using the same chiral acid C8, Fehr extended the scope of the protonation
reaction to thioester enolates and reported the highest level of enantiocontrol for a
proton transfer reaction to date.” Various a-cyclogeranate ester derivatives C10 were
deprotonated with #-BuLi at -100 °C. Quenching the enolate C12 with chiral alcohol
C8 revealed a large effect of the ester substituent on proton transfer enantioselectivity
(Scheme C3). Simple esters (C10, X=OMe) were protonated with modest selectivity
(36% ee). The analogous phenyl ester improved the ee (77% ee), but a dramatic

increase in ee was observed with the aryl-thiol esters, achieving 99% ee.

Scheme C3. HCG ~ CH,
HO N
CH,
H;C CH, O H,C CH,OL  py CH, H;C CH; O
< n-BuLi N, cs A
> > H
CH, CH, CH;
C10 Cl1 C12
X ee (%)
OCH; 36
OPh 77
SPh 99

Fehr suggested that the protonation of the simple esters suffered from
insufficient OLYOMe differentiation and from faster, less selective proton transfer
due to the higher pKa of the ester enolate compared to the thioester.

In a similar, highly sterically differentiated enolate system, Takeuchi has also

proposed that the enolate geometry is important issue.® The samarium enolates C14
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were prepared by Smh catalyzed allyl group addition to the ketene C13 by allyl
iodide. Enolate C14 quench with chiral diol CIS affords the enantioenriched product
C16. The similarity between the ee's and the (E/z) ratio of the enolate C 14 suggested
that the (E) and (Z2) enolate are each protonated with high stereocontrol, but with

opposite enantiofacial attack (Scheme C4).

Scheme C4.
| ) r>._Ph
R1y~0 i:/:fan(lzTqu;N) CIS o
Re . = - Re = " g = o"_..( OH
cl3 Cl4 C16 Ph
CIS

Table CI. Correlation between samarium enolate geometry and protonation

enantioselectivity.

R R> Enolate Cl4 geometry ee (%)
(%, Eor 2)

Ph Et 85 (2) 84 (R)

Ph Me 92 (2) 91 (R)

PhCM~ Me > 98 (2) 97 (R)

n-BuCMe3 Me > 98 (2) 91 (R)

PhCH Et 29(E) 29 (S)

A report from Hunig illustrates the large role that solvent can play in
determining the enantioselectivity of proton transfer from a chiral acid to enolate
(Scheme C5).7 Deprotonation of heterocycle CI17 by LHMDS forms the enolate. After
guenching with chiral alcohol C18, low ee's were observed when THF or ether was
the solvent. However, small amounts of THF in ether were found to dramatically
improve the ee of the product. The best solvent ratio was 9:1 ether/THF, which

afforded enantioenriched lactone (S)-CI7 with 72% ee.

Scheme C5.
1. LHMDS %
X I:e |O_| solvent, -78 °C H3CX°1 . 0 |_O| solvent e (%0)
- . ) 44
F@ s Ph 2 CIS, -78°C H3C s on |'||1§ %H3 eTt;':r 97
Cl7 (S)-CI7 CIS 9:letherTHF 72
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Yamamoto has reported the protonation of some simple cyclic ketone C19 and

C23-25 enolates with a chiral proton donor C22 derived from Kemp’s triacid

(Scheme C6).}
Scheme C6.

OTMS
cH, MeLi
—_—
Et,0
C19

OLi

C20

C22
—>
THF
-78 °C

./ CH;

C21,68%ee

O O
(0]
H,C
+CH in-CyHyg .
H3 . N\ —

C23,87% ee

C24,96% ee

CZS, 78% ee

The enolate C20 was prepared from the silyl enol ether C19 by reaction with

MeLi. Enantioselective proton delivery from imide C22 afforded the enantioenriched

ketone C21 in 68% ee. Other enolates examined in a similar manner showed that bulk

near the reaction site increases the ee (C23, 87% ee). Interesting that change to the

cyclopentanone C24 caused an increase in enantioselectivity (96% ee) compared to

cyclohexanones. However, the stereoselectivity in the cyclopentanone series proved to

be very sensitive to the o-substituent and C25 was obtained with only 78% ee.

Yamamoto’s system also illustrates the strong protonation results dependence

. . 8b
on lithium salts and counterions.

OTMS n-BULi OLi
-
nCHyy 1 salt additive,
solvent
C26 0°C c27

C22 0

n-CsHyy THF, -78 °C _n-CsHyy
H

($)-C28

Table C2. Lithium salt and solvent influence on enolate C27 protonation

enantioselectivity.

Entry Additive (eq) Solvent ee (%)
1 - Etzo 74
2 LiBr (1) Et,0 83
3 LiBr (5) Et,0 90
4 LiCl (5) Et,0 77
5 LiClO4 (5) Et,O 72
6 - THF 63
7 LiBr (1) THF 79
8 LiBr (5) THF 77

96



Addition of an equimolar quantity of LiBr to silyl eno! ether C26 improved
protonation enantioselectivity from 74 to 83% in Et,O (entry 2 vs. 1). Further
increasing the lithium concentration to 5 equiv. resulted in higher ee’s (90%, entry 3).
The source of the lithium ion is also a factor, because 5 equiv. of LiCl or LiCIO,
instead of LiBr lowered enantioselectivity (from 90% to 77%, entries 4-5).
Noteworthy, the increase of enantioselectivity due to the presence of lithium salts is
less pronounced in the more Lewis basic THF. Thus, one equivalent of LiBr in THF
solvent raised the ee from 63 to 79% (entries 6-7), but no further increase in the ee
was observed upon addition of more lithium salt (entry 8).

Similarly, Asensio also observed that LiBr is superior to other salts as an
additive. Moreover, highest protonation enantioselectivities were observed when LiBr
was present in reaction mixture during enolate generation.” This was rationalized by
change in enolate structure due to mixed aggregate formation with extra lithium
cation.’

Several groups have succeeded preparing 2-benzyl cyclohexanone C30 in
enantiomerically enriched form using a chiral acid to protonate the corresponding
lithium enolate C29 (Scheme C7).'® Fuji used the chiral piperazine hydrochloride salt
C31 and achieved up to 70% ee.'®™ Ohta found that higher enantiocontrol could be
accomplished by C32 as the chiral acid.'® The highest enantiocontrol has been
observed using sulfoxide C33 and selenoxide C34. Kosugi reported that f-hydroxy
sulfoxide C33 reacted with the same enolate C29 with excellent enantiocontrol (97%

ee). 10¢

The chelating ability of the sulfoxide group presumably plays a large role upon
formation of enolate-chiral acid complex. Finally, Koizumi has used the hydroxy-
selenoxide C34 to deracemize ketone C30 in 62% ee.!®® The addition of ZnBr, prior

to quenching of the enolate with C34 improves the ee (89%).
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Scheme C7. oLi _ 0
chiral I~ Ph.,,
ok e IO
"Ph

C29 (S)-C30 C31
Chiral acids: o ether/CH,Cl, (1:1)
HAC 3 -90 °C, 70% ee
OH
OH Q CHy OH
AN O o
CF3 \Q\ : 3¢ CHa/I\/LCOzCHa
YA Hs(OCH
C33 ChH, C34 P-CeHa(OCHy) 32
ether/CH,CL,, 1) CH,Cly, -100 °C, 62 % ee  ether, -100 °C, 79% ee

-100 to -50 °C, 97% ee 2) ZnBr, (1.5 equiv), CHyCly,
-100 °C, 89% ee

Important to the current work 1s the report by Vedejs, Lee and Sakata that
amide enolates are protonated by a chiral diamine with high enantiocontrol (Scheme
C8)."! In contrast to the enolate protonations already discussed, C35 has a high
tolerance toward enolate structural modifications. Both a-aryl C36-C37 and a-alkeny!
C38-C41 propionamides are deracemized in >90% ee. However, branching at the B-
position affects enantioselectivity as evidenced by modest ee’s in the case of C42. In
most cases, protonation occurred exclusively at the a-position, but in C39 and C41, y-

protonation was competitive which afforded o,B-unsaturated amides as by-products.

Scheme C8.

1. sec-BuLi, -78 °C
CON(-Pr), 2.C35,-781t0 0 °S R.>‘/CON(1'-Pr)2

o1

CH, 3. NH,CI H CH,
(R)
R=
CH
CH,0 CH(CH3), O
C36, 97% ee C37,97% ee C38,95% ee
H}l CH3 H3 CH3
C39,n=1;95% ee C40, 97% ee C41,95% ee C42, 53% ee
n=2; 97% ee
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The protonation results suggest that the pKa relationship between chiral acid
C35 and enolate is important. Excellent enantiocontrol (97% ee) achieved in proton
transfer between the amide enolate C36 (pKa(DMSO)= 31) and proton donor C35
(pKa(DMSO)= 27.7)11 indicates that .1pKa of3-4 is optimal (pKa match). This ~pKa
corresponds to reaction that is exothermic enough to make reverse proton transfer
(deprotonation) slow under the reaction conditions, and in the same time sufficiently
slow in the forward direction to allow adequate discrimination  between
diastereomeric transition states.

Although highly enantioenriched  ~y-unsaturated amides C36-C42 have
became available by the reaction of diamine C35 with the corresponding amide
enolates, the direct protonation of analogous ester enolates with C35 does not go to
completion. Evidently, chiral acid C35 is not acidic enough to irreversibly protonate
ester enolate and mixed enolate-diamine complex has been destroyed upon quench
yielding racemic or poorly enantioenriched substrate”. To promote irreversible proton
transfer prior to quench, various Lewis acid such as BFs"OEt has been used. The
added Lewis acid interacts with chiral amine C35 nitrogen lone pairs, thus increasing
N-H bond acidity what results in rapid C-protonation through an "internal proton
return” (IPR) mechanism.VV Important weakness of the IPR technique is that the
enantioselectivity is strongly influenced by solvent and temperature, stoichiometry,
order of mixing and choice of Lewis acid as well as external quenching agent. In
contrast, if exothermic proton transfer occurs between a chiral acid and an enolate
("direct protonation™), the ee of the product is not affected by the quenching agent.
Thus, to achieve the direct proton transfer to ester enolates, chiral acids with enhanced
acidity compared to C35 are required.

In many of discussed examples simple aqueous workup allows efficient
recovery and reuse of the chiral acid. There are clear advantages, however, in use of
sub-stoichiometric quantities of expensive chiral proton donor and catalytic variants
of previously reported stoichiometric protonations have been recently developed.
Utilization ofa catalytic amount ofchiral acid A*-H requires an additive R-H that can
serve as stoichiometric proton source. In addition to pK, matching requirement

between the crural acid A*-H and enolate (equation 1, Figure C1), kinetic acidity of

(B) External quenching agents such as H,0 or various acids destroy enolate-diamine mixed
aggregate prior to proton transfer within complex.
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achiral proton source R-H became a crucial issue.”® Non-chiral acid R-H must
efficiently discriminate between an enolate (carbon base) and lithiated chiral proton
donor A*-Li (heteroatom base, lithiated amines or alkoxides) respectively, equation 2

should be dominant over equation 3 (see Figure C1):

Figure C1.
f;‘:. — .OMetal A™H

E (1) AL (2) R-Li
0

Rl

H*J\ % 3)

“
-Li

A’- H: Chiral acid R
R - H: Non-chiral proton source

It has been observed that proton transfer between a heteroatom base and a
carbon acid is essentially much faster than transfer involving a carbon acid and a
carbon base.'* In other words, rates at which proton is transferred to a base are
different, respectively, kinetic acidities are different. Therefore the requirements for
pKa matching (thermodynamic acidity) between stoichiometric chiral acid R-H and
protonated enolate are considerably less demanding than for enolate and a chiral
proton donor A*-H. Despite great efforts toward understanding of proton transfer
processes, the practical choice of both chiral acid A*-H and non-chiral proton source
R-H still is a matter of trial-and-error procedure. The most successful catalytic

asymmetric protonation examples are summarized in Scheme C9.
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Scheme C9.
98% ee
Ph
H t ~Ph
o Nf
H!~~ H’ 0.
=C e22 1J:IC1 n J'C~
O.leq 90%ee
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cr''l,Ph
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V\ OH
CI5 O-Aph .
HaC)i .
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0.15¢q ~C- H 930/, oq
83% ee
Meo.._ | QLI MeOICQ|I \ I|lI|IIIl 0
-9 N(iPrh = . . N(iPrh
rvk Me
C36
94%ee
C35 0.1eq
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OH
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.C,

(heterogeneous
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2. Asymmetric protonation experiments. Methods and objectives.

Literature background clearly shows that each successful deracemization is a
result of a careful and laborious adjustment of protonation conditions, additives and
solvents. Generally, deracemization is highly substrate sensitive and even small
changes in enolate structure are responsible for a significant drop in enantiocontrol.
The obvious reason for the dominating trial-and-error approach to deracemization is
lack of comprehensive understanding of main issues responsible for enantioselective
proton transfer, such as lithium enolate-chiral acid complex geometry as well as pKa
relationships between a proton donor and substrate.

It has been demonstrated that commercially available chiral diamine CAPTIQ
C35 is highly effective for protonation of a range of amide enolates.'' Based on these
results it was also proposed that pKa difference of 3-4 units between a chiral acid and
enolate is optimal to achieve high enantiocontrol. Our objective was to examine pKa
and enantioselectivity relationship. Because the chiral acid environment in
commercially available diamine C3S has been demonstrated to be highly effective in
the protonation of amide enolates, the goal was to utilize the same scaffold generating
proton donors with different acidity. Besides, better understanding of deracemization
process would allow to design a chiral acid for deracemization of wvarious

synthetically important enolates of amino acids and esters.

2.1. Asymmetric protonation of naproxen-N,N-diisopropylamide.

Various chiral isoquinolines (see Chapters A and B for the synthesis) were
compared in their ability to protonate amide enolates that are optimized substrates for
commercially available chiral acid CAPTIQ C35. Treatment of the amide at -78 °C
with 1.75 equivalents of sec-BuLi formed the orange colored enolate. After 15
minutes 2 equivalents of a chiral proton source was added (within 5 minutes), the
reaction mixture was kept at -78°C for 30 min and then slowly warmed to 0°C.
Quenching with saturated NH4Cl solution afforded C46 in >90% yield. Acid/base
extraction routinely returned the chiral acid in >85% yield. Deracemization results are

summarized in Table C3.
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MeOW"::

l.seC_BULI(1.5eq)~eO~"::::,,:::: (0]
™ 0 THF -78DC I _ H = NHR
H N@Pr)2 2. Chiral acid, upe 7, ‘
Me -78 DC to 0DC NH,CI S
rac-C46 (R)-C46 Chiral acid

Table C3. Deracemization  of

Entry Chiral acid R X pKaCDMSO)a = ee (%)b
1 (S)-C47 i-Pr H ~29-30 4 (S)
(S)-C48 Me H 29.0 90 (R)

3 (R)-C49 H H ~28-29 19 (S)
1" (Rhgjr,,  Me Cl/ 27~1-  91(8)
(ﬁj-cso Me 25.3 93 (R)

6 (S)-C51 Ph 23.2 10 (?)

7 (R)-C52 H 11.7 53 (R)

(@) Unless otherwise noted pKa (DMSO) values are estimated as described below,
using pKa values of parent anilines(see reference 14c) (b) Absolute configuration of
deracemized amide C46 was determined by chiral HPLC behavior on Pirkle(S,S)-~-
GEM-I and comparison with the product from entry 4. (c) We wish to thank Dr. A.
Kruger for testing chiral acids C48 and C50 as asymmetric proton donors. (d) Entry
form reference 11.

Not surprisingly, the previously optimized CAPTIQ C35 gave the Dbest

enantioselectivityll  (entry 4). Trifluoromethyl-aniline C50 afforded slightly reduced
ee's (entry 5), however, this is the best result of all tested CAPTIQ analogs. The
dechloro-analog C48 (entry 2) turned out to be somewhat less selective, while N-
unsubstituted aniline C49 and N-phenyl analog C5t showed a sharp reduction in ee to
19% and 10%, respectively. N-Isopropyl aniline C47 gave essentially racemic product
(entry 1), while sulfonamide C52 afforded

unexpectedly  high deracemization

enantiocontrol (entry 7).

2.2. Discussion.

2.2.1. pKa relationship between a chiral acid and enolate,

Serious problem with a detailed pKa analysis is that the exact pKa(THF)
values of the chiral acid C35 as well as amide and ester enolates are not known. Most

pKa values for organic compounds are measured in DMSO as the solvent. 1« Polar
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aprotic solvent DMSO promotes formation of solvent separated ion pairs by strong
solvation of the cation and disfavors aggregation of ions. In contrast, THF is a
relatively non-polar aprotic solvent and ion pairing in THF is common in order to
reduce charge separation. Moreover, alkyllithium reagents and enolates in THF
solutions are stabilized by aggregation into dimers, tetramers and higher order
structures.” On the other hand, solvate properties (monomer Vs. aggregate
equilibrium as well as contact vs. solvent-separated ion pairs) strongly depend on the
degree of carbanion delocalization.'*® For instance, highly delocalized carbanions tend
to form monomeric solvent-separated ion pairs with lithium as a counter-ion.

Due to the differences in ion pairing and aggregation effects it is difficult to
compare pKa values in DMSO versus THF. Studies of Streitwieser,"’ however, enable
raw extrapolations between these solvents. In general, the pKa in THF is lower than
the pKa(DMSO) because of stabilization due to ion pair formation and aggregation.
For example, the pKa(DMSO) of diphenylamine C53 is 24.95 and the lithium ion pair
pKa in THF is 19.05"* (Figure C2). Similarly, the pKa of ¢-butyl phenylacetate C54
is 23.6 in DMSO'" and 19.6 in THF.'® Surprisingly, pKa difference of ~3 units
between ester C54 and amide C55 (R=Me) enolates observed in DMSO s
substantially diminished in THF. Thus, ester enolate C54 and structurally similar
amide C56 (R=Me) enolate® show comparable lithium ion-pairs acidity” of 19.6-19.8

pKa"* in THF as a solvent.

~ +
Figure C2. L‘_+ X - Li
N L
o0 S M
H

H OtBu
CsS5 (X=H)
C56 (X=Ph)

DMSO (solvent pK.=2495 pK,=23.6 C55: pK, = 26.6 (R=Me)
separated ion pairs)

THF pKa=19.05 pK,=19.6 C56: pK, = 19.77 (R=Me)

(contact ion pairs) C56: pK, = 20.36 (R=Et)

Cs3 C54

(C) Although differently substituted amide enolates C55 (R=Me) and C56 (R=Me) were used
for pKa measurements in DMSO and THF, biphenylamide C56 (R=Me) is expected be more
acidic in THF than para-unsubstituted phenylacetamide CSS (R=Me) because of higher anion
delocalization in biphenylamide.

(D) It should be noted that ester enolate C54 lithium ion pairs acidities were measured against
the 9-phenylfluorene (pKa=18.49) as indicator, while in the case of amide enolate C56
(R=Me) pKa value was assigned relativelv to 3,4-benzofluorene (pKa=19.29).
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Because of steric hindrance to conjugation in the anion,"”® N, N-dimethylamide
C56 (R=Me) is found to be more acidic by ~0.6 pKa(THF) units than N,N-diethyl
analog C56 (R=Et). Further basicity increase (pKa(THF) ~ 21) could be anticipated
for the corresponding N, N-diisopropyl amide C56 (R=iPr). Interestingly, that Vedejs''
achieved excellent enantiocontrol (97% ee) in deracemization of structurally related

N, N-duisopropylamides C36 and C38 by CAPTIQ (C35) (see Scheme C8):

MO OO O F O
“\_ _CON(GP O .
u (Pr) O CON(iPr,) CON(Pr,)
CH,

H
HCH H

C36 (97% ee) C38 (95% ee)

3

Cs6
pKa(THF) ~ 21

Thus, pK,(THF) of lithium amide C53 and enolates C54-C56 are 4 to 6 units
below the corresponding pK.(DMSO) values. This allows to use known pK,(DMSO)
in the parent aniline system, directly measured in DMSO by Bordwell.'* The
evaluation has been made easier by measuring the pKa of CAPTIQ C36
(PKa(DMS0)=27.7)."! Equilibrium acidity of parent p-chloroaniline is 29.4 and the
1.7 pKa unit increase for diamine C36 compared to p-chloroaniline could be
attributed to stabilization of the conjugate base (the anion) through an intramolecular
hydrogen bond.'® This evidently surpasses destabilization of lithium anilide by N-
methyl group. Thus, to estimate the pKa of the chiral acids, the 1.7 pKa unit
correction factor was subtracted from the parent aniline derivatives.

pK.(DMSO) values of CFs-aniline C50 (protonation of amide C46 enolate
afforded 93% ee) and para-unsubstituted analogue C48 (amide C46 was obtained
with 90% ee; see Table C3, entries 2 and 5) span the crucial ~ 3-4 pKa units below
equilibrium acidity of naproxenamide (pKa(DMS0)=30-31)" Surprisingly, N-
unsubstituted aniline C49 having the optimal pKa value (see Table C3, entry 3)
displays unexpectedly low enantiocontrol (19% ee). Similarly, N-phenyl analog C51
(Table C3, entry 6), being only 2.3 pKa units more acidic than CF;-aniline shows a
large drop in enantioselectivity (10% vs. 93% ee, resp.). Obviously, it is impossible to
rationalize these results only by pKa issue. Furthermore, sulfonamide C52 (Table C3,

entry 7) affords enantioenriched naproxenamide with 53% ee despite the fact that it is

(E) pKa difference of 3 units was proposed to be optimal for high enantiocontrol (ref. 11).



much more acidic than all previously described chiral acids and pKa difference
between enolate C46 and CS2 is larger than 15 pKa units.

One important experimental observation should be pointed out. Chiral acid
CAPTIQ changes the orange enolate color to yellow when reactants are combined in
THF at -78°C. Similar color changes were observed for proton donors C49 and C51.
Color shift evidently indicates formation of a new aggregate — chiral acid-enolate
complex. Upon warming yellow color faded suggesting the proton transfer is
completed.'' In the case of N-isopropylaniline C47, however, orange enolate color
turned to “Soviet” red which is a color of N-deprotonated aniline. Within the next ca.
10 minutes intense red color slightly turned back to orange and did not changed
further. Evidently, proton transfer equilibrium between enolate and diamine was
established and quenching at 0°C afforded racemic naproxenamide (entry 1, Table
C3). Similar equilibrium acidities calculated for amide enolate C46 and estimated for

the chiral acid C47 (pKa(DMSO)=30-31) supports this observation. Consequently, to

achieve essentially irreversible proton transfer, the chiral acid must have DMSQ pKa

> 3 units below that of protonated substrate (“upper pKa level’). This so far is in

agreement with the pKa match principle. "’

Completely different picture was observed in the case of sulfonamide CS2.
Orange enolate color disappeared already upon addition of the chiral acid C52 and
colorless mixture formed at —78 °C. This observation suggests a fast exothermic
proton transfer upon addition of the chiral acid. It was believed that a rapid proton
transfer should result in enantioselectivity drop, because in this case transition state
becomes progressively earlier and with a larger intermolecular distance. The increased
distance should reduce the specific interactions in the competing diastereomeric
transition states.'’* Relatively high enantiocontrol achieved by sulfonamide C52 (53%
ee at ApKa >15 units) suggests that strong complexation and aggregation ability of a
chiral acid could compensate diffuse early transition state. Compared to a family of
chiral anilines C35 and C47-50 N,N-dimethylsulfamoylaniline €52 has additional
groups capable to complex lithium, thus favoring stronger aggregates formation.

Consequently. it appears that “lower pKa level’  respectively, ultimate acidity of a

chiral proton source below the crucial ApKa of 3 units is less important for high

enantiocontrol if a chiral acid possesses functional groups with good lithium chelating

ability.
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2.2.2. Structural features of a chiral acid.

Considering that the enolate-chiral acid complex formation is the first step in
deracemization reaction, it can be assumed that protonation enantiocontrol is largely
influenced by conformational rigidity and stability of the complex. The mixed
aggregate stability in turn depends on the strength of coordination of the chiral proton
donor to lithium,F what evidently matches optimum in the case of N-methy! anilines
C35, C48 and CS0 (table C3, entries 2,4 and S, respectively). CAPTIQ and its analogs
as diamines with C3 bridge between nitrogens structurally are similar to TMEDA, a
frequently used bidentate ligand for lithium. It is known, however, that TMEDA-
lithium interaction is strong in the sterically least demanding lithium derivatives and
weak in sterically congested environments.*® Moreover, steric effects in diamine can
significantly affect its Lewis basicity.' In our case it would mean that more sterically
demanding substituents at aniline nitrogen (i-Pr and Ph vs. Me) could decrease
strength and conformational rigidity of a mixed aggregate that results in
enantioselectivity drop (compare entries 1,6 and 4, Table C3).

Furthermore, because aniline transfers its acidic N-H proton to enolate,
introduction of substituents with different electronical and sterical demands at aniline
nitrogen could modify bond angles, thus changing position of the N-H proton in the
chiral pocket. Although there is no information about the actual structure of mixed
chiral aniline-enolate complex, high enantiocontrol achieved by CAPTIQ suggests
that there is optimum position of transferable hydrogen in N-methyl aniline series. On
the other hand, Kruger'’® compared X-ray structures for CAPTIQ C35 and nitro-
analog C53 and found that in CAPTIQ the dihedral angle between the N-CH; bond
and the plane of the aniline is 13.6°, while in C53 it is only 1.3°. Evidently, nitro
group rehybridizes the crucial aniline nitrogen resulting in complete lost of
enantiocontrol. '

Figure C3.

Deracemization of
naproxenamide C46

pK,(DMSO) ee (%)

C35 (CAPTIQ): 277 97
C53: 192 0
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Most likely, sharp drop in enantioselectivity upon aniline N-CHj substitution
by N-Ph group (entry 6, Table C3) can be rationalized by unfavorable bond angles in
crucial aniline nitrogen environment. Similar effect 1s assumed to dominate for N-
unsubstituted aniline C49 (entry 3, Table C3). Moreover, chiral acid C49 has two
potentially transferable protons.

Thus, one should be very careful introducing various acidifying groups both at
aniline nitrogen and at anilino aryl group in order to diminish pKa of a chiral acid. On

the other hand, unfavorable change of transferable proton location in a chiral

environment eventually could be compensated by introduction of additional lithium

coordinating groups into a chiral acid. This conceptual approach is demonstrated to be

effective in case of N,N-dimethylsulfamoyl-aniline C52 (53% ee; see entry 7, Table
C3).

2.2.3. Enolate geometry.

Under protonation conditions naproxenamide enolate exists a 14:1 ratio of Z:F
tsomers. Such ratio of isomers could give a maximum empirical ee of 87% if 100%
enolate face selectivity for the protonation is assumed for each enolate isomer.'”*
Since CAPTIQ shows unexpectedly high enantioselectivity (97%) in protonation
reaction, it was proposed that either enolate isomer (Z or £) could afford the same
dominant enantiomer. A speculative structure of lithium enolate-diamine complex
shows that rotation around isoquinoline carbon-aryl bond may be able to compensate
for enolate Z or E geometry via the initial formation of the two alternative complexes
A and B which, after proton transfer, both produce the same enantiomer (Scheme

C10).¢

(F) Diamine should also compete with an excess of strong donor solvent THF for
coordination site on lithium (see ref. 2).

(G) There is no information about the actual structure of enolate-diamine complex and
simplified monomeric aggregates A and B are shown. Diamine in the proposed complex is
assumed to have the same conformation as the starting aniline in the solid state (X-ray
structure, ref. 17b).

H

108



Scheme C10.

iP 1'2N CH3
Ar
Y/

LiO
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Presumably, rotational barrier around carbon - aryl bond would result in
decrease of protonation enantioselectivity, however, no attempts have been made so

far to prove this assumption.

2.3. Deracemization of esters and a lactone.
A number of a chiral isoquinoline CAPTIQ 35 analogs such as C55-C59 were
designed and prepared (see Chapter B) as potential proton donors for deracemization

of various esters and amino acids (Figure C4).

Figure C4. Cs6: N
C54: R= CH, L
Et
MeO C55: " P-g; C58: -SO,NMe,

NH

o
MeO H™: II;II Cs7: O o O
R C59:78;
0 O 00

Equilibrium acidities for chiral acids C55-C59 were estimated as described
earlier for CAPTIQ analogs C47-CS2, using available pKa values measured directly
in DMSO for parent anilines. Similarly the equilibrium acidities of esters C60-C61
and lactone €62 were evaluated.

Isoquinolines CS55-C59 contain methoxy-substituents that were necessary to
achieve higher enantiocontrol in asymmetric synthesis via Noyori transfer

hydrogenation. To verify if remote alkoxy groups are tolerated in asymmetric
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protonation, diamine C48 and its dimethoxy analog C54 were compared in
deracemization of naproxenamide C46. Surprisingly, the reaction proved somewhat
more sensitive to temperature changes compared to the analogous process using C48.
Thus, under standard conditions C54 afforded enantioenriched naproxenamide with
82-84% ee, however, a procedure modified to control the exotherm resulting from
addition of C54 to the enolate gave C46 with 88.8% ee. The corresponding
experiment under standard conditions using C48 resulted in 90% ee (entry 2, Table
C3). Thus, methoxy substituents somehow diminish protonation enantioselectivity.
On the other hand, the difference is relatively small and therefore methoxy-substituted
chiral acids C55-C59 were applied for the deracemization of esters C60-C61 and
lactone C62 (Table C4).

{E()-O- ~Cf
~OI 1
OMe r
e
C60 C61 C62

t-Bu

Table C4. Protonation of esters C60-C61 and lactone C62 enolates. a

Entry Substrate Base Chiral acid ee
(pKa(DMSO» (pKa(DMSO» %
Lo~ 10.0Y1 -, _~(160(~23)- sec~BuLi;:'- "'C=5(27.q) ' O
2 C60 Mesityl-Li C55 (20-22) 19
3 C60 sec-BulLi C55 24
4 C60 Mesityl-Li C56 (20.3) 57
5 C60 sec-BuLi C56 47
6 C60 Mesityl-Li C57 (17.1-18.3) 4
7 C60 Mesityl-Li C58 (11.7) 15
8 C60 Mesityl-Li €59 (10.3) 6
9 C61(20-21) Mesityl-Li C56 (20.3) 17
10 c61 Mesityl-Li C59 (10.3) 23.5
-jje>r -CBJ (39]~2~;4) 'Mesityt-1» --C3512Z 7/- 72
12 C62 Mesityl-Li C55 (20-22) 17
13 C62 Mesityl-Li C56 (20.3) 0
14 C62 Mesityl-Li C57 (17.1-18.3) 2
15 C62 sec-BuLi C52 (11.7) 68
16 C62 Mesityl-Li C58 (11.7) 58
17 C62 Mesityl-Li C59 (10.3) 28

(a) All reactions were performed in TI-IFat -78 DC, using 1.75 eq of the corresponding
base. (b) Entry from reference 17a, p. 32. (c) Entry from reference 17b, p. 136.
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The enolates of esters C60-C61 and lactone C62 were generated by treatment
with 1.75 equivalents of mesityl-Li at -78 °C, prepared in situ from bromomesitylene
and t-BuLi. After 15 minutes 2 equivalents of a chiral proton source was added
(within 5 minutes), the reaction mixture was kept at -78°C for 30 min and then slowly
warmed up to 0°C. Quenching with saturated NH4Cl solution afforded products, while
acid/base extraction allowed to recover chiral acids CS5-C59.

Mesityl-Li is usually used to minimize a risk of nucleophilic attack of
alkyllithium (sec-BuLi) on ester carbonyl group. Entries 2-3 and 4-5 show that
generally there is no difference between sec-Buli and mesityl-Li. The best
deracemization enantiocontrol in the case of BHT ester C60 was achieved using N-
pyridyl-aniline CS6 (entry 4). It should be noted that a chiral acid C56 used in
deracemization experiments could not be made crystalline and was used as an oil. It is
known, however, that even minor impurities in chiral acid significantly decrease
deracemization enantioselectivities.®

Deracemization of chelated ester C61 enolate was less successful even
employing the most acidic proton donors available (entries 9-10).

Somewhat more promising enantiocontrol was achieved in deracemization of
I-naphthylvalerolactone C62 using chiral sulfonamides CS2 and CS8 (entries 15-16).
Lower enantioselectivity was observed with methoxy substituted chiral acid C58
(68% ee) compared to unsubstituted analog CS2 (58% ee).” Noteworthy, that 68%
enantioselectivity (entry 15) so far is the best direct protonation example observed for
valerolactone C62. CAPTIQ C35 required BF3;.OEt; activation (internal return
protocol, 72% ee)12 because the substrate €62 is more acidic than a chiral acid C35
(entry 11). Use of Fehr catalyst C8° (see Schemes C2 and C3) affords product with
low 10-12% enantioselecitivity'* and this is an additional evidence that all successful
protonations are highly substrate sensitive and require laborious and careful
optimization.

Thus, initial screening revealed two potentially effective chiral acids C52 and
CS56 for deracemization of various ester enolates. Further attempts will be directed

toward optimizing both the chiral acid and deracemization conditions.

(G) Initially deracemization of naproxenamide C46 by commercially available CAPTIQ C35
(Aldrich) afforded 85% ee (refs. 17b), however, enantioselectivity was significantly improved
10 97% ee simply by several crystallizations of the chiral acid (refs. 11).

(H) Similar effect of remote methoxy groups was observed for N-methyl anilines C48 and
C54 (see above).
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2.4. Protonation of amino acid enolates.

The acidic nitrogen in N-benzoyl-alanine  methyl ester C64 and the
corresponding phenylglycine ester C63 required two equivalents of base to form the
anion enolates. Thus, treatment of the racemates C63-C64 in THF with 2.5 eq
mesityl-Li (prepared in situ) at -78°C for | h was followed by quenching with chiral
acid. After stirring for 30 min. the solution was allowed to warm to -20°C and then

NILCI-H,O was added.

O R Li'O R
QI}\P(OMe Mesityl-Li_ N-OMe
H O N \ O
Li™
C63: R= CH,
C64: R=Ph

Table C5. Asymmetric protonation of amino acid esters C63-64.

Entry Substrate Temperature Chiral acid ee
(pKa(DMSO» (aoC) (pKa(DMSO» ()
D si-H L C~~(4%--28); A TS >E< -(2'7.! :273/
2 C63 -78 C55 (20-22) 0
3 C63 -78 C56 (20.3) 5
4 C63 -78 CH9 (10.3) 0

5 C64 (19-21) -78 C55 (20-22) 27
6 Ce4 -100 C55 28
7 Ce4 -78 C56 (20.3) 15
8 Ce4 -78 C57(17.1-18.3) 2
9 Ce4 -100 C58 (11.7) 12
10 Ce4 -78 Ch9 (10.3) 36

The most basic CAPTIQ C35 showed the highest enantioselectivity for
alanine ester (entry 1). All the more acidic analogs were either completely unselective
(entries 2-4) or displayed a low enantiocontrol (entries 5-10). To avoid a risk of
exceedingly rapid proton transfer from acidic sulfonamides C58 and C59 at -78 °C,
the temperature was lowered to -100°C. In contrast to promising enantiocontrol
observed for lactone enolate C62, disappointing result was achieved with
phenylglycine (entry 9). Furthermore, more acidic arylsulfonamide C64 afforded

enantioenriched C64 with higher enantioselectivity (entry 10 vs. 9).
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It is obvious that pKa values, enolate EIZ geometry and steric preferences of
the proton donor-amino acidenolate aggregates are different from those of
naproxenamide C46. Furthermore, evaluation of the pKa values of C63 and C64 is
difficult, as the corresponding deprotonated form of these amino acids is dianion. On
the other hand, relatively highenantiocontrol in deracemization of alanine ester C63
with CAPTIQ C35 (entry 1, Table C5) indicates that position of the transferable
proton in a chiral pocket of CAPTIQ evidently is close to optimum also for alanine
enolate." Consequently, further efforts will be directed toward design of a chiral
proton donor with enhanced acidity and the chiralenvironment at aniline nitrogen as

close as possible to that in CAPTIQ.

~l) CAPTIQ C35 was not tested in deracemization of phenylglycine C64 because of
msufficient acidity of the chiral proton source.
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2.5. Summary.

Excellent enantioselectivities (90-93% ee) were achieved in asymmetric
protonation of naproxen-N, N-diisopropylamide enolate C46 using chiral N-methyl
anilines C48 and CS0. Attempts to improve the best enantiocontrol obtained so
far (97% ee) using commercially available chiral acid CAPTIQ C35 have been

unsuccessful.

Deracemization experiments suggested that for an essentially irreversible proton
transfer, the chiral acid must have DMSO pKa > 3 units below that of protonated
substrate (“upper pKa level”). On the other hand “/ower pKa level”, respectively,
* ultimate acidity of a chiral proton source below the crucial ApKa of 3 units is less
important for high enantiocontrol if a chiral acid possesses functional groups with

good lithium chelating ability.

CAPTIQ evidently has optimum positioning of the transferable proton within
“chiral environment”, what results in excellent enantiocontrol not only for
naproxenamide C46 but also for lactone C62 and alanine Me-ester C63.
Consequently, change of aniline nitrogen hybridization (bond angles) could

eventually lead to the drop in deracemization enantioselectivity.

Promising enantioselectivities have been observed in deracemization of BHT ester
C60 (57% ee) using N-pyridyl aniline C56 and in protonation of lactone enolate
C62 (68% ee) with N, N-dimethylsulfamoyl aniline CS2. Deracemization of amino
acids so far has afforded disappointing results. Further attempts will be directed
toward optimization of deracemization conditions and the structure of a chiral acid

using information obtained in preliminary experiments.
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Conclusions.

I

N-phthalyl group was found to be the best protection for aniline in Bischler-
Napieralski cyclization. Nitro-substituted [(-phenethylamide is superior as
cyclization substrate to the corresponding N-protected anilines. Cyclization of
bromo(or chloro)phenyl-f-phenethylamides and halogen displacement by liquid
ammonia or lower alkylamines is the method of choice for the synthesis of 1-

anilino-3,4-dihydroisoquinolines.

Resolution of racemic tetrahydroisoquinolines via diastereomeric salts
crystallization technique requires extensive trial-and-error procedure for every
particular substrate. The method was effective ( >99.5% ee) only for preparation of
non-racemic 1-(5-trifluoromethyl-2-methylamino)phenyl-1,2,3 4-tetrahydroiso-
quinoline and its S-unsubstituted analog by the crystallization of diastereomeric

tartrates.

(R)-O-Acetylmandelic acid is an excellent chiral auxiliary for resolution of
tetrahydroisoquinolines with aniline subunit. Chiral auxiliary cleavage afforded seed
crystals of (§)-1-(2-amunophenyl)-1,2,3,4-tetrahydroisoquinoline A32 with >99%
ee. Crystallization of diastereomeric tartrates in the presence of seed crystals was

successful for the preparative scale resolution of racemic A32.

Asymmetric transfer hydrogenation using Ru catalyst is effective for the
enantioselective hydrogenation of N N-disubstituted 1-anilino-3,4-dihydroiso-
quinolines. N-Unsubstituted analogues were hydrogenated with moderate
enantioselectivity (71-85% ee), but required impractical purity levels for the
substrate. Presence of nitrogen functionality in the substrate diminishes chemical

yields and requires increased chiral Ru catalyst loading (up to 7.5 mol%).
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5. The best hydrogenation results were achieved with bromophenyl imine B8S. (S)-1-
(2-bromophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline was obtained with
98.7% ee using 0.67 mol% of a chiral Ru catalyst. Hydrogenation was readily

scaled-up with a 10% loss in yield, but without encountering other complications.

6. Reaction of (S)-bromophenyl-isoquinoline with liquid NH; in the presence of
Cuw/CuCl gave (8)-1-(2-aminophenyl)-6,7-dimethoxy-1,2 3 4-tetrahydro-
isoquinoline. Asymmetric hydrogenation of bromo-imine B85 combined with the
copper-catalyzed amination currently is the method of choice for the synthesis of

CAPTIQ analogs.

7 High enantioselectivities (90-93% ee) were achieved in asymmetric protonation of
naproxen-N, N-diisopropylamide using chiral 1-(5-trifluoromethyl-2-
methylamino)phenyl-1,2,3,4-tetrahydroisoquinoline and its S-unsubstituted analog.
Promising enantioselectivities have been observed in deracemization of O-benzyl-
lactic acid BHT ester (57% ee) using chiral N-pyridyl aniline and in protonation of
3-(2-naphthtyl)-6,6-dimethylvalerolactone  enolate (68% ee) with NN-

dimethylsulfamoyl aniline.

8. Deracemization results affirmed that pKa relationship between a proton donor and
an enolate is crucial for high enantiocontrol. For essentially irreversible proton
transfer, the chiral acid must have DMSO pKa > 3 units below that of protonated

substrate.

118



Appendix 1



3. Cyaa, N.Tpaneanaepac

CHHTE3 PAD;EMIfIIECKUX 1,2,3,4- TETP ArBJJ:POH30XHHOJIHHOB

POSIIUIIHb.IMU

I HX PA3~JIEHHE

nymRMU 6 peaxuuu EUUlJlepa-HanupOJIbC'K020 nOIlYljeHbl

lI-anunuuzauetuennue  3,4-0UzZUOPOU30XUNO/Itmbl Illa-n.  Hav-leHO

6JIWIHUe sautumuux epynn Y QHWIUHOfJOZO asoma 11.0X00 peaxuuu i

Houo-eHa

ijUKHU3QIjUU.

paueuuuecxux

NPOEE0ESO

mapmpamoe.

N-¢mQJIWIbHQJI satuuma, ycmoiiuueas 6  YCJ106WI.it

1lolvlleHHNe OUZUOPOUJOXUHO/NUHbI 60ccmOHOOleH bl 00

1,2,3,4-mempazuop0U30XU/iOllUHO6 IVo-:JIC U

UX pasoesenue KpUCmQJIIl.U30I1ueU ouacmepeouepuux

B Ooyx npUMepax 1,2,3,4-mempazuopoU30XUHOIiJIHbI

(IV6. IVa) nO:llY4eHbl 6 onmuuecsu uucmau €uoe (>99,5% ee).

lloBLuneHHbrn

HBTepec le 1,2,J,+TeTparH.apoH30XHHOIDmaM  (Trl1X) CM3roi

C HaxO)I(,|J,eHBeM ero Ilpmi3BO.n;HJIX B COCTaBe npHpO,I;HI:IIX  an:KaJIOH.::IOB. B TegeHHe

nOCJlellHKX ztsyx ZrecSraneraa nposeaea yCDelllHLIH 3H8JITHOCeneKTHBHI>IH CHHTe3

MBONEX ..

KCGanonaaaa a,

aarnanao

H30XIfilommOBhIX  allkaJIOHD;0B (HanpHlltlep,  Jlay.naHO3HHa, peraxymraa,

OTpalJKeHbl

H caneanOmil'l:a). Ycnexsr CBRTe3a H30XHHOSIHHOBbIX  arlKallOH.IIOB

B 0630pHOH eTUDe Pa3BanOBCKoH [1]. Hexcropsre



OpPOM3BOMHBIE 3TOr0 Kjacca COENWHEHUH MpOSABJLAIOT CBOHCTBA JENPECCAHTOB
NEeHTpaTbHOM HepBHOM cucTeMbl [2] u 6Gmokaropos penentopos HMJIA [3]. Ho
TOJNIBKO B IOCIEOHHE Trofbl pa3paboTanbl Oosee HHTEpECHBIE M OPHIHHAIBLHBIC
METOJBI CHHTE3a NPOU3BOAHEIX 1,2,3,4-TeTparnApou30XHHONMHHOB [3-7].

CoBceM HemaBHO OOWH W3 IpeacTaBuTeNnedl xupanmpHbx TTHX - 1-(2°-
MeTHIaMIHO-5’-xnop)dennn-1,2,3 4-terparunponsoxvnonun  (CAPTIQ; pearent
¢bupMe1 Aldrich) ycnemso puMeHeH B KadecTBe 3G PEeKTUBHOrO JOHOpPA NIPOTOHOB B
cTexaoMeTpudeckux [8-9], a Takke B KaTamuTHYeckuX konuyectsax [10]. Xors B
HOCEeqHNE roasl pa3paboTaHBl HEKOTOPBIE MHTEPECHBIE M OPHTHMHAIBHBIE METOBI
CHHTE3a MPOM3BOIHLIX 1,2,3,4-TeTparnApoU30XUHOMMHOB [3-7], nyOnmuxauwu He
IOAroT 00IIHe METOTMKH MO CHHTE3Y XUPANBHBIX 3aMelmeHHbX 1-anumun-TI VX,

B Hacrosmeii paGore paspaboraHel yaoOHBIE METOIBI  CHHTE3a
pauemmgeckux l-ammmH-TTUX, w© Hx  pasgeneHue  KpuUcTaUM3alHUei
JUACTEPEOMEPHBIX CONEH C XUPAIbHBIMH OpPraHMYECKMMH KHCIOTaMH (HaIlpHMep,
TapTpatamu). Merog ynoOeH B MONb3OBAHWM M HENOPOroH, TaK KaK XWPATbHbIN
peareHT MOXXHO HCIIOJIb30BaTh NMOBTOPHO IIOCJIE HECIOXHOH KHCIOTHO-IIEI0O4HOM
06paboTky.

WN30XHHOMMHOBBI MHMKI MOJYYalOT pa3iMYHBIMH CIOCO0aMM, HCIONb3yA
OIIMH M3 YMclia U3BECTHHIX MeTonoB buiepa-Hanupansckoro, ITukre-1lInexrnepa,
ITomepanrtca-®purma win Ilmurnepa-Mumnepa [1]. PopMupoBaHHE XHPATHHBIX
TETParMIpOH30XHHOMHOB IIyTeM LHUKIH3aluu bumnepa-Hamupansckoro ssiasercs
Haubonee mpHBNEKaTeIbHOM H3 YHCIAa BbIlIE HAa3BaHHBIX METONOB, U3-3a
BO3MOXHOCTH HCNOMB30BaHUS JIETKO MOCTYNMHBIX OEH30HHBIX KHCIOT I B xauecTe
MCXOMHOro BewecTsa g nomyyeHus amuaos 1. Lnknusanus nocnesHux NpUBOAXT

K 3,4-muruapousoxuHomuHam III, xortopble nanee MOryTr OBITh MpeBpallicHbl B



xupasbHeie  1,2,3,4-TeTparnapon3oxuHONMHEN [V IByMs cnoco®amu: mpsSMbIM
aCHIMMETpHYECKHM BOCCTaHOBIEHHeM ABOHHOH C=N CBs3H, HIIH BOCCTAHOBJIEHUEM C
MOCIEAYIOIM pa3JieNieHHEM palleMaTa KpHCTaJUIM3alHed ero AMacTepeoMEpHBIX
coned. ACHMMETDHYECKOE BOCCTAHOBJICHHE SBJIIETCS IPEAMETOM OTIEIbHOH
nyOJIMKaluy, a BO3MOXKHOCTH KPUCTAUTM3AHHY JHACTEPEOMEPHBIX COJIEH H3I0XKEHBI
B HacTosmel pabore.

Huxmazauus Buuepa-Hanmupanbckoro xopomo u3yuyeHa [6, 11, 12]
IIPOXOJUT depe3 06pa3oBaHUeE XJIOPHCTOBOJIOPOJHBIX COJIEH MMHIOHI XIOPHIOB IO
peiictBuem  xuopaHruapunoB ¢ocpopa (PCls, POCl;) wmma ceper (SOCIL).
Otmermesne HC! npuBomur X paBHOBECHONH CMECH HMMHAOMI XJIOPHIOB €
COOTBETCTBYIOITMMH coyisMH HUTpunud. [locnennue nox nefictBueM kucnor JIetoiica
NUKTM3YI0TCa 00 Auruppon3oxuHodHoB III. TTockombpky Hamei nenpio sBrseTcs
cuHTe3 pa3Hbx 1-ammnuH-TI WX IVa-x, BeIOop noaxoasmeii 3aimMTHOMN rpynnsl 1U1s
AHWIMHOBOrO a30Ta ABJIUICA KIO4YeBOH mnpobiemoit. M3pecTHo, 9T0 nMKIM3anus
MOHO-N-3aMEINEHHbIX aHWINH-B-peHnnITIaMunoB [2] B ycnoBusx buuepa-
Hamupansckoro 6su1a Ge3ycnemmHoil B cnydasx N-ameTun # N-TO3WI 3aMeIIeHHBIX
cybctpaTtoB. Ham BbIOOp 3/eKTpOHAKLENTOPHBIX 3aMecTHTened B 1-apun-TI'MX
OBUT OCHOBaH Ha IPEIONI0XESHHH, YTO NOBbIIIEHHAS [TOJIIPU3aLMA aMUAHON IPYTIE]
B P-dpendrunamupax II cnocoGeTBoBaio OB 0Opa3oOBaHMI0 AMUOOMIXJIOPUAA M
HATprMeBo# comn. CHayana Hai B§160p 3alMTHBIX PYNN nan Ha N-OeH3UIbHYIO
3amquTHyo rpymnny (coemuHenwe Ik, Tabnuna 1). Mbl npeamonoxunu, 4YTo
XJIODUCTOBONOPOAHAs coib IDK  yBENIHYMT 21€KTpPOHAEhUUMTHBIA XapaxKTep
AHUIIMHOBOrO  3aMECTHTENs, TeM  CaMHM  CcrnocoOCcTBYS  00Opa3oBaHHIO
OHIHAPOM30XMHOMMHOB. OnHaKko, MMEOT MECTO NoOOYHBlE peakuud U ¢ 16%

BHIXOAOM OBLT BbIEAeH NUIOL AcOeH3UIMpoBaHHBIA mnpoaykt IIlx. Taxxe



OesycnemHo#i  okasanach mMmmM3anus  (-penmmdTunamuppa 2-(N-metHa-N-
arneTiT)aMuHOOEH30MHOM  xucnotel.  [loBenmenme  Bexoma  (30%)  mpH
HCIIOJIb30BAHHH 3JIEKTPOHAKLIENTOPHON TO3WIBHOH IDYNIBI y aHHJIMHOBOIO a3oTa
(amun Ile) HanpaBuiO Hac Ha HCIONB30BAaHHWE [BYX aKUENTOPHBIX TPYNI Yy
AHWIIHHOBOIO a30Ta.

3akoHOMepHO, Hanbolee yCnemHbM OKa3alicA BHIOOD (TATHIBLHON IPYIIIBL
[lepBOoHAYaTBHBIH pe3yabTaT B KJIACCHYECKUX YCIOBHSX LMKIM3anuMu ObLl
HeymauHbM (Bbxox 20%). OcHoBeBasich Ha nukie pabot [11-12] mo Mexanusmy
peaxiuyn bummnepa-Hanupansckoro, Obna Mpou3BeeHa 3aMeHa JErHAPATHPYIOLIErO
arenra (P,Os Ha PCls) u pacTBopuTens (kcunomn Ha xnopodopm), a Takxe nodaBiIeHa
xuciota JIproiica (SnCly), 9ro mano 3,4-guruapounzoxmHoiauH 11k ¢ xopomm (73%)
BBIXOZOM. JTO ABIAETCS IEPBHIM PEMEPOM COXpaHEHHS PTAMUIHLHOIO ¢pparMeHTa B
ycnoBusx bumnepa-Hanupamsckoro. Tak, xumsyeHne B TeueHUH 30 MHHYT B
xjopodopme mNpHBENO K 00pa3oBaHHIO JKENITOr0 OCazka, KOTOpBbIi MHocie
npubaBnenus kucrotel JIbtokca (SnCly) H3MEHHN OKpacKy HO KHPIHYHO-KPAacHOro.
H3MmeHneHnne okpack yka3bIBaeT Ha (POPMHpOBaHHME LIMKIMYecKoro npomykra IIlx
(3,4-mUruAPOA30XHHOMHUHBI B KUCIION Cpeie MMEIOT MHTEHCHBHO KPACHYIO OKPACKY).
Vemuuenne 3arpysku (oo 85 r) He BMAUIO Ha BhIXOA peakuud. CHATHE 3alMUTHBIX
IPyTI NPOBOAWIH KaK omucaHo panee [13] u B pesynpTate nurunpousoxunonus ik
HpeBpalnes B He3aMelneHHb anumuH [ ¢ o6mmM BerxogoM 38% B AByxX cramusx.

ANbTEpHATUBY MPAMOH nuKmM3aumd aMHaoB llo-um Mpl Hamum B npsMom
aMHHHpoBaHMH |-(2-xnmopdennn)-3,4-qurunponsoxunomuaoB Illa-r (cxema 1) B
ycnoBusx oOMeHHOH peakuun YiaemaHa [2]. Takdm o6pa3om  moiaydeHb

maruapousoxuHonunsl 1lln-3. Coenunenue III3 panee He onucano, a Ik He



BBIIENIEHO B CBOOOJHOM BHJE, 2 0XapaKTEPH30BAHO TOJBKO IIOC]IE BOCCTAHOBIICHHS
JI0 KOHEYHOro mpoaykTa [V6.

HUcxonupie umunbl [lla-m momydeHsl M3 MOHO- HJIM  JU-3aMEIICHHBIX
6en3oiiHpix KucnoT 1 (cxema 1) mnu m3aroanruapunos Va u VO (cxemsl 2 1 3).
Benzoiinpie xucnoTHl la-B KOMMEpUYECKH [OCTYNHBI, HO HEKOTOpBIE H3 HHX
(nampumep, TpudTopMeTH1 mpoussoaHoe 16) noporue. IlosTomy, MBI paspabotaiu
METOX ABYXCTANMHHOrO CHHTE3a MOCTEAHEro u3 4-xaoprpudropmeruntensona (VI)
(cxeMa 4), nyTeM CENEKTHBHOIO, HU3KOTEMIIEPATypHOTO (-IOOOC) MeTaJUTHPOBAHHAS
COOTBETCTBYIOMEro 0-OpoMm-xsopbensona VII.

MonoOpomupoBanue 4-xnoprpudropmeruntenzona (VI) npoBoawmu kak
onacano paxee [14]. Ilposenenue MmeramnapoBanus O6pomuna VII (cxema 4) mpu
HHU3KUX TEMIIEpaTypax CYIIeCTBEHHO 110 ABYM NPUYMHAM: 1) MIPOXOAUT CeJIeKTHBHOE
3aMelneHne atomMa 6poMa B NpHCYTCTBHM Xjopa [15], 2) CHHIXKaeTCs KONHYECTBO
n00OYHBIX peakiyid, B TOM yMcie aeruapodpomuposanue. [1pu Temneparypax poige
-50°C JOMHHHPYIOT HOOOYHbIE peakuMd H peamusyeTcs ¢GopMHpOBaHHE
HexenaeMoro aermapoOen3ona. JomonuurtensHoe cTabHm3upoBaHHe KapOaHHOHa
VIII nabmopaercs Npd  HCNONb30BaHAM  OHOEHTATHOrO  JIMTaHOA  —
TeTpaMEeTHISTIWIEHAHAMHHA, HCIONb30BAHHE KOTOPOrO B JIMTHHOPraHHYECKOM
XHMHH Xopolno u3BecTHo [16]. O6paboTka mpomexyToudHoro kapbanuona VIII
CyXMM JIBIOM NIPHBOTUT K KapOoHOBOH xucnore I6 ¢ o6mumM BerxogoM 52% B Tpex
cTamusx. MetuncynpdonunbenzoifHas kuciaora Ir momydeHa B Tpex cTagmsx no
n3BecTHOH MeTodmke [17].

AnprepHarEBHBIA noaxon cuHreda l-aHumaH-TIUX cBg3ar ¢ BeIGOpOM
3aUTHON Ipynnbl 6osee yCTOHUMBOH IS TAXKENBIX ycnoBui peakuun buinepa-

Hanupansckoro. ITomxoasmmM KaHIMZATOM SABISETCS HHUTPO [pYINa, KOTOPYIO



JIErKO YAaeTcsi BOCCTAHOBUTH O aMHUHHOM rpymnmnsl B IpucyTcTBUH C=N nBOHHOMH
CBs3H 3,4-IMrHapOon30XHHONMHOB [18].

Bce nonyuennsie 3,4-AUrHApOH30XHHONMHBI BoccTaHoBNeHbl 10 TT X [Va-
X NHaHOOOPrMAPUIOM HATpHs B YKCycHoi kucnore [19]. Boccranosnenue
IpOTEKaeT B MATKHX YCJIOBHAX M JaeT Oojee BBICOKHE BBHIXOJA [10 CPABHEHHIO C
BoccTanoBienneM NaBH, B atunosoM cnupre [2].

Hns paszpenenus pauemuueckux TIUX [20] mo nuTepaTypHOH aHaIOrHH
pa3feneHus 1-(2’-metunamuHo-2’-xj0p)denun-1,2,3,4-reTparu ApOM30XUHOMHA
(CAPTIQ) Obumd BbIOpaHBI ONTHYECKH AKTHBHBIE BHUHHBIE KHUCIOTHI [2]. Taxoke
A3BECTHO pa3leNieHAe IHACTEPEOMEPHBIX TapTpaToB N-He3aMEEHHOIO aHajlora
[21].

Jnd nByX paneMH4ecKMX TeTparnIpon30XWHoNuHOB IVO u IVn paznenenue
THACTEPEOMEPHBIX TAPTPATOB MOCHIE ABYXKPAaTHOH KPHCTAUTM3AUWM M3 3THIOBOTO
cnapta 6puia BecbMa ycnemHo#R (cxeMma S). Ilocnenyromas oOpaboTka TapTparoB
CHIbHOOCHOBHEM aHHOHMTOM MIPA-401 (B OH™ dopme) nana cBoGOAHBIE OCHOBAHHUS
IV6 u IVa ¢ >99.5% onTHYeckoil 9HCTOTOM.

Opnako, HaM 0 CHX HOp HE YOalNOCh HAWTH NMOIXOIAIIMH PacTBOPHTENISH
IUIs Malo pacTBOPUMBIX TapTpaToOB palleMHYECKOrOo HHTpO coenuHeHus [VB.
HeynmauneM okasanoch Takke H pa3fieleHHe PpaleMHYECKOTO METHIICYI()OHUI-
TIUX IVr nyteM KpHCTAUTH3ALHKA €ro TapTPaTOB M3 PA3sIMYHBIX PAaCTBOPHUTENEH, a
TaKXke conel ¢ (+)-16mounod kuciaoTtod. OYEBHAHO, pa3H4YUsA PACTBOPHMOCTH
AuacTepeoMepHbIX conedt IVr He moctaTouHBl AN CENEKTHBHOM KPUCTATIH3ANMH.
IIponecc kpucrawmM3anMu AHACTEPEOMEDPHBIX CONIEH TakuM 0Opa3oM ABISETCS
CTporo cybcTpar-cnend(pHYHbIM, YTO CYIIECTBEHHO 3aTpydHseT pa3paboTKy oOLiei

METOIMKH JUTA pElIeHUs BOMPOCa.



OKCITEPUMEHTAJIBHAS YACTDb

TemnepaTypel IUIaBIeHHS OINpelNesieHbl Ha HarpeBaTeNlbHOM npubope
Gallenkamp wu ne xoppextuposansl. Crextpsi 'H 1 °C SIMP 3apeructpuposaHs! Ha
npubope Varian Mercury 200, BHyTpeHmmii cragmapr TMC. UK cneKTpi.I
3apEeruCTPUPOBAHE! HA criekTpoMeTpe Perkin Elmer 580B B Hylione unu B TabneTkax
KBr. Anaimssr BOXXX nposenens! Ha cucreMe Knauer ¢ uHterparopoM Hewlett-
Packard HP 3396A4. KomoHounas XpoMaTorpadus INpoBEN€HA Ha CHJIHKarenie
¢upmer Acros (0.06-0.2 MM). KoHTponb 3a XOZOM peaklHMH OCYUIECTBILIM C
noMombio TCX Ha mnactuHkax Merck Kieselgel 60r;s,. 3HaueHHS ONTHYECKOIO
BpallleHNst olpeAereHsl Ha nonspumerpe Perkin Elmer 141 ¢ ucnonp3oBaHHEM
maauit Na 589. PactBopuTenu — rekcaH, 3Twjianerar, aueTOHUTpui, [IMOA,
XJIOpUCTHIN MeTUseH U 3¢up neperHansl Han CaCl, wm CaH,, MeTaHON meperHan
Han Mg, TT'® nepernan Han CaCl, u Na-6eH3odeHoHoM.

2-Xnop-5-TtpudropmeTrniabensoiinas kuciaora (I6). B 250 ma Tpexropioi
xonbe, B arMochepe aprona nomemaror 120 mi cyxoro (nmepersansoro Haa Na-
6enzodenonom) a¢pupa, 50 M 1,6 M (80 mmois) pactBopa n-Buli B rexcane u 7,0
M1 (70,1 MMOINb) CBEXETIEPErHAHHOIO (Hal HATPHeM) TETPAMETHJISTUNIEHIMAMHHA.
Tonyuennyio cMecs oxnaxaaoT 10 —100°C (cMech MeTaHOa M KHAKOTO a30Ta) U B
TeyeHMd S5 MHUHYT npubasmsor pactBop 18,1 r (70 mMmons) 2-xm0p-5-
TpudTOopMeTHIIOpOoMOen3ona (VII) (momydeHHoro o meromuke [14]) B 50 M cyxoro
3¢upa. [TepeMelnmBaHie Npu TOH XKe TEMIIEPAType MPOLODKAIOT elle B TeueHuH 20

MHHYT, 3aTeM IIPONYyCKAalOT TOK CYXOro yriekucnoro rasa. Yepes 3 wuaca



peaKHHOHHYIO CMECh HarpeBaloT KO KOMHATHOM TeMIlepaTyphl, BEUIHBAIOT B 250 M1
BOJIBI, 106ARISTIOT | H. coNsgHyIO KHCNOTy A0 pH 4 H OTAENAIOT OpraHMyYeCcKUi CIIoH.
Bonupnt cmoit skctparupyiotr 3x40 mi xmopucroro MertHieHa. OObeAHHEHHBIX
OpPraHMYECKHX OJKCTPAaKTOB YIApHBAIOT NpPH IMOHMXEHHOM JAaBlIeHAH. OcCTaTok
pactBopstoT B 100 mut rexcana m sKcrparupyroTr 4x20 mi 1 H. pactBopa NaOH.
Bomusni cnoit moxkucismor 1 H. consHod kucnotoit mo pH 4, ocanox ¢unsTpyror,
npoMbBatOT Bogod M cymar (Na;SO4). Bexom 13,8 r (88%) 2-xyop-5-
TpudTopMeTHIOeH30MHOK KucnoThl (I6) ¢ Tmn 90...91°C (B marepatype [22] Ton
90...91°C). Crnextp I[IMP (xnopodopm-Ds): 7,51-7,74 (2H, M, apun), 8,11 (1H, c,
apun), 9,7-10,2 m.x. (1H, mc, COOH).

Ob6mas meroauka moaydeHHs N-B-heHnmdTHIAMHAOB AH3aMemEHHbIX
oemsoitHbIX kucaotT (Ia-r). 90 MMons nu3zamemenHo# 6en3ofinoi xucnorts (la-r)
PacTBOPSIOT B 75 MJI XJIODHCTOrO THOHMIA, AobasisroT 1 ma [IM®A u HarpesaiotT
[IpM KUIIFYEHUH B TeYeHUM 12 4gacoB. M30BITOK XJIOPHCTOrO THOHHIIA YIIApHBAIOT,
XJIOPAaHTHIPH]I 3aKPHCTAUTM30BBIBAIOT NPH NOMOIIM CYXOro rexcana, QUiIbTPYyIoT U
[IPOMBIBAIOT  HECKONBKO pa3 TexkcaHoM (5-HHTpO M 5-MeTHICYNb()OHHI
IIPOM3BOAHBIE), HIIH [IEPErOHAIOT B BaKyyMe (5-He3aMeUIEeHHBIH U S-TpudTopMeTHN
nmpou3BogHble). [lomydeHHwle xyopanrmapuasl pacTBopsioT B 100 M cyxoro
OHOKCaHa H NpH 0°C memnenno npubaBisoT M0 KamwnaM K cycriensud 10,9 r (90
MMonb) ¢enatmnamuba B 100 mn 1 H. pactBopa NaOH. Ilomyuennsit ocanox
OHIBTPYIOT, NPOMBIBAIOT 2 H. COJNMHON KHCIOTOH, BOJOH M CylDar Ha BO3IYXE.
Cnextpet IMP, UK npmseness! B Tabmuie 2, BIXOOA, TEMIIEpATYpsl [UIABJIEHHS,
IaHHBIE 3JIEMEHTHOrO COCTaBa IIPUBE/IeHB! B TaOnuueE 5.

N-B-pennmTanamun 2-mernaamuHoden3zoiinoii kucaorsl (Iln) ¢ 79%

BeIXOOOM monydeH u3 97,5 r (620 Mmonp) N-MeTnnusaroeBoro anruapuaa (Va) no



meronuke [23]. Cnexrper SIMP, UK mnpuBeneHs! B Tabnuue 2, TeMmepaTypa
TUIaBJICHUSA U JAAHHBIE JJIEMEHTHOIO COCTaBa IPUBEAEHEI B Tabu1e 5.
N-B-pesnmdtanamug  2-[N-4-meTnndenniicyabpoHnI-N-MeTHIAMHHO] -
6ensoitnoit kucaotnl (Ile) c 60% BpxomoM momydeH u3 48,8 r (192 mmons) amuaa
IIx mo meromuxe [2]. Cnextpsl AMP, UK npuBenens! B tabmiue 2, Temmeparypa
IUTaBJIEHUS U JAHHBIE 3JIEMEHTHOIO COCTaBa IIPUBEACHHI B TaOIHIIE 5.
N-B-dennmTunamug 2-(N-oeH3HI-N-MeTHIaAMHHO0)0€eH30HH O KHCI0TBI
(Ix). K pactBopy 2,54 r (10 mmone) amuna Ilx B 25 My XjIOpHCTOro MeTHIEHA
nobasisot pacteop 2,12 r (20 mmone) Na,COs3 B 10 M Bogst 1 1,71 r (10 MMOTIB)
CBEXENEpErHanHoro 6ensunbpoMua. PeakniuoHHYI0 CMeCh KUMATAT B TEYECHHH 2
IHEH, BOMHBIA CJIOH OTHE/IOT H SKCTparupyror 2x10 M XJIOpHCTOro MeTHIEeHa.
O6beauHeHHBIt Opragmdeckut 3kcTpakTs cymat (Na;SOs), pacTBOpPUTEND OTIOHSIOT.
OcraToK pacTBOPAIOT B CyXOM 3¢upe, H NpPONYCKAIOT TOK CYXOIO XJIOPHCTOIO
Bojopona. becuBeTHpii ocamok (GHIBTPYIOT, IPOMBIBAOT 3(QHPOM M CYIOar.
[Momyyarot 3,31 r (87%) ammna IDbx. Cnextpet IMP, MUK npuseaens! B Tabnuue 2,
TeMIlepaTypa IUTaBIeHHs H JaHHBIE 3IEMEHTHOTO COCTaBa IIPUBEAEHEI B Tabmuue S.
N-B-¢penumsTriiamugx 2-amuaodeH3oiinoii kucaornl (II3) ¢ 75% Brxoaom
nonyded u3 163,0 r (1.0 Monp) u3aToeBOro aHruapuaa 1o meroauke [2]. CrnekTpsi
AMP, WK npuBegeHsl B Tabmuue 2, TeMmnepaTypa IUIaBIeHMsS W JaHHbIE
3JIEMEHTHOrO COCTaBa IPUBEACHEI B TaGm/me 5.
N-pB-penmmTanamun 2-(N-praaumuao)densoitnoii kuciaorsl (Iln). 24,0 r
(100 mMons) amuna II3 u 14,8 r (100 MMoub) GTaIEBOrO aHTHAPHAA PaCTBOPSAIOT B
150 Mn cyxoro Oeunsona, mo6asmsmor 30,5 r (300 MMonp) TpusTHIAMHHA H
HarpeBaroT NPH KHMNAYeHHH ¢ Hacankoit JluHa-Crtapka B Teuenuun 48 wacos. [locre

no6asnenus 3,0 r (20 MMoub) GTaTeBOro aHrMAPHAa KHNSYEHHE NPOJOIKAIOT eLle



12 yacos. Ilocne oxyiaxaeHHs BbIIAAAET OCANOK, KOTOPBIH (QHIBTPYIOT, IPOMBIBAIOT
oensonoM, cymar (Na;SO4) m momyuyaror 20,1 r OecuBerHoro amupa [Iu.
O6nemuHeHHble ¢QuabTparel npombmaioT 5x40 mMn 4 H. HCI, morom 2x40 mn
HacbmneHHoro pactBopa NaHCO; wu cymar (NaySO4). Ilocnme ynapupasHus
pacTBOpHUTENA, MacjlO  3aKpUCTA/UTM30BHIBAIOT  3apOJbIIIAMH  KPUCTAUIOB.
OuibTpaiys, NpoMbIBKa 6€H30J0M JaeT JononHurensHo 12,0 r npoaykra. OOmui
Berxox 32,1 r (87%) ammna Ilu. Cnextpst SIMP, UK npuBenens! B Tabmuue 2,
TeMIepaTypa [UIaBIE€HUs 1 JaHHBIE 3JIEMEHTHOIO COCTaBa NIPUBENEHBI B Tabmuue S.
Ob0mas meronnka nosaydenus: 3,4-nuruapon3oxuHoauHoB (I1la-r; ITlu-
k). K ropsuemy pactBopy 60 mmons amuna II B 300 mn kcunona, gobasmsror 300
Mmois P2Os B HarpeBaroT mpy kunsdeHAR 6-48 dacoB. 3aTeM peakIMOHHYIO CMECH
OXJI@XJAIOT, KCHWIOJ CIMBAIOT M OCTaTOK IEpEHOCAT B JedsHyro Boay. Ilocre
o6pa3oBaHHs MpPO3padHOH CMECH OCTaTOK KCHJIONA OTAEIAIOT M BOIHBIA CIIOM
nomucor 4 H. HCl no pH 2. IomygenHoe Macio 3KCTparupyroT 3GHpOM HIIH
XJIOPHCTBIM MeTHIIeHOM, cymar (Na;SO4) ¥ pacTBOpHTENs yTiapHBarOT. 1lpomyxT
pacTuparoT (wHOrma nocine KOJIOHOYHOH XxpoMarorpagpHm) )%}
nepekpuctaum3osbmaioT. Cnektpsl JAMP, WK npusenensr B Tabmuue 3,
TeMIIEpaTypPhI IIABJICHHSA U JaHHBIE AEMEHTHOTO COCTaBa NMPUBEAEHEI B Tabuue 3.
O6mas meroanka nmoaydenns 3,4-gurnapom3oxuHonunos (Ilx-3). 15,0
MMonb  1-(2-xmopdennn)-3,4-nurunpouzoxusomios Illa-r momemaror B 150 M
CTEKJIIHYIO ammyny, npwmBaioT 50 M xuaxoro Metwiamuua, 0,17 r MemgHex
omuikoB 1 0,17 r CuCl. AMnyny 3anausaroT u HarpesaioT npu 60°C B TedeHun 72
qacoB. Ilocne oxnaxgeHus aMmyny oCTOPOXXKHO OTKPBIBAKOT M OCTABIIAIOT B TATE A0
YNapuBaHHUA OCHOBHOIO KOJNHYECTBA MeETHNaMMHa. K TeMHO CuHEMY oOcCTaTKy

npumusaroT 100 MIT XJIOPUCTOrO METHUIIEHA, MEAHBIE CONMH (GUILTPYIOT M OCTATOK



ynapasaior  npa rrfOHIDKeHHOMaanenna.  llocne  xpoaarorpadraaecxoa OgH,CTKHa
canaxarene  npOJIYKT nepeKpHCTaJlJlli30BbmalOT. Cnexrpsr  51MP, 11K npaseneasr B
TabJIHue 3, TeMrreparypa [1JlaBnemUIl H zraaasre 3JleMeHTHoro COCTaBa lIpHBe,lleHbl B
Ta6JIHue 5.

1-(2-N-<DTaJIHMHJIO )clJeHHJI-3,4-JI:HTHJIPOH30XHHOJIHH (Ilh::). 88,7 r (240
MMOJIb) aMH,na  IIH  pacrsopmor B 1200 MJI cyxoro xnopotpopsra
(caeaceneperaanaoro aaa P0s H llpH HHTeHCHBHOMTepeuemaaamra ,N06aBJUIIOT
100,0 r (480 MMOIJIb)PCls B O,nHHIIpHeM. PeaKUHoHH)' IO CMeCbxansrsr  C 06paTHbIM
XOJIO.NHJIbHHKOMB TegeHHH | naca, npa nOM ofipasyerca  .llpKO-)KeJIThIHOCa,nOK.
IToclle OXJIIDKJIeHIDIpeaKUHoHHoH CMeCH 110 -30°C,  Me.uneHHO npaoaanmor no
KallJl.IMpacrsop 855 r (330 MMOJIb) SnC14 B 480 MJI cyxoro  xrroporpopxa H
reaneparypy peaKUHOHHOH: CMeCH nO,lIHHMalOT zto KOMHaTHOH:. Haomonaior
KHpnH'IHO-KpacH)'IO oxpacxy CMeCH.B npo,nOJI)KeHHH KHn.IIT.IIB 'laCOB, OXJla)K.ZJ;alOT
H BblJIHBalDTB menosayro  Jle.LVIHYIBO,Ily,OpraHH'leCKHH: CJIOHOT,lleJImoT, a BO,nHbIH:
CJIOH: axcrparapyror 4x 150 MJI  xnopodiopaa, XJloPO<popMHble  3KCTpaKThl
npoxsrsaror ~ 3xI0O0 MJI 2 H. KOH, 3xI00 MJI BO,IIOHH cyurar  (Na2S04). llocrre
ynapaaaaas paCTBOpHTeJIIl,  OCTaTOK  KpHCTalJlJIH3yroT ~ 3<pHPOM.  llocne
rrepeKpHCTaJlJIH3auHH H3 nerponeaaoro 3<pHpa- TOJlyOJlarrorryxaror 61,7 r (73%) 1-
(2-N-¢TaJIHMH, 110 )<peHHJI-3 4-.IIHM.upOH30XHHOJIHHa (I1IK). Cnexrpst  5IMP, 11K
npaseneasr B Ta6JIHue 3, resmeparypa  nJlaBJleHH.IIH ztaaasre 3JleMeHTHoro COCTaBa
IIpHBe,neHbI B raonane 5.

1-(2'-aMHHoclJeHHJI)-3,4-JI:HrnJIpoH30XHHOJIHH (mary. K rops-reii
cycneasaa 6,43 r (18.2 MMOJIb)<pTaJIHMH,IIAIIK B 60 MJI3THJIOBOro cnapra B O,nHH
npaev npanasaror 4,44 r (88.6 wmmoa) razrpasmrrazrpara. B npoapa-nrox  pacrsope

Qepe3 5 MHH'JT Ha6JllO,11aeTC.1106pa30BaHHe ocaznca. IToclle KHIILIIQeHH.|peaKUHoHHoH



CMecH B TeYeHHHU 15 MHHYT, ocamox (HIBTPYIOT, NPOMBIBAIOT 3TAHOIOM, GHUATpaT
ynapuBaloT. IlomydeHHBI OCTaTOK MNepeBOAiST B 3¢Hp, QHUIALTPYOT 0OCaMOK,
a¢upHpni cnoit skcrparupyror 4x20 mn 1 H. HCl. ConsHokucnbie 3KCTpaKThbl
noqmenaunBaior 2 H. KOH mo pH 10, sxctparupyror 4x20 mn 3¢dupa, cywmar
(Na;SO4) 1 dunpTpytor depe3 cuymkarens. [Tocne ymapuBaHust pacTBOPHTENS NPH
NOHMKEHHOM aaBieHuH noiydaior 2.0 r (50%) cBeTno-xeaThX KpHCTALIOB.
Cnextpsl SIMP, UK npusenens! B Tabnuue 3, TeMmneparypa IUIaBJIEHUS W JaHHBIE
3NIEMEHTHOr'0 COCTaBa MPUBEICHBI B Ta0buue 5.

O0man meroamka noay4denus 1,2,3,4-trerparuapousoxuHonunos (IVa-
%x). Peakimu mposoasT B atMochepe aprona. K pactsopy 3,5 Mmons 3,4-aurunpo-
nzoxpHomuHa III B 15 M neasiHO# YKCYCHOHM KHMCNOTHI NIpH NEPEMEIIHBAHHH 10
nopuusaM npubasmsnor 7,0 Mmome NaBH;CN. Peakumio BeioepixuBaroT 3 yaca mpu
KOMHATHO# TeMiepaType, 3aTeM HarpesaioT B Tedenue 1 1 mpu 60°C u ocrasmsior
HepeMEIMBaThLCA OpU KOMHATHOH TeMiiepatype Ha 10 yacos. Oxpacka peakliHOHHOH
CMECH MEHAETCA OT KpacHOM 1O DJKENTO-3€JIEHOH, YTO SBIAETCS IPH3HAKOM
oxoHyanns peaxiuy. Comepxumoe KoGs! oxmaxaaot 10 0°C, mpuGasisor 30 Ma
50%-soro pactBopa NaOH, skcrparupyor 4x20 MI XJOPHCTOTO METHIIEHA,
IIPOMBIBAIOT HachIIEeHHBIM pacTBopoM NaCl u pactBoputens ynmapusaror. OCTaTok
PacTBOpAIOT B XJIOPHCTOM MeETHIIEHE M (UIBTPYIOT 4Yepe3 cuinukarenn. [locne
ynapuBaHHUs pacTBOpHUTENA BCE NOJTY4YEHHBIE TBEpJbIE BEllleCTBa
nepekpuctau3oBbBaloT. Cnektper AMP, WK npusenensl B Tabauue 4,
TeMIIEpaTypa IUIABIEHHS M JAHHBIE 37IEMEHTHOTO COCTaBa MPMBEIEHBI B TaOJHIIE 5.

Pazpenenne  panemmdeckoro  1-(2-meTniaamuso-S-rpudropmernn)-
1,2,3,4-trerparnaponsoxunoanna (I1V6). K ropsuemy pactsopy 153,2 mr (0,5

MMoip) paueMata IVG B 1 Mn aTHIIOBOro cnupra A00aBnsiOT ropsuuii pacteop 75,0



mr (0,5 mmonb) D-(-)-BuHHOM KkucnoTel B 1 M 3tunoBoro cnupra. Cpasy mocne
mo0aBlleHHs HaydHaeTcs KpUCTAUM3auMs. PeaklMOHHYI0 CMeCh OXJIQXIAloT,
ocaoK GUIbTPYIOT, MEPEKPUCTAIUIM30BBIBAIOT U3 a0C. 3THUIOBOrO CIMpTa, Cymar M
nonysator 76,8 Mr (67%) Taprpara- IV6 c¢ [a]p?® -43.2° (c=1,01, JIM®A).
[Tony4uennsni (-)-TapTpat pacTBOpsEOT B 0.5 MJI BOABI M IPONYCKAIOT Yepe3 KOJNOHHY
¢ aanonnToM Am6epnmutr UPA-401 (B xyopunHoil GopMe) U IMTYHPUYIOT STHIOBBIM
cnupToM. Beixon cBobGomHoro amuua (-)-IV6 H3 KOJOHHBI KOHTPOJIHDPYIOT Y(‘D
nerexktopoM npu 254 HM. Ilocne ymapupaHMs 3MOEHTa IOMYYalOT ONTHYECKH
qucTeii amaH (-)-IV6 ¢ [oc]D=-48,80 (c=0,67, CHCI3), xoTOpBIf COOTBETCTBYET
>99,5% onrtaveckoit guctoTsl (BOXXX Ha xupameHoit konouke Chiralcel OJ,
monsmxHas ¢asza - 1% 3taHON B rekcane, notok — 1,0 Mi/mMuH, getekTop - UVsss,
BpeMs 3anepxuBanus - 11,4 MuH).

AHAIOTHYHO HONyJatoT (+)-Taprpat (+)-IV6 ¢ [a]p=+41,1° (c=1,05, IM®A)
A CBOOOAHBIA ONTHYECKH YHUCTHIE amMuH (+)-IVO ¢ [oc]D=+48,7° (¢=0,67, CHCl3),
KOTOpbIA cooTBeTcTBYeT >99,5% onrthueckoi wuctoThl (BOXX Ha xupambHOM
xonouke Chiralcel OJ, noasmwxkuas ¢aza - 1% sTaHon B rexcane, moroxk — 1,0
MII/MuH, getekTop - UV)s4, BpeMs 3anepikuBanus — 12,7 MuH).

Paspenenue pamemudeckoro 1-(2-mermiamuHo)-1,2,3,4-TteTparnapo-
m3oxuHoauAa (IVa) npoBomumu ananorudno pasgenenuro IV6. B peakuuu 3,0 r
(12,6 MMomp) paunemara IVa ¢ (-)-BuHHO# kucnotolt monyumma 1,76 r (36%) (-)-
Taptpar-IVa (13 Meranona) ¢ [a]p?® -37,3° (c=1,04, JM®A) u onTHYECKH YHCTBIH
amu (-)-IVo ¢ [(x]D=-5.3° (c=0,67, CHCl3), xortopsni cootBercTByeT >99,5%
ontmyeckoi dmcToTel (BOXKX na xwpansaofi kononke Chiralcel OD, nomsuxnHas
daza — 5% H30-NPONMHUNIOBRIA COMPT B rekcaHe, MOToK — 0,8 MI/MHH, JETEKTOp -

UV2s4, Bpems 3anepxuBanus — 10,2 MuH).
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Ananoruyio nomydaiot (+)-taprpar-IVa (u3 meranona) c [0'.]1)20 +40,2°
(c=1,06, IM®A) u ontryecku yMCcThI aMuH (+)-IVa ¢ [a]D=+5,3° (c=0,67, CHCl3),
KOTOpBIH COOTBETCTBYET >99,5% ontuueckoit wucrorel (BOXXX Ha xupanpHOH
xononke Chiralcel OD, nogsuxHas ¢aza — 5% H30-NIPONHUNOBBIA CIIUPT B EKCaHE,

notok — 0,8 Mi/mMun, nerexrop - UVsss, Bpems 3anepxuaBanns — 11,8 MuH).

Aemoper  npusnamenenvr  Jlameutickomy — cosemy no  Hayke 34
gunancuposanue Hacmosuezo uccnedo8anus (zpaum 722), a makace npogeccopy

9. Beoeiicy 3a nnodomgopHbie OUCKyccuu 60 6pemMsa pabomsoi.
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cuckTpp  HK, JIM.. u HM. wc pcacmyuprTigsimvigion 1)

dogi i1 2

COeJIHHe R X 11K cnexrpu, Cnexrpu  TIMP, 0, M1, Crrexrpst RMP 13C,0, m))1.

HHe V, eM"

Ila H Cl 3275 (N-H) 7,60 (IH, m); 7,40-7,18 (8H, rn); 6,20 (tH, br s); 3,75 (2H, dt, J= 166,4; 138,6; 135,1; 131,1; 130,5; 130,1; 129,9;
1642 (C=0) 6,8; 6,0 Hz); 2,96 (2H, t, J= 6,8 Hz) 128,7; 128,6; 128,4; 128,3; 126,9; 126,6; 41,2; 35,4

116 CF, Cl 3270 (N-H) 7,85 (IH, d, J= 18 Hz); 7,58 (tH, dd, J= 8,4; 1,8 Hz); 7,49 (tH, 165,0; 138,6; 135,8; 134,4; 130,8; 129,3; 128,7;
1650 (C=0) d, J= 8,6 Hz); 7,38-7,20 (5H, m); 6,20 (IH, brs); 3,77 (2H, dt, J= 128,5; 127,7; 127,2; 126,7; 126,4; 125,9; 120,5;

6,8; 6,0 Hz) 2,97 (2H, t, J= 6,8 Hz) 41,3; 35,3

ITs NO2 Cl 3260 (N-H) 8,44 (1H, d, J= 2,8 Hz); 8,19 (I H, dd, J= 8,8; 2,8 Hz); 7,56 (I H, 164,1; 146,4; 138,2; 137,5; 136,4; 131,3; 128,8;

1650 (C=0) d, J= 8,8 Hz); 7,40-7,20 (5H, m); 6,14 (IH, br s); 3.79 (2H, dt, J= 128,75; 128,5; 127.6; 126,8; 1255; 1251;414;
6,8 Hz); 2,99 (2H, t, J= 6,8 Hz) 35.3

lr s02Me Cl 3260 (N-H) 8,10 (tH, d, J= 2,2 Hz); 7,89 (1H, dd, J= 8,4; 2,2 Hz); 7,58 (I H, 164,7; 139,4; 138,2; 136,74; 136,66; 131,3; 129,5;

1645 (C=0) d, J= 8,4 Hz); 7,39-7,21 (5H, m) 6,14 (IH, br s) 3,77 (2H, dt, J= 128,8; 128,75; 128,70; 126,7; 44,4; 41,3; 35,3
7,0; 6,0 Hz); 3,06 (JH, s); 2,97 (2H, t, J= 7,0 Hz)
111, H NHMe 7,42-7,15 (8H, m); 6,65 (IH, d, J= 8,2 Hz); 6,57-6,49 (IH, m);
6,05 (I H, brs); 3,65 (2H, dt, J= 7,1; 5,6 Hz); 2,91 (2H, t, J= 7,1
Hz); 2,85 (3H, d, J= 4,8 Hz)

lle H NMeTs 3380 (N-H) 7,73 (I H, dd, J= 7,4; 1,5Hz); 7,60 (2H, d, J= 8,0); 7,41-7,00 166,8; 144,2; 138,9; 138,1; 137,2; 133,9; 130,4;

1655 (C=0) (10H, m); 6,51 (1H, d, J= 8,0 Hz); 3,78 (2H, dt, J= 7,0; 6,0 Hz); 130,3; 129,6; 128,8; 128,7; 128,4; 128,3; 128,1;
3,10 (3H, s); 3,02 (2H, t, J= 7,0 Hz); 2,48 (3H, s) 126,6; 126,2; 41,2; 39,7; 35/4; 21,5
11)1( H NMeBn 7,40-6,96 (15H, m); 3,91 (2H, s); 3,76 (2H, dt, J= 7,0; 6,0 Hz);
2,92 (2H, t, J= 7,0 Hz); 2,41 (3H, s)

113 H NH> 3410 (N-H) 7,38-7,14 (7 H, m); 6,66 (t H, d, J= 8,6 Hz); 6,60 (I H, ddd, J= 169,2; 148,6; 138,9; 132,2; 128,8; 128,7; 126,9;
3290 (N-H) 8,0, 8,0,0,8 Hz); 6,03 (I H, brs); 549 (2 H, brs); 3,73-3,63 (2 H, 126,5; 117,2; 116,5; 116,1;40,8;35,7
1620 (C=0) m); 2,92 (2 H, t, J= 7,0 Hz)

1111 H NPhth 3255 (N-H) 7,93 (I H, dd, J= 5,6; 3,0 Hz); 7,89 (I H, d, J= 3,8 Hz); 7,80 (I H, 167,4; 166,8; 138,8; 134,2; 132,0; 131,2; 130,0;
1630 (C=0) d, J= 3,8 Hz); 7,77 (1 H, dd, J= 5,6; 3,0 Hz); 7,62-7,16 (9H, m); 129,9; 129,0; 128,7; 128,6; 128,3; 127,8; 126,5;
1720 (C=0) 6,10 (I H, t, J= 5,8 Hz); 3,54 (2H, dt, J= 7,0; 6,2 Hz); 2,80 (2H, t, 123,8; 41,0; 35,5

J= 7,0 Hz)




LIICKTD" UK, 11M.." J-'MP DC _11Iff 1

X
Coena R X I1K cnexrpsr, Cnexrpsr  DMP, 8, M.n, Cnexrpsr JIMP 13C,8, M.,n.
HeHHe v, eM-|
Illa H Cl 1615 (C=N) 7,46-7,16 (7H, m); 6,91 (IH, d, J= 7,4 Hz); 4,14-3,64 (2H, br s); 2,88 166,0; 138,3; 137,1; 132,5; 130,8; 130,3; 129,7; 129,5;
(2H, r,J= 7,0 Hz) 128,8; 127,3; 126,80; 126,77; 126,71; 47,7; 25,8
I 6 CF] Cl 1620 (C=N) 7,72 (1 H, d, J= 2,0 Hz); 7,64 (I H, dd, J= 8,4 Hz, 2,0 Hz); 7,55( IH, d, J= 165,1; 139,0; 137,1; 136,5; 131,3; 130,2; 128,3; 127,6;
8,4 Hz); 7,40 (1 H, dt, J= 7,4; 1,2Hz); 7,27 (2H, m); 7,19 (I H, dd, J= 7,4; 127,5; 127,0; 126,6; 126,5; 97,2; 47,8; 25,7
1,2 Hz); 6,86 (I H, d, J= 7,6 Hz); 3,97 (2H, m); 2,89 (2H, t, J= 7,2 Hz)
lila NO02 Cl 1620 (C=N) 8,33 (IH, d, J=2,6 Hz); 8,24 (IH, dd, J= 8,6; 2,6 Hz); 7,61 (IH, d, J= 8,6 164,4; 146,6; 139,69; 139,65; 137,1; 131,4; 130,7;
Hz); 7,41 (IH, dd, J= 7,6; 1,2 Hz); 7,32-7,16 (2H, m); 6,85 (IH, d, J= 7,6 129,5; 128,5; 128,0; 127,6; 127,0; 126,4; 47,9; 445;
Hz) 25,6
Ilr S02Me Cl 1620 (C=N) 8,03 (1H, d, J= 2,4 Hz); 7,95 (I H, dd, J= 8,4; 2,4 Hz); 7,65 (I H, d, J= 8,4 164,8; 139,7; 139,4; 138,8; 137,0; 131,4; 130,7; 129,5;
Hz); 7,41 (IH, ddd, J=7,6; 7,6; 1,2 Hz); 7,28 (IH, d, J= 7,6 Hz); 7,21 128,5; 128,0; 127,6; 127,0; 126,4; 47,9; 44,5; 25,7
(1H, ddd, J= 7,6; 7,6; 1,2 Hz); 6,82 (I H, d, J= 7,6 Hz); 4,22-3,64 (2H,
m); 3,10 (3H, s); 3,00-2,82 (2H, rn)
1K H NHMe 33/5 (N-H) 7,42-7,21 (6H, m); 7,09 (I H, br s); 6,75 (I H, d, J= 8,4 Hz); 6,64 (I H, 167,8; 149,1; 139,0; 131,3; 130,3; 129,4; 128,4; 127,1,
1610 (C=N) ddd, J=7,4; 7,4; 1,0 Hz); 3,87-3,80 (2H, m); 2,88 (3H, d, J= 2,6 Hz); 126,3; 120,2; 114,4; 110,5; 94,2; 47,0; 30,0; 26,4
2,80-2,73 (2H, m)
11le NO2 NHMe 3260 (N-H) 8,82 (I H, brs); 8,27 (I H, d, J= 2,6 Hz); 8,18 (1H, dd, J= 9,2; 2,6 Hz); 166,9; 154,3; 139,1; 135,5; 131,0; 128,6; 128,5; 127,8;
1610 (C=N) 7,47-7,25 (4H, m); 6,70 (1 H, d, J= 9,2 Hz); 3,86-3,78 (2H, rn); 3,00 (3H, 127,5; 126,9; 126,8; 117,4; 109,5; 47,0; 29,8; 26,3
d, J= 5,2 Hz); 2,79-2,72 (2H, m)
113 S02Me NHMe 3320 (N-H) 8,19 (I H, brs); 7,83-7,76 (2H, m); 7,45-7,21 (4H, m); 6,78 (I H, d, J= 167,0; 153,0; 139,0; 131,3; 130,9; 129,7; 128,6; 127,7;
1610 (C=N) 8,6 Hz); 3,87-3,79 (2H, m); 2,98 (3H, s); 2,95 (3H, d, J= 5.0 Hz); 2,79- 127,5; 126,9; 124,4; 118,6; 110,1;47,1;45,0;29,7;
2,72 (2H, m) 26,2
111H H NMeTs 1611 (C=N) 7,49-7,14 (IOH, rn); 7,04-6,99 (2H, m); 3,84 (2H, br s); 2,98 (3H, s); 166,1; 143,2; 140,2; 140,0; 137,6; 130,6; 130,5; 129,7;
1350 (S02N) 2,82 (2H, t, J= 7,2 Hz); 2,39 (3H, s) 129,3; 129,2; 128,1; 127,96; 127,95; 127,8; 127,4;
127,1; 126,5; 47,6; 39,6; 25,9; 21,5
K H NPhth 1780 (C=0) 7,74 (2H, dd, J= 5,8; 2,9 Hz); 7,68-7,61 (4H, rn); 7,58 (IH, dd, J= 7,4; 166,88; 165,3; 138,1; 136,7; 133,86; 133,8; 131,61;
1730 (C=0) Hz);7,54(IH,dd,J=7,4; 1,6 Hz); 7,41 (IH,dd,J=7,7; 1,3 Hz); 7,15- 131,6; 130,4; 130,2; 129,6; 129,2; 128,7; 128,3;
1715 (C=0) 6,95 (3H, m); 3,61 (2H, t, J= 7,0 Hz); 2,64 (2H, r,J= 7,0 Hz) 126,81; 126,5; 123,13; 123,12; 47,5, 255
1610(C=N)
[lIn H NH, 3419 (N-H); 7,39-7,12 (6H, m); 6,75 (I H, dd, J= 7,6; 1,3 Hz); 6,69 (IH, ddd, 7,6; 7,6; 167,4; 146,9; 138,8; 131,1; 130,4; 129,8; 129,1; 128,1;
3307 (N-H); 1,2 Hz); 5,11 (2H, br s); 3,87-3,81 (2H, m); 2,79-2,73 (2H, m) 127,2; 126,4; 121,4; 116,6; 116,5; 47,1; 26,2

1610 (C=N)




CneTpbl  HK, nMP_ HJMP 1ac 1.2.34-TCTpanll'pOH30XHIIONHIIOB IV

CoeJ(H- HK
HeHHe R X CNexrpsr, Cnexrpu nMP, 8, M.J(. Cnexrpu JIMP 13c, 8, M.J(.
v, CM"
IVa H Cl 3320 (N-H) | 7,41 (IH, dd, 7,2; 2,2 Hz); 7,26-7,12 (4H, m); 7,07 (IH, dd, J= 8,0; 4,6 Hz); 7,00 142,0; 136,9; 135,8; 134,0; 131,0; 129,5;
3260 (N-H) (AH, dd, J= 7,2; 2,2 Hz); 6,77 (1H, d, J= 7,6 Hz); 5,65 (1H, s); 3,20-2,80 (4H, m); 129, I; 128,4; 128,0; 126,6; 126,4; 125,7;
2,02 (I H, brs) 57,5; 41,2; 29,6
IV6 CFs3 NHMe 3330 (NH-) 7,45 (IH, dd, J= 8,8; 1,8 Hz); 7,21 (IH, d, J= 1,8 Hz); 7,17-7,00 (3H, m); 6,76 151,1; 136,5; 134,9; 129,0; 127,6; 126,7;
(1H, d, J= 7,8 Hz); 6,58 (1H, d, J= 8,8 Hz); 6,36 (1H, br s); 5,10 (I H, s); 3,33- 126,5; 126,1; 126,0; 125,6; 117,0; 116,6;
3,25 (1H, m); 3,14-3,03 (2H, rn); 2,88-2,60 (I H, m); 2,73 (3H, s); 1,95 (1H, br s) 109,4; 62,3; 43,0; 29,9; 29,6
IVB NO02 NHMe 3240 (N-H) 8,15 (IH, dd, J= 9,0; 2,6 Hz); 7,95 (IH, d, J= 2,6 Hz); 7,26-7,02 (4H, m); 6,78 153,9; 136,4; 135,7; 134,8; 129,2; 127,0;
(IH, d,J= 7,6 Hz); 6,51 (IH, d, J= 9,0 Hz); 5,14 (IH, s); 3,33-3,23 (IH, m); 3,13- 126,9; 126,3; 126,1; 126,0; 124,8; 108,6;
3,02 (2H, m); 2,88-2,75 (1H, m); 2,79 (3H, d, J= 5,0 Hz); 2,07 (I H, br s) 62, I; 42,8; 29,8; 29,4
I\Vr S02Me NHMe 3320 (N-H) 7,75 (IH, dd, J= 8,4; 2,2 Hz); 7,55 (IH, d, J= 2,2 Hz); 7,18-7,00 (3H, m) 6,77 152,7; 135,9; 134,9; 129,7; 129,1; 129,0;
(I H, brs); 6,73 (I H, d, J= 7,8 Hz); 6,59 (1H, d, J= 8,8 Hz); 5,13 (I H, s); 3,32- 126,8; 126,2; 125,9; 125,5; 125,2; 109,4;
3,18 (2H, m); 3,10-2,76 (2H, m); 3,03 (3H, s); 2,73 (3H, d, J= 5,0 Hz); 2,05 (1H, 62,4; 45,1; 43,1; 29,7, 29,5
br s)
IVJ( H NHMe 3307 (N-H) 7,23-7,13 (4H, m); 6,93 (1H, dd, J=7,8; 1,8 Hz); 6,82 (1H, d, J= 7,8 Hz); 6,68- 148,6; 137,5; 135,0; 130,7; 128,9; 128,6;
6,61 (1H, m); 6,62 (TH, d, J= 7,8 Hz); 5,10 (I H, s); 3,31-2,96 (3H, m); 2,87-2,66 | 126,8; 1265, 126,3; 1257, 1155; 110,5;
(IH, m); 2,71 (3H, s); 2,1-1,4 (IH, brs) 61,8; 42,7; 30,3; 29,6
Ve I NMcTs 3321 (N-H) | 7.68-7,56 (211,111);7,33 (2H, d, J= 8,0 liz); 7,26-6,92 (6H, m); 6,61-6,42 (2H, 01); 145,8; 143,7; 140,2; 139,3; 136,0; 134,1;
1342 (SO02N) 5,74 (1 H, s); 3,37-2,74 (4H, m); 3,26 (3H, s); 2,47 (3H, s); 1,85-1,50 (1H, brs) 131,7; 129,48; 129,47; 128,9; 128,8; 128,21;
128,20; 127,8; 127,5; 125,8; 125,7; 125,4;
56,1; 43,4; 40,0; 29,9; 21,6
IV)K H NH, 3388 (N-H) 7,18-6,98 (5H, 01);6,81 (IH, d, J= 7,8 Hz); 6,69 (IH, ddd, J=7,5; 7,5; 1,5 Hz); 146,2; 137,5; 135,2; 131,2; 129,1; 128,6;
3323 (N-H) 6,62 (1H, dd, J= 8,1; 1,2Hz); 5,09 (I H, s); 4,49 (2H, br s); 3,31-3,22 (1H, m); 127,3; 127,0; 126,6; 126,0; 117,5; 116,9;
3261 (N-H) 3,13-3,00 (2H, m); 2,84-2,75 (1H, m); 2,00 (I H, brs) 62,0; 43,1; 29,8




Tafinaua 5

1I3HHble  JJJeMeHTHoro  3H3JIH33 H TeMnep3Typbl nJJ3BJJeHHSIcoellHHeHHnN w
Bpyrro- Haiioeuo. % BbIXOJI",
COg,lIHHeHHe 4>0pMYlla BbrtIHCJIeHO, % Tum °C- Twr °C 6 %
o H N S
lla C.sH.4ACINO 6926 | 543 | 541 - 101...102 (A) 89
69,37 5,43 5,39
116 C IJ-113CIF3NO 5867 | 399 | 427 - 99... 100 (A) 80
58,64 4,00 4,27
Ils CIsH13CIN203 5913 | 421 | 218 - 159... 160 (A) 155 (E) 44 (90)
59,12 4,30 9,19
Ir C J-116CIN03S 5681 | 493 | 413 | 941 145... 146 (A) 76
56,89 4,77 415 9,49
13l C.J-lIsN20 73.10 695 | 1078 - 105... 106 (A) | 106... 107 (8) 79 (76)
72,98 6,89 | 10,64
lle C23H24N203S 6740 | 61 | 685 | LIS 89...90 (A) 62
67,62 5,92 6,86 7,85
IbK C23H2~20 8005 | 6.88 | 193 - 89...91 (A) 87
80,20 7,02 8,13
Ib ClsH.~20 7487 | 675 | 1L63 - 89...90 () 90...91 (M 75 (83)
74,97 6,71 | 11,66
11 C23H18N203 7405 | 462 | Ll2 - 133... 134 () 87
‘ 74,58 4,90 7,56
llla C.sHI2CIN 74.31 492 | L18 - 79...80 (E) 72
74,53 5,00 5,79
1116 CI~IICIF3N 6187 | 354 | 445 213..214 (A) | 212..214 OK) | 86 (40)
62,05 358 | 452
llis CIsHIICIN202 384 | 487 | 217 - 151..183 (A) 150 (5) 84 (73)
74,53 5,00 5,79
1Lir C.~ACIN02S 6009 | 445 | 424 - 161. .. 162 (3) 76
60,09 4,41 4,38
N C.J-116N2 8133 6.84 | 1181 - 75... 76 (A) MaCJlo 87 (95)
81,32 6,82 | 11,85
Ile CI~ISN302 6705 | 536 | 1455 - 149... 150 (A) 148 (5) 66 (92)
68,31 537 | 14,94
13 C17HISN202S 65,03 588 | 884 - 165... 166 (3) 53
64,94 5,77 8,91
ni C23H22N202S 7065 | 559 | za6 | 823 | 139..140(A) | 138.. 140 (B) | 30(43)
70,74 5,68 7,17 8,21
I CnH.6N202 7837 | 453 .92 - 189... 190 (f) 20
78,39 4,58 7,95
1 CIsHI4N2 8098 | 636 | 1260 - 96... 97 (A) 95...96 (B) 85 (94)
81,05 6,35 | 12,56
IVa C.sHI4NCI 74.50 594 6.05 - MacCJIO
73,92 5,79 5,75
IV6 C17H17F3N2 6620 | 544 | 894 - 131...132 (E) | 131..133(M | 75 (40
66,66 5,59 9,14
IvB CI~17N302 6671 | 581 | 14.62 - 185... 186 (F) 182 (n) 69 (76)
67,83 6,05 | 14,83
Ivr C17H20N202S 6466 | 644 | 8580 [ 1002 | 163.. 164 (f) 76
64,53 6,37 8,85 | 10,13
vl C.6H1SN? 79.63 769 | 1164 - 87...88 (M) MaCJIO 84 (98)
80,63 761 | 11,75
IVe C23H2~202S 7031 | 624 | 110 | 820 | 154..156(F) 72
70,38 6,16 7,14 8,17
IVI( CIsHIBN2 8009 | .37 | 1243 - 109-110 (A) 108 (n) (83)
) 80,32 7,19 | 12,49
CHCTeMbl paCTBOpHTelJleH 1JUl Kpl1CTallmnaUIlll: (A) rexcan-aranauerar, (5) 3qJItP, (B) aranon, (O 'rorryon-

geTpolleHHbIH  34>HP, (,U) 3<pHp-neTpOJleHHbIH 3<pllP, (E) rexcas,

) TeMneparypbl

B cKo6Kax naasr

nJlaBJIeHIDI B mrreparype

BbIXO.1Ibl113rnrreparypu

(2]
(2]

OK) aUeTOH-3gJI1p, (3) 3TI1J1aUeTaT, (M) 3TaHOJI-BOJla,
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Resolution of 1-Aryl-1,2,3,4-Tetrahydroisoquinolines via Crystallization of O-

Acetylmandelic Amides

E. Suna and P. Trapencieris
Latvian Institute of Organic Synthesis

Riga, Latvia LV 1006

Chiral 1-anilinotetrahydroisoquinolines are useful bidentate diamine ligands in
asymmetric synthesis. Commercially available non-racemic diamine CAPTIQ 1 has
already found application as “chiral acid” in asymmetric protonation of amide
enolates." As a part of our studies toward synthesis of various CAPTIQ analogs we
tested the most convenient route to desired chiral isoquinolines. Diastereomeric salts
crystallization® required extensive trial-and-error procedure to evaluate the most
appropriate resolving agent for each particular substrate and was effective only for
certain diamines®> An alternative approach to various CAPTIQ analogs is the
preparation of a key intermediate by resolution technique and subsequent chemical
transformations of optically pure material. The most suitable candidate for the key
structure is 1-(2-nitrophenyl)-1,2,3,4-tetrahydroisoquinoline 2 that would give access
both to aniline 3 and its analogs such as arylhydroxylamines. Unsuccessful racemic
nitro-isoquinoline 2 resolution via diastereomeric salts urged us to examine covalently
bonded chiral auxiliaries that would allow to separate the diastereomer pair by
chromatography if crystallization technique would be ineffective. Successful reports on

O-acetylmandelic acid 4 mediated racemic amine resolution by chromatography* and



crystallization technique' stimulated us to apply this crural reagent for the resolution of
nitro-isoquinoline 2.

Crude amide 5 as a 1:1 mixture of diastereomers was easily prepared in 95%
yield by DMAP catalyzed racemic nitro-isoquinoline 2 condensation with (R)-O-
acetylmandelic acid 4 in the presence of dicyclohexylacarbodiimide (DCC). As the
product was contaminated with dicyclohexylurea, crystallization from EtOAc-hexanes
was employed affording amide 5a as colorless needles. The ratio of diastereomers was
determined for crystals by IH_NNIR® and was shown to be > 955 (>90% de).
Repeated crystallization form EtOAc-hexanes increased purity to >99% de, affording a
single diastereomer 5a in 31% overall yield. The absolute configuration at isoquinoline
carbon was confirmed to be (R) by X-ray crystallography.

With single diastereomer 5a in hand the racemization-free chiral auxilliary
removal became a crucial issue. Cleavage with aqueous HCI® caused partial
racemization (54% ee with 6N HCI and 67% ee with IN HCI). Similarly, reductive
methods (DffiAL,7 CH.Ch, _1000 C and LiB~ in MeOH-THF,8 reflux) afforded
partially racernized product 3a with 47% and 75% ee, respectively. Poor solubility of
Sa in common solvents (toluene, Et,0, THF) precluded use of alternative methods
(LiAIHJEt.0).9 Presumably, nitro group conversion to amine could solve solubility
issue. Pd-catalyzed hydrogenation of nitrobenzene 5a in glacial acetic acid yielded
anilino-isoquinoline 6a (62% yield) accompanied with unexpected O-acetylmandelyl
anilide 7a (39%). IH-NMR experiment in acetic acid-d, showed that 50% of aniline 6a
had rearranged to isoquinoline 7a in Sh at 20 DCand after 64 h at room temperature
only 4% of starting material could be observed. Lack of O-acetylmandelyl group
migration product 7a in acetonitrile-d, (polar aprotic solvent) and methanol-d. (polar

protic solvent) after ISh at 70 DCfollowed by 72h at 20 DC suggests that acidic



is crucial for the rearrangement. To avoid complications with chiral auxiliary cleavage
one desirable option is to attach O-acetylmandelyl group to aniline nitrogen, leaving
secondary amine unsubstituted. Corresponding anilide 9 was prepared in 79% overall
yield from anilino-isoquinoline 8 and chiral acid 4 under standard conditions
(DCC/cat. DMAP), followed by imine reduction with NaCNBH;. Two crystallizations
afforded diastereomerically pure product 9b (28%, >99% de) with (S) absolute
configuration at isoquinoline according to X-ray crystallography. Chiral auxiliary was
readily cleaved without complications encountered with nitro analogue. Thus, reflux in
IN HCI for 4 hours gave single diamine 3b enantiomer in 95% yield and with > 99%
ee.

With practical access to >99% enantiomerically pure 3b established, the
problem of inexpensive preparative scale diamine 3a-b synthesis was investigated. This
was achieved by combination of (R)-O-acetylmandelyl auxiliary mediated racemate
resolution with diastereomeric tartrate crystallization technique. Thus, chiral diamine
3a and 3b salts with L(+) tartaric acid were used as a seed in crystallization of racemic
diamine 3 L(+) tartrates. Generally 4 to 6 crystallizations at 10 g loading level were
necessary to obtain desired diamines 3a or 3b after acid-base extractive workup in ca.
10% overall yield and > 99% ee.

Tartrates crystallization with seeding provided sufficient chiral material to
synthesize a number of CAPTIQ analogs. After protecting isoquinoline 3b nitrogen as
Cbz derivative 9b, N-phenylation according to the Barton procedure' followed by N-
protecting group hydrogenolysis afforded chiral N-phenylaniline 10 in 56% overall
yield and with > 99% ee. (S)-N-isopropyl-diamine 11 was readily obtained by reductive
alkylation procedure (84% overall yield) and reaction of (R)-diamine 3a with N,N-

dimethylsulfamoyl chloride afforded amide 12 in 18% overall yield.



All prepared CAPTIQ analogs will be tested as "chiral acids” in asymmetric

protonatiou of amideenolates.
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Experimental Section.
1-(2-Nitrophenyl)-1,2,3,4-tetrahydroisoquinoline (2).

To a solution of 1-(2-nitropheny1)-3,4-dihydroisoquinoline'* (2.00 g, 7.93 mmot) in 20 mL of
glacial acetic acid was added NaCNBHj; (Aldrich; 0.93 g, 14.8 mmol) portionwise within 20 min. The
reaction mixture was stirred under N, at RT for 3 hours, poured on crashed ice and basified by careful
addition of concentrated NaOH solution. The mixture was extracted with CH-Cl: (4x30 mlL). the
organic laver was washed with brine (2x30 mL) and dried (Na.SO,). Filtration and solvent
evaporation (aspirator) afforded yellow oil that was dissolved in CH,Cl; (20 mL) and filtered through
a silica gel pad with CH,Cl, rinse. The filtrate was concentrated in vacuo and the resulting yellow
solid was recrystallized from EtOAc - hexane to obtain yellow crystalline material (1.74 g, 86%):;
analvtical TLC on silica gel. 1:2 EtOAc/hexane, Rf= 0.47. Pure material was obtained by
crystallization from EtOAc/hexane. mp 89-90 °C. No parent ion for C;sH,sN>, M-1, 221.1075. error =
2 ppm: IR (KBr, cm™) 3253, N-H; 1520, NO,; 300 MHz NMR (CDCl;, ppm) 8 7.81 (1 H, dd. J= 7.8,
1.5 Hz) 7.44 (1 H, ddd, J= 7.8, 7.8, 1.5 Hz) 7.38 (1 H. ddd, J= 7.8, 7.8, 1.5 Hz) 7.18-7.14 (3 H. m)
7.09-7.01 (1 H, m) 6.71 (1 H. d. J= 7.8 Hz) 5.60 (1 H, s) 3.21-2.96 (3 H, m) 2.90-2.80 (1 H, m) 2.40
(1 H.'s). "C NMR (75 MHz, CDCl;, ppm) 3 150.3, 138.9, 136.4, 136.0, 1323, 132.0, 129.2. 128.03,
127.97, 126.6, 125.8, 123.8, 56.0, 41.3, 29.5.

2-[(R)-O-Acetylmandelyl)]-1-(R)-(2-nitrophenyl)-1,2,3,4-tetrahydroisoquinoline (3a)

1-(2-Nitrophenyl)-1,2,3,4-tetrahydroisoquinoline  (2) (325 mg, 1.29 mmol), (R)-O-
-acetylmandelic acid (4) (Aldrich; 257 mg, 1.33 mmol) and N,N-dimethylaminopyridine (Aldrich; 19
mg, 0.16 mmol) were placed in 20 mL of drv CH,Cl, under N; and cooled to 0°C in an ice bath.
Dicyclohexylcarbodiimide (Aldrich; 309 mg, 1.50 mmol) was slowly added via syringe as a solution
in 5 mL of dry CH,Cl.. The reaction mixture was gradually warmed to RT and stirred for 12 h. White
precipitate was removed by filtration and solvent evaporation in vacuo (aspirator) afforded a white
solid. Crystallization from 1:1 EtQOAc/hexane gave colorless needles and additional recrystallization
from 1:1 EtOAc/hexane yielded diastereomerically pure product 5a (170 mg, 31%), mp 213-214 oc.
Analytical TLC on silica gel. 1:1 EtOAc/hexane, Rf= 0.44; analytical HPLC on CSP (Daicel
CHIRACEL OD. 25 cm x 4.6 mm 1.D.). mobile phase 15%i-PrOH:85%Hex, flow rate 1.0 mL/min,
retention time 14.4 min. (R R-isomer. major) and 21.2 min. (S.R-isomer, minor), ratio 99.5:0.3
(>99% de). Optical rotation: [a]p= -33 (¢=0.77, CHCl;). No parent ion for C;sH»N.Os; M+1,
431.1606, error = 7 ppm; IR (XBr, cm™) 1738, C=0; 1655, C=0; 1531, NO,, 300 MHz NMR
(CDCls, ppm) 6 7.83 (1 H, dd, J= 7.8, 1.2 Hz) 7.39-7.05 (11 H, m) 6.87 (1 H, dd, J= 7.2, 1.5 Hz) 6.30
(1H.5)3.95-3.88 (1 H, m) 3.26-3.08 (2 H, m) 2.91-2.81 (1 H, m) 2.11 (3 H, 5). *C NMR (75 MHz,
CDCl;. ppm) 5 170.4, 166.8, 150.4, 136.8, 133.9, 133.6, 133.1, 131.9, 129.7, 129.1, 128.8, 128.7,
128.6. 128.5. 128.3, 127.8, 127.0, 126.8, 123.6. 118.3,73.2, 51.5,40.7, 29.2, 20.7.

1-(2-Aminophenyl)-3, 4-dihydroisoquinoline (8)

To a solution of 1-(2-nilr0pheny1)-3,4-dihydroisoquinolinel‘ (1.26 g. 5.00 mmol) in 13 mL of
EtOH-H,O 1:1 was added iron powder (0.87 g, 15.6 mmol) and reaction mixture was brought to
reflux. Concentrated hydrochloric acid (0.1 mL) was added in one portion to the refluxing mixture
and boiling was continued for 3 hours. After cooling the dark brown solution was filtered through a
celite pad with EtOH rinse. The filtrate was concentrated in vacuo (aspirator) to give orange-red oil,
which was treated with saturated NaHCO; (10 mL) and extracted with CH,Cl, (3x20 mL). Combined
organic extracts were washed with brine (50 mlL). dried (Na.SO,) and concentrated in vacuo
(aspirator) to give yellowish oil. The crude oil was dissolved in CH>Cl; (10 mL) and filtered through a
silica pad with CH,Cl, rinse. The filtrate was concentrated in vacuo (aspirator) affording yellow
crystalline material (0.75 g, 68 %): analstical TLC on silica:gel, 1:1 EtOAc/hexane, Rf= 0.33. Pure
Material was obtained by crystallization from ethyl acetate/hexane, mp 96-97 °C. No parent ion for
CisH3NLO-; M-1, 253.0983, error = 2 ppm; IR (KBr, cm™) 3419. N-H: 3307. N-H: 1610, C=N: 300
MHz NMR (CDCls, ppm) 8 7.39-7.12 (6 H. m) 6.77-6.66 (2 H.m)3.11 (2 H.brs) 3.87-3.81 (2 H. m)
279273 (2 H. m).

($)-1-(2-[(R)-O-Acetylmandelyl|aminophenyl)-1, 2, 3, 4-tetrahydroisoquinoline
(7h).

1-(2-Aminopheny!)-3,4-dihvdroisoquinoline (8) (1.88 g. 8.48 mmol), (R)-O-acetylmandelic
acid (4) {Aldrich: 1.69 g, 8.73 mmol) and N, N-dimethylaminopyridine (Aldricly, 136 mg, 1.11 mmol)



were placed in dry CH,Cl;, (100 mL) under N, and cooled to 0°C in an ice bath.
Dicyclohexylcarbodiimide (Aldrich; 2.59 g, 12.5 mumol) was gradually added via syringe as a solution
in drv CH»Cl> (10 mL) and the reaction mixture was warmed to RT and stirred overnight. White
precipitate was removed by filtration. solvent was evaporated in vacuo (aspirator) and the resulting
yellowish oil was dissolved in CH,Cl; (20 mL). Filtered through a silica pad with CH,Cl, nnse and
filtrate concentration in vacuo (aspirator) afforded 1-(2-[(R)-O-acetylmandelyl]aminophenyl)-3,4-
dihydroisoquinoline as a colorless oil (3.23 g, 96% yield). The crude material was used for the next
step  without further purification  (starting material RgF=031, product R=0.56,
EtOAc:hexane=2:5).Thus, to a solution of the crude o1l (3.23 g, 8.11 mmol) in 30 mL of glacial acetic
acid was added NaCNBHj; (Aldrich; 1.02 g, 16.2 mmol) portionwise within 25 min. The reaction
mixture was stirred under N at RT for 3 hours, poured on crashed ice and basified by careful addition
of concentrated NaOH solution. The mixture was extracted with CH.Cl, (4x20 mlL), combined
organic extracts were washed with brine (2x20 mL), doed (Na,SO,) and concentrated in vacuo
(aspirator). The resulting yellowish oil was dissolved in CH,Cl; (20 mL) and filtered through a silica
pad with CH,Cl, rinse. Concentration of the filtrate in vacuo (aspirator) afforded white solid, which
was recrystallized twice from EtOAc-hexane to obtain diastereomerically pure (S,R)-acetylmandelyl-
isoquinoline 7b as a colorless prisms (0.90 g. 28%), mp 191-192 °C. Analytical TLC on silica gel, 1:1
EtOAc/hexane, Rf= 0.14. Optical rotation: [a]p= -220 (c=1.09, DMF). Molecular ion calcd for
C2sH24N,05: 400.17871; found m/e= 400.1803, error = 4 ppm; IR (KBr, cm™) 3311, N-H: 1738, C=0;
1685, C=0; 300 MHz NMR (CDCl;, ppm) 3 11.25 (1 H, s) 8.33 (1 H, dd, J= 8.1, 1.2Hz) 7.38-7.02 (9
H, m) 6.82-6.79 (2 H, m) 6.64 (1 H, d, J=8.1 Hz) 6.10 (1 H, 5) 5.11 (1 H, s) 3.43-3.17 (3 H, m) 2.91-
2.83 (1 H. m) 2.21 (3 H,s) 1.66 (1 H, brs). *C NMR (75 MHz, CDCl;, ppm) 5 168.8, 166.2, 136.9,
136.5, 135.3, 133.9, 130.8, 130.4, 128.9, 128.6, 128.5, 128.4, 127.8, 126.7, 126.5, 126.2, 1235,
122.1, 75.9, 63.2, 43.9, 28.9, 20.7.

(5)-1-(2-Aminophenyl)-1,2,3,4-tetrahydroisoquinoline (3b)

(S,R)-Acetylmandelyl-isoquinoline 7b (200 mg, 0.5 mmol) as a solid material was added to
IN HCI (20 mL) and reaction mixture was refluxed for 4 hours. The clear solution was cooled to 0°C
and basified by careful addition of concentrated NaOH solution. The mixture was extracted with
CH,Cl, (3x10 mL), organic layer was washed with brine (2x10 mL), dried (Na,SO,) and concentrated
in vacuo to obtain a white solid (106 mg, 95%), analytical TLC on silica gel, 1:1 EtOAc/hexane, Rf=
0.2: analytical HPLC on CSP (Daicel CHIRACEL OD, 25 cm x 4.6 mm ID), 20%i-
PrOH:80%Hex:0.1%ELN, flow rate 0.9 mL/min, retention time 23.2 min (S-isomer, major) and 37.4
min (R-isomer, minor), ratio 99.5:0.5 (>99% ee). Pure material was obtained by crystallization from
ethyl acetate/hexane, mp 113-114 °C, colorless needles. Optical rotation: [a]p= +5.2 (c=1.5, 95%
E1OH). Molecular ion calcd for CisH N2 224.13139; found m/e= 224.1312, error = 1 ppm: IR (XBr,
cm™) 3388, N-H; 3323, N-H; 300 MHz NMR (CDCls, ppm) 5 7.18-6.98 (5H, m)6.81 (1 H, d, J=7.8
Hz) 6.62 (1 H, dd, J=8.1, 1.2 Hz) 6.69 (1 H, ddd, J= 7.5, 7.5, 1.5 Hz) 5.09 (1 H, s) 4.49 (2 H, br s)
3.31-3.22 (1 H, m) 3.13-3.00 (2 H. m) 2.84-2.75 (1 H, m) 2.00 (1 H, br 5). ’C NMR (75 MHz,
CDCl;, ppm) & 146.2, 137.5, 135.2. 131.2, 129.1, 128.6, 127.0. 127.3. 126.0, 126.6. 117.5, 116.9,
62.0.43.1. 29.8.

(5)-1-(2-Aminophenyl)-2-benzyloxycarbonyl-1,2,3,4-tetrahydroisoquinoline (9b)

To a solution of (S)-diamine 3b (1.0 g, 4.46 mmol) in dry CH;Cl, (100 mL) at room
temperature was added triethylamine (1.9 mL, 13.4 mmol) followed by neat benzyl chloroformate
(Aldrich; 1.1 mL, 7.8 mmol) and the mixture was stirred for 12 h. The reaction was poured into water
(100 mL) and extracted with CH,Cl, (4x50 mL). The organic layer was washed with brine (50 mL),
dried (Na,SO,) and concentrated in vacuo (aspirator) to give a yellowish oil, which was purified by
flash column chromatography (150 mL of silica gel. column size 4x18 cm. eluent CH,Cl,). Collected
fractions #6 - #31 (50 mL ea) afforded a colorless oil 1.13 g (71%). analytical TLC on silica gel. 2:3
EtOAc/hexane, Rf= 0.7. Optical rotation: [o]p= -191 (c=1.29, 93% EtOH). Molecular ion calcd for
C33H-,N,0-: 358.16815:; found m/e= 358.1681, error = 0 ppm; IR (KBr, cem’’) 3431, N-H: 1638, C=0;
300 MHz NMR (CDCls, ppm) 8 7.37-7.33 (5 H, m) 7.24-7.11 (3 H, m) 7.08-7.02 (1 H, m) 6.97 (1 R,
d,J=75H2) 668 (1 H,d,J=8.1Hz) 6.54-6.47 3 H. m) 522 (1 H, d,J= 123 Hz) 5.14 (1 H. d. J=
12.3 Hz) 4.81 (1 H, brs) 4.10 (1 H, dd, J=13.5, 5.5 Hz) 3.28-3.00 (2 H, m) 2.82 (1 H. dd. J= 16.5. 3.6
Hz). °C NMR (75 MHz, CDCls, ppm) 8 155.9. 1439, 136.2. 135.3. 134.5. 130.7. 128.8, 128.6.
128.5. 128.4. 127.97. 127.95. 127.73. 127.70. 126.7. 126.0. 1254, 116.6. 115.4. 67.4. 54.0. 37.1,



28.1.

(S)-1-(2-Phenylaminophenyl)-1, 2, 3, 4-tetrahydroisoquinoline (10)

(S)-Cbz-diamine 9b (1.13 g, 3.15 mmol), triphenylbismuth (Aldrich, 1.66 g, 3.78 mmol) and
copper (1) acetate (dried overnight at 105 °C in vacuo over P,Os) (572 mg, 3.15 mmol) were placed
in dry CH:Cl- (50 mL) and stirred at RT under N, for 90 hours. The mixture was filtered through a
celite pad with CH,Cl, rinsing, the filtrate was evaporated (aspirator) and the residue was purified by
flash column chromatography (200 mL of silica gel. column size 4x17 cm, gradient elution from
CH-Cl,:hexane=1:4 to CH,Cl;:hexane=1:1) and collected fractions (R=0.48, CH,Cl,:hexane=1:1)
gave a colorless oil (840 mg, 61%). The crude oil (840 mg, 1.93 mmol) was dissolved in 2:1 mixture
of methanol (20 mL) and EtOAc (10 mL) and 10% Pd/C (215 mg) was added. The reaction mixture
was stirred under H, atmosphere at RT and it was monitored by TLC analysis. The reaction was
completed within 1 hour and Pd/C was filtered through a celite pad with MeOH rinsing. The filtrate
was concentrated in vacuo (aspirator) to give a yellow oil, which was purified by preparative TLC
(silica gel, plate size 20x20 cm, elution: EtOAc:Hex=1:5) and yellowish oil (640 mg, 95%) was
obtained: analytical TLC on silica gel, 2:5 EtOAc/hexane, Rf= 0.4; analytical HPLC on CSP (Daicel
CHIRACEL OD. 25 cm x 4.6 mm I.D.), mobile phase 5%i-PrOH:95%Hex :0.1%Et,NH, flow rate 0.9
mL/min, retention time 16.6 min. (S-isomer, major) and 21.2 min. (R-isomer, minor), ratio >99:1
(99% ee). Optical rotation: [a]p= +3.5 (c=1.58, CHCl;). Molecular ion caled for C,HaoNa:
300.16269; found m/e= 300.1628, error = 0 ppm; IR (neat, cm™) 3290, N-H; 1591, C-(Ar); 300 MHz
NMR (CDCls, ppm) 8 8.31 (1 H, brs) 7.36 (1 H, dd, J= 4.0, 1.2 Hz) 7.21-6.75 (12 H, m) 5.15 (1 H, s)
3.27-3.20 (1 H. m) 3.12-2.94 (2 H, m) 2.83-2.75 (1 H. m) 2.12 (1 H, br s). *C NMR (75 MHz,
CDCls. ppm) 8 143.3, 1429, 137.3, 134.8, 131.2, 131.0, 128.95, 12891, 128.1, 1269, 1263, 125.7,
1198, 119.5. 117.4. 117.3,61.1, 42.2,29.5.

(S)-1-(2-Isopropylaminophenyl)-1, 2, 3, 4-tetrahvdroisoquinoline (11)

To a solution of (S)-Cbz-diamine 9b (1.01 g, 2.82 mmol) in 4:1 mixture of reagent grade
acetone (20 mL) and glacial acetic acid (5 mL) was added NaCNBH; (Aldrich; 350 mg, 5.63 mmol)
portionwise within 13 min. The reaction mixture was stirred under N; at RT and it was monitored by
TLC analysis. The reaction was completed in less than 2 hours (starting material R=0.12, product
Rf=0.41, 10% EtOAc in hexane). The reaction mixture was concentrated in vacuo (aspirator) and to
the residue 2 N NaOH (60 mL) was added. NaOH layer was washed with CH,Cl, (4x20 mL). Organic
extracts were combined, washed with 2 N NaOH (20 mL), water (2x20 mL), brine (20 mL) and dried
{Na,SO,). Solvent removal (aspirator) afforded a vellowish oil that was dissolved in 5 mL CH,Cl.
After filtration through a silica pad with CH,Cl rinsing and solvent evaporation (aspirator) (S)-Cbz-
N-isopropylisoquinoline was obtained as a colorless oil (1.01 g, 89% yield). The crude oil (1.01 g,
2.52 mmol) was dissolved in 2:1 mixture of methano! (20 mL) and EtOAc (10 mL) and 10% Pd/C
(400 mg) was added. The reaction mixture was stirred under H, atmosphere using H; balloon at RT
and it was monitored by TLC analysis. The reaction was completed within 1.5 hour and Pd/C was
filtered through a celite pad with MeOH rinsing. The filtrate was concentrated in vacuo to give a
yellow oil, which was purified by flash column chromatography (150 mL of silica gel, column size
4x18 cm. eluent 20% EtOAc in hexane) and collected fractions #5 - #10 (50 mL each) gave a
colorless oil (640 mg, 95%). analytical TLC on silica gel. 2:5 EtOAc/hexane, Rf= 0.5; analytical
HPLC on CSP (Daicel CHIRACEL OD. 25 cm x 46 mm ID.), mobile phase
0.5%EIOH:95.5%Hex:0.1%Et,NH, flow rate 1.0 mL/min, retention time 6.3 min. (S-isomer, major)
and 8.6 min. (R-isomer, minor), ratio > 99:1 (99% ee). Optical rotation: [o]p= -22.4 (c=0.78, CHCl;);
IR (neat, cm™) 3329, N-H; 1603, C-H(Ar); 300 MHz NMR (CDCls, ppm) & 7.18-7.07 (3 H, m) 7.01-
6.94 2 H, m) 6.76 (1 H, d, J= 7.7 Hz) 6.63-6.56 (2 H, m) 5.03 (1 H, s) 3.44 (1 H, sept, J= 6.3 Hz)
327-3.18 (1 H. m) 3.08-2.97 (2H, m) 2.82-2.70 (1 H, m) 1.09 3 H, d, J=6.3Hz) 0.73 3 H, d, ]= 6.3
Hz). ®C NMR (75 MHz, CDCl;, ppm) & 146.8. 137.9, 135.1, 131.1, 128.6, 128.5, 126.8, 126.7,
126.1.125.7. 115.1. 112.1.62.4,43.7.43.1.29.8. 230,22 4.

(R)-1-(2-Dimethylsulfamoylaminophenyl)-1,2,3 4-tetrahydroisoquinoline (12).

To a solution of (R)-Cbz-diamine 9a (1.11 g. 3.10 mmol) in dry pyridine (20 mL) was added
N.N-dimethylsulfamoyl chloride (Aldrich, 1.7 mL. 15.8 mmol) as a neat solution via syringe and
stirred under N at 90°C for 6 hours. The reaction mixture was poured into 2N HCI (250 mL) and
extracted with CHCl; (3x20 mL). Organic extracts were combined, washed with water (2x20 mL).



brine (20 mL) and dried (Na.S04). After filtration and solvent removal (aspirator) the residue was
purified by flash column chromatography (200 m.L of silica. gel, column size 4xI9 em, eluent CH,ChJ
and collected fractions #8- :#14 (50 mLeach, RFO.32, 40% EtOAc in Hex) gave a colorless oil (510
mg, 35%). The crude oil (510 mg, 1.18 mmol) was dissolved in EtDAc (10 rnL) and 10% Pd/C (250
mg) was added. The mixture was stirred under H, atmosphere at RT and it was monitored by ILC
analysis. The reaction was completed within 3 hour and filtration through a celite pad with EtOAc
rinsing, followed with solvent removal (aspirator) afforded a white solid (234 mg, 60%); analytical
TLC on silica gel, 1:1 EtOAc/hexane, Rf= 0.45; analytical HPLC on CSP (Daicel CHIRACEL OD, 25
em x 4.6 rom 1.D.), mobile phase .50/aEtDH:95%Hex:0.1%EhNH, flow rate 1.0 mL/mi:n, retention
time 2L7 min. (S~isomer, minor) and 29.4 min. (R-isomer, major), ratio> 99:1 (99% ee). Pure
material was obtained by crystallization  from ethyl acetate/hexane, mp 123~124°C, colorless needles.
Optical rotation: [0.10™+60.2 (""0.67, eHCI3).- No parent ion for C17H2IN302S,; M45, 286 .D786,
error> 3 ppm; base peak "*22lamu; IR (KErem-) 3314, N~H; 1139, 502, 300 tvlHz NMR. (CDCh,
ppm) 8 11.5.95 (1 fl, brs) 754 (1 H, dd, J" 8.1, 1.2Hz) 7.29-7~20(2 H, rn) 7.14~7.08 (2 H, m) 7.04~
6.97 (2 H,m) 6.71 (L H, d];== 81 Hz) 513 (1 H, s) 3.38 (I H, ddd, J= 10"8,5.1,2 .3 Hz) 3.28~3.17 (1
H..m) 3.08 (1 H, td, J" 10.8, 3.5 Hz) 2.82 (I H, br d, s:: 15.9 Hz) 2.27 (6 H, s). 13c NMR (75 MHz,
CDCh, ppm) 8 138.1, 136.5, 135.2. 131.1, 129.2, 129.3, 129.0, 127.1, 126.2,. 126.9, 122.0, 118.3,
627.43.2  37.4.29.6.
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Tabl. 1. Cry-tal e!at. be! _truc:tura rftfinBlll.ent fo-r '1.

Ident if ica.tioncode 8aol

Empl.rical formula

Crystal color, habit colorless transparent pz:ism
crystal size 0.45 x 0.45 x 0.35 mm

crystal ey.tam Orthorhombic

space group P212121

Colt cell d.imensions a s 8.1269 (2) A et = 90°

b - 16.2685¢(2) A f . 90°
c - 16.7232(3) A  *1ee90?

Volume 2211~02(7) A®
Peaks to d.etermi:ne cell 1345

¢ range of cellpeakli 3.0 to 25.5°
Temperature 133(2) It
Wavelength 0.71073. A

l 4

Formula weight 430.45

Denaity (ca.lculated) 1.293 Mglro3
1\:baorptloncoef fie lent 0.091 mm-l

F(000) 904



pata COllection

I ffract.ome... ter .
, range far data collection

-dex ranges

scan Type

Scarl Time

San  RangEl
Dtecto.r-to-sample  distance
andard peaks

Reflections collected
I+dependent reflections

Siemens P410CO
1. 75 to 25.96°
-9 ~h ~5,-19 S;k. S;14,
phi scan frames
30 sec | frame
o,

0.3 in phi

5.700 em

-20

250 peaks remeasured at end

showed a maximum variation
8107

3810 (Riot e0.0231)

s; T 5:20

of 0.52 %.



Solution and Refinement

solution
Refinement method
Hydrogen atolDS

WeLghting scheme

w = naes

direct methods
Full-matrix lea.st-squa.rea

riding

2
+ (0.027BP) ° + 1.02.23P]

where P ., 1F 2+ 2F 2]/3
o c

Data | restraints

Goodness-of-fit on F2
Final R indices [1>2a () )
R indices (all data)
Observed data [I1>2a( 1) ]

Absolute structure param.et'er

Extinctlon  coefficient
Largest diff. peak and hole

Largest and mean 6 lead

| parame.ters

ssoB | o I 290
1.193

R1 ""0.0357, wR:2- 0.0819
R~ 0= 0.0422, WR2 ==®.0932
3543
-0.9(11) (not reliable)
0.0133(9)

a.166 and -0.186 €A

-0.00~and 0.000

on
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SKART software Reference Manual (19941. Slemens Analytical

x-ray Instruments, 6300 EnterprLseDr., Hadie.on, WI 53719-.1173, DSA.

~t. Redu.ction.
SF\INTVeralon 4 Software ReferQnce Manual (1995).Siemens  Analytical

X-ray Inatrwnents, 6300 Enterp.rise Dr., Madison, WI 53719-1173, USA.

‘tructure  solutiOl:l, Refia_el:It and Graphi.clil
G. M.Sheldrick (1994). SHELXTLVersion 5 Reference Manual. Siemens An.a-
lytical X-ray Instrumenta,6300Enterprise Dr., Madison, WI 53719-1113,

International Tables for c.rystallography, Vol C., Tables 6.1.1.4,
4.2.6.8, and 4.2.4.2, J:luwer: Boston.
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H. D. Plack (1983) « Acta Cry.at.A39, 876-881.
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l,cllllaneou s

[h@displacement ellipsoids  were drawn at the 50\ probability level.
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:I'able 1. crystal data. and structure refinelllent for 1.

ldentification code
Empirical formula
cry.stal color, habit
crystal size

crystal system

space group

Unit cell dimensions

Volume

IPeaksto dete.rmineeell

{l range of cell peaks.

Temperature
Wavelength

Z

Formula weight
Density (calculated)
itlbaorption coefficient

P{000)

es02

colorless transparent
054 x 0.54 X 0.50mm
Orthorhombic

P212121

a = 10.1689(2) A a
b ~ 14.0652(4) A ¢ -

90°
90°

c . 14.4694{4) A 1"-90°

2069.52(9) @3
741
3.0 to 25.0°
133(2) K
0.71073 A
4
400.46

3
1.265 Mg/m-
1

0.085 mm

848



hta Collect.J.oXI.

"If ractometer

range for data collection
dex ranges

an Type

an Time

an Range

i;ecbor-to-a.ampé distance

tlandard peaks

~nections collected

Il'deoanil<>nt reflections

Siemens P4/CCD
2.02 to 25.84°
-12 S:h S;6, -1' :5k. :51.5,-16 ;|
phlacan frames

10 sec | frame

138 peaks remeasured at end

showed a maximumvariation of -0.52
7442

3422 (R} t o 0.0172)

.:512

t.



Solution and Refiaement.

Solution d.irectmethods
Ref inement method Full-matrix least-squares on F2
Hydrogen atoms riding

ilel.ghting scheme
2 2
w e 1/(. (F0 2) + (0.0372P) .+ 0.5777PI
where P « IF? + 2F 2J3
ocC

Data / restraints / pa.ram.etere 3422 | 0/ 272

Goodnees-of-f it on F? 1.061
Pinal R indices [1>20'( 1) | RI ::0.0296, wR2 ""0.0772
Rindices (all data) Rl "™ 0.0300, wR2. " 0.0776
Observed data (1)20'(1)] 33B5
Absolute structure parameter 0.1(10)
Extinct 10ncoe ffl0ient 0.0066 (10)

. A_S
Largest diff .pea.k and bole 0.378 and -0.384 €

Largest and mean .1./ eed 0.000 and 0.000
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Experimental

A colorless prism-shaped crystal of dimensions 0.48 x 0.42 x 0.36 mm
was selected for structural analysis. Intensity data for this compound were
collected using a Siemens SMART ccd area detector(1) mounted on a Siemens
P4 diffractometer equipped with graphite-monochromated Mo Ko radiation (A
=(.71073 A). The sample was cooled to 133(2) K. The intensity data, which
nominally covered one and a half hemispheres of reciprocal space, were
measured as a series of ¢ oscillation frames each of 0.4 ° for 15 sec / frame.
The detector was operated in 512 x 512 mode and was positioned 5.26 cm
from the sample. Coverage of unique data was 99.9 % complete to 25.00
degrees in 0. Cell parameters were determined from a non-linear least
squares fit of 5423 peaks in the range 3.0 < 6 < 25.0°. The first 50 frames
were repeated at the end of data collection and yielded a total of 253 peaks
showing a variation of -0.32 % during the data collection. A total of 8282
data were measured in the range 2.38 < 6 < 29.19°. The data were
corrected for absorption by the empirical method (2) giving minimum and
maximum transmission factors of 0.671 and 0.928. The data were merged to
form a set of 4139 independent data with R(int) = 0.0271.

The orthorhombic space group P212121 was determined by systematic
absences_and statistical tests and verified by subsequent refinement. The
structure was solved by direct methods and refined by full-matrix least-
squares methods on F2 (3). Hydrogen atom positions were initially
determined by geometry and refined by a riding model. Non-hydrogen atoms
were refined with anisotropic displacement parameters. A total of 209
parameters were refined against 4139 data to give wR(F2) = 0.0526 and S =
0.918 for weights of w = 1/[c2 (F2) + (0.0218 P)2], where P = [F,2 +
’F2] / 3. The final R(F) was 0.0274 for the 3609 observed, [F > 4c(F)],
lata. The largest shift/s.u. was 0.005 in the final refinement cycle. The final
lifference map had maxima and minima of 0.422 and -0.305 e/A3,
tspectively. The absolute structure was determined by refinement of the
Flack parameter(4).



Comment
The displacement ellipsoids were drawn at the 50 % probability level.

Acknowledgment

The authors thank the National Science Foundation (grant CHE-9310428) and
the University of Wisconsin for funds to purchase of the X-ray instrument and
computers.

This structure was determined by Douglas R. Powell.

References

(1) (a) Data Collection: SMART Software Reference Manual (1994).
Siemens Analytical X-ray Instruments, 6300 Enterprise Dr., Madison, WI
53719-1173, USA. (b) Data Reduction: SAINT Software Reference
Manual (1995). Siemens Analytical X-ray Instruments, 6300 Enterprise
Dr., Madison, WI 53719-1173, USA.

(2) G. M. Sheldrick (1996). SADABS. Program for Empirical Absorption
Correction of Area Detector Data. University of Goéttingen, Germany.

(3) (a) G. M. Sheldrick (1994). SHELXTL Version 5 Reference Manual.
Siemens Analytical X-ray Instruments, 6300 Enterprise Dr., Madison, WI
53719-1173, USA. (b) International Tables for Crystallography, Vol C,
Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2, Kluwer: Boston (1995).

(4) H. D. Flack, Acta Cryst. A39, 876-881 (1983).



Table L Crystal

Identification  code
Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Wavelength

Temperature

F(000)

Absorption  coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints | parameters
WR(p2all data)

R(F obsd data)
Goodness-of-fit on p2
Observed data [I = 20'(1)]
Absolute structure parameter
Extinction coefficient
Largest and mean shift 1 s.u.
Largest diff ..peak. and hole

data and structure

refinement

98130
CI8 HI8 Br N 03
376.24

Orthorhombic
P212121

a = 8,6374(7) A

b = 11.5364(10) A
c = 17.0869(14) A
1702 .6(2) A3

4

1.468 Mg/m3
0.72073 A

133(2) K

768

2.428 mm-1
Empirical

0.928 and 0.671
2.38 to 29.19°.
8282

413-9 [R(iut)
4139/0/209
WR2 = 0.0526
RI = 0.0274
0.918

3609

-0.005(6)
0.0060(4)
0.005and 0.00 1

0.422 and -0.305 e/A3

for 98130.

a= 90°
P---90°
y= 90°

= 0.0271]
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“Enantioselective Enolate Protonation: Matching Chiral Aniline and Substrate Acidity”

E. Vedejs*, A. W. Kruger, and E. Suna

Chemistry Department, University of Wisconsin, Madison W1 53706

Abstract. A comparison of chiral anilines 1a-f in the asymmetric protonation of enolate 15 shows
that the optimum A pKa value (chiral acid vs. protonated enolate) for the highest enantioselectivity
is ca. 3 (Table 2). An extension of this concept to amino acid enolates was possible, and le was
found to give the best enantioselectivity (85% ee) with the alanine-denved N-lithioenolate 5a (Table
3). Changes in aniline pKa due to variation of substituents at the aniline nitrogen were evaluated

briefly, but these changes did not show consistent trends in the enantioselectivity vs. pKa.



Enolate desymmetrization by protonation with chiral acids has reached practical levels of
enantioselectivity in a number of studies.' In the best examples, ee values in the range of 95-99%
have been demonstrated, and catalytic as well as stoichiometric procedures are known at this level
of enantioselectivity. Progress with the mechanistic aspects of the proton transfer step has been
slower. Enolates have several structural options in solutions that contain other species such as lithium
amides, lithium halides, enolate dimers, mixed aggregates, and so on’ Experimental variables are also
potentially complex. In our own work, the optimized procedures have typically been developed by

* The effort required to isolate and to understand individual variables has

empirical means. "™
nevitably taken much more time than the empirical optimization. On the other hand, the need to
improve our understanding of the key variables is clear. Despite extraordinary levels of
enantioselectivity for the best applications, the available chiral acids tend to be effective only for a
narrow range of enolate substrates.

As discussed in a recent review by Fehr,'* highly enantioselective proton transfer between a
chiral acid and a prochiral enolate is likely only if the rate of proton transfer is slow. A strongly
exothermic protonation event would probably be unselective, especially if the chiral acid is so potent
that proton transfer approaches diffusion control. On the other hand, the ideal chiral acid A*-H for
a given enolate substrate E(-) must be strong enough to completely protonate the enolate and to resist
the reverse reaction where the chiral carbonyl product E-H 1s deprotonated reversibly by the anion
A*(-). This is essential if formation of racemic E-H is to be avoided.

Complete protonation of the enolate requires proton transfer on a convenient laboratory time

scale, and therefore involves both the kinetic and the thermodynamic acidity of the chiral acid. The

latter term can be evaluated by comparing the pKa’s of the chiral acid and the protonated enolate,



while the former (kinetic acidity) can be approximated by assuming that the rate of proton transfer
will increase as the A pKa (the value of [pKagy]-[pKaa-u]) increases.* However, there has been
limited information regarding the acceptable range of A pKa values (chiral acid vs. protonated
enolate) that allow enantioselective proton transfer. In a prior investigation from this laboratory,
evidence was presented that A pKa should be ca. 3, based on the behavior of two enolates that differ
in the degree of anion stabilization. However, some of the earliest promising examples of enolate
desymmetrization (Duhamel ef al.) used chiral carboxylic acids as the proton donors, and the A pKa
relevant to these experiments appears to be considerably larger.’

We have considered the possibility that an optimum A pKa range might be identified for
different classes of enolate substrates in asymmetric protonation using structurally similar chiral acids
based on the chiral diamine skeleton 1. Previous studies have established that the commercially
available p-chloro derivative 1b functions as an excellent chiral “acid” in the enantioselective
protonation of strongly basic B,y-unsaturated amide enolates.”® If A pKa is an important variable,
then the issue can be probed by studying derivatives of 1 where the substituent X is varied
systematically to change acidity. Alternatively, chiral acid pKa can be adjusted by varying the aniline
nitrogen substituent. In principle, this could be an easier approach starting from the aniline 2, but
enantiomerically pure 2 is not easy to prepare.® On the other hand, a dimethoxy analog 3a 1s readily
available via an asymmetric hydrogention approach, and the N-methyl derivative 3b is comparable
tolb as a chiral acid in the protonation of amide enolates. Conversion of 3a to 3¢ has already been
reported, and 3d can be made in a similar way (Cbz protection of the secondary amine followed by
N-benzoylation and deprotection).® The DMSO pKa values for 3¢ and 3d can be estimated as ca. 12

and 19, respectively, by comparison with the parent aniline derivatives (N-phenylsulfonylaniline, pKa



11.95; N-benzoylaniline, pKa= 18.77) studied by Bordwell ez al.” However, preliminary attempts
to find possible applications with carboxylic acid-derived enolates were not promising. Thus, the
sulfonamide 3¢ gave <10% ee in test reactions with ester enolates 4 or 5, and only marginally
improved results were obtained with enolates 6 or 7 (36%ee and 28% ee, respectively). The
analogous amide 3d was ineffective in all cases (<5% ee with 5-7). Only the N-sulfamoyl derivative
3e gave a promising result among the anilines containing an electron-withdrawing substituent (58%
ee with lactone enolate 7), but similar experiments with 5 (15% ee) and 6(12% ee) were not
encouraging. Furthermore, 3e was difficult to make and to purify (N-Cbz protection of 3a followed
by trea;ment with Me,NSO,Cl/pyridine resulted in a mixture of disproportionation products; see
experimental).

The asymmetric protonations with 3¢ suggest a modest trend for improved enantioselectivity
with the less basic enolates, as might be expected if the optimum A pKa value should be relatively
small. However, no trend is evident with 3e and the lack of any significant enantioselectivity with 3d
is problematic for an investigation of related chiral acids having varied pKa. Other electron-
withdrawing nitrogen substituents can be considered, but the preliminary results indicate that
comparisons will be difficult because steric and electronic changes near aniline nitrogen may be large
enough to obscure the possible role A pKa.

An alternative approach to matching the pKa values of chiral acid and enolate substrate was
pursued, based on variations in the aniline ring substituent in 1.  The pKa values of the series of chiral
diamines 1 can be estimated from the known pKa’s of the parent anilines (Table 1) by comparison
with the value determined by Bordwell and Satish for the commercially available 1b.** The measured

pKa for 1b is 27.7 (DMSO conditions), while the parent p-chloroaniline 8b has a DMSO pKa of

4



29.4.% The difference of 1.7 pKa units reflects the net contribution by the N-methyl group and the
tetrahydroisoquinoline subunit. We will assume that the same correction of 1.7 pKa units can be
applied to the other anilines 8 as an approximate way to estimate the pKa values of the structurally
related diamines 1. Thus, anilines having a range of DMSO pKa values from ca. 19-29 would be
available for study as the aromatic substituent in 1 is modified from strong acceptors such as X=NO,
(1f) to the unsubstituted aniline 1a (X=H). Because the variable substituent X is relatively far from
the aniline nitrogen, the asymmetric protonation of enolates would encounter little if any change in
steric effects as the pKa is changed. Electronic factors would also be less than in the examples 3¢ or
3d (where the nitrogen substituents were altered), although a trend toward sp® hybridized nitrogen
might be expected in 1f and perhaps also in 1d due to delocalization involving the nitrogen electron
pair and the para acceptor group.

Table 1. pKa(DMSO) of p-Substituted Anilines 8 and Chiral Acids 1.

p-Substituent X aniline 8 chiral acid 1 chiral acid 1
pKa(DMSO)* pKa(DMSO)
H 30.7 29.0° la
Cl 29.4 27.7° 1b
CF; 27.0 253° lc
CO,Et 26.5¢ 24.8° 1d
Ts 24.9° 23.3° le
NO, 20.9 19.3° 1f

(a) pKa(DMSO) from ref. 8b unless noted otherwise. (b) Estimated as described in
text. (c) Ref 1b (d) Calculated from o™, = 0.74 and p= 5.67 using the Hammett
equation, pKa, cozr — pKa,.u = ApKa = po;, according to ref. 9. (¢) The pKa value
for phenylsulfonyl is listed as an estimate for toluenesulfonyl.

The synthesis of the chiral diamines began with the commercially available 1b. Conversion

5



to the aminal 9 was easily carried out using isobutyraldehyde in the presence of acetic acid. With the
N-H bonds temporarily blocked, 9 could be transformed into the Grignard reagent 10. Forcing
conditions were necessary, but mechanically activated magnesium in refluxing THF proved sufficient
for essentially complete chlorine-magnesium exchange.® Upon quenching the Grignard solution with
aqueous ammonium chloride, 11 was recovered in high yield. Alternatively, electrophilic trapping
with diethyl carbonate'" or p-toluenesulfonyl fluoride'"” gave the ester 12 or the sulfone 13 in 71%
and 85% yield, respectively. Hydrolytic cleavage of the aminals 9, 11, or 12 with dilute HCI gave the
aesired diamines 1a, 1d, and le. The unsubstituted diamine 1a was also prepared by a nickel-
catalyz;,d dechlorination with LiAlH,.

For access to the more acidic p-nitro analog 1f, the direct nitration of 1a was briefly explored.
However, this reaction proved difficult to control for the desired regioisomer. Better results were
obtained by nitrating the aminal 11 with nitronium tetrafluoroborate at -400C. This gave the mono-
nitro derivative 14, and hydrolysis to 1f proceeded without complications (55% overall yield). The
site of nitration was confirmed by X-ray crystallography.

A modified approach was needed to prepare the trifluormethyl diamine 1¢. The racemic
parent compound is known and can be made by a standard Bischler-Napieralski cyclization sequence,
followed by reduction.? We therefore opted to resolve the racemate, following the precedent
reported for the resolution of 1b with tartaric acid. The resolution required multiple crystallizations
of the salt, but sufficient 1¢ was obtained with >99% enantiomeric purity for several test experiments

involving enolate protonation.



Because the estimated pKa values for several of the chiral anifines 1 should be relatively high
(pKa= ca. 25 or above for 1a - 1d), the asymmetric protonation studies began with the strongly basic
naproxen enolate 15. Conversion to the amide 16 was carried out by treatment with 1 at -78 °C |
followed by warming to 0 °C and quenching with dilute aqueous NH4Cl. The protonated amide was
recovered, and the enantioselectivity was established by hplc assay using a chiral stationary phase
(hplc/csp). As summanzed in Table 2, the original lead compound 1b was the most highly
enantioselective proton donor. Lower enantioselectivity resulted for diamines 1c-f, and the most
acidic p-nitro derivative 1f gave racemic product. This was also the fastest reaction in terms of
discharge of the orange-red enolate color (seconds at - 78 °C). A smaller decrease in
enantioselectivity was observed when the pKa value of the chiral acid was increased (1a), and

complete fading of the enolate color was slower in this experiment compared to the others.

Table 2. Asymmetric Protonation of Amide Enolate 15 with 1.

chiral acid X pKa ee (%)
(DMSO)

la H 29.0° 90

1b Cl 27.7° 97°

le CF, 25.3° 93

1d CO,Et 248° 40

le Ts 233° 37

1f NO, 19.3° 0

(a) Estimated; see Table | discussion. (b) reference 1b




The DMSO pKa of the amide 16 is too high for accurate measurement, but a value of ca. 31
has been estimated." Thus, the optimum chiral acid 1b among the available p-substituted anilines 1
has a A pKa value= ca. 3 compared to the protonated carbonyl product 16. Reasonably high
enantioselectivities are also obtained with 1a and with 1¢, suggesting that A pKa can be in the range
of 2-5. Of course, the measured pKa values are strictly relevant only to DMSO conditions, while the
protonation experiments were conducted in THF (ion pair conditions). The ion pair pKa’s would
probably be several units lower in THF for all of the chiral acids and for the carbonyl product,* but
it is likely that the A pKa would vary less than the individual values, assuming simular solvent effects
on botl; the enolate and the lithiated aniline. If this is correct, then it may be possible to anticipate
the best chiral acid among the derivatives of 1 for a given enolate by evaluating estimated DMSO pKa
values.

Among the enolates considered earlier, the lactone-derived 7 should have the lowest pKa
value, previously estimated as pKa= ca. 20 in DMSO.?> According to the pKa’s in Table 2, only the
most acidic p-nitro aniline 1f would have any chance for effecting the direct proton transfer to 7.
However, treatment of 7 with 1f gave racemic lactone product. Since the estimated A pKa = ca. 1,
this is not a surprising result. Proton transfer should be reversible, and racemization could occur if
the initial protonation event is enantioselective. More strongly basic enolates are needed to match
the chiral aniline series 1 with A pKa in the range of 3-5 where optimum enantioselectivity is
expected.

We could find no pKa values reported for enolates such as 4, 5 or 6, but it is possible that
S would be the most strongly basic among these substrates due to electron repulsion in the dianion.

This enolate was therefore studied in asymmetric protonation experiments using several of the more



readily available anilines 1. As shown in Table 3 (eutries 14), the optimum chiral acid proved to be
the p-phenylsulfony! derivative le (85% ee). The less acidic analogs 1d and 1b gave lower
enantioselectivities, while the most acidic 1f afforded racemic methyl N-benzoylalaninate. Structural
modifications in the nitrogen substituent or the ester O-alkyl group in alanine-denived enolates
resulted 1n {ower enantioselectivity (entries 5-9). Other amino acid environments were not explored
in detail, but promising enantioselectivity was observed in two cases using the optimum proton donor

le (entries 10,11).

Table 3. Asymmetric Protonation of Dilithiated Amino Acid Esters 5.

Entry R, R, R; Chiral Acid  ee (%) (S)
| (5a) CsHs CH; CH; 1b 58
2 (5a) CsHs CH, CH; 1d 71
3 (Sa) CesHs CH, CH; le 8S
4 (52) CeH; CH, CH; 1f 0
5 (5b) OBn CH; CH; le 50
6 (5¢) mesityl CH; CH; le 78
7 (5d) a-naphthyf CH; CH; le 83
8 (Se) CsH; CH; Et le 81
9 (50) CeHs CH; -Bu le 47
10 (5g) CsHs Et CH; le 80
11 (5h) CeHs Bn CH; le 65




Based on the DMSO pKa estimate for 1e (23.3) and an optimum A pKa= ca. 2-4, the pKa
for singly protonated 5 could be in the range of 25-27. If the hithiated amido subunit C(OL1)=N in
S is treated as an unsaturated substituent, then the closest literature analogy having a known pKa
value could be ethyl phenylacetate (PhCH,CO,Et; DMSO pKa =22.6), with phenyl as the unsaturated
group.” Evidently, C(OLi)=N is not as effective as pheny! in stabilizing the enolate, but there is some
stabilization, given that ethyl acetate has a pKa of ca. 30."

One final senes of experiments was performed using enolate 4a as the substrate and the most
important chiral acids 1b and 1le. Racemic products resulted in each case. Modest
enantio’selectivities in the range of 37-50% ee were obtained with the analogous enolate 4b as the
substrate and with le as the chiral proton source, but 1b gave 16% ee under similar conditions.

These results were not deemed sufficiently promising to warrant a more detailed investigation.
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Summary.

The data summarized in Table 2 provide some support for the notion that asymmetric
protonation of the amide enolate 15 is optimal when A pKa (chiral acid vs. 16) 1s ca. 3. The proton
transfer process is essentially complete and irreversible under the optimum conditions, as required to
minimize the formation of racemic product. The knowledge of chiral acid pKa’s is helpful in the
selection of chiral acids for other purposes, as in the amino acid enolate protonations summarized in
Table 3. Of course, pKa alone does not control enantioselectivity and other factors remain to be
optimized. Furthermore, the enantioselectivities in Table 2 do not reflect the relative pKa values in
detail. Thus, the behavior of 1d (p-ethoxycarbonyl) and 1¢ (p-trifluoromethyl) is rather different even
though the difference in effective pKa’s is probably small compared to the error inherent in extending
the numbers from DMSO to THF solution. Furthermore, the absence of any enantioselectivity in the
case of 1f in Table 2 (as well as with the other enolates that were treated with 1f) suggests that pKa
is not the only reason why 1f is ineffective. A hybridization change at aniline nitrogen due to
delocalization with the p-nitro group is one possible explanation for the large difference between 1f
and the other chiral diamines.'® A similar effect may be the reason why the p-ethoxycarbonyl example
1d differs so much from 1¢. The hybndization argument could also explain why 3d is an ineffective
chiral acid, but there are other variables to consider in this case. In any event, the pKa trends in Table
2 show that there is an optimum pKa match in terms of enantioselectivity with a given enolate, and
the trend is clear.

Extension of the optimum pKa concept to other systems is possible, as shown by the amino
acid examples. The results of Table 3 describe the best asymmetric protonations for an alanine-

derived substrate reported to date, but further effort will be needed to obtain high enantioselectivity
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and broader substrate tolerance.’ The latter problem remains a difficult challenge for the asymmetric

protonatiop of enolates.
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Experimental:

General: HPLC analysis was performed on a Gilson system using chiral stationary phases with
detection by UV. All air and/or moisture sensitive reactions were run under an atmosphere of
nitrogen in oven or flame dried glassware. Materials were purified as follows: tetrahydrofuran and
diethyl ether were freshly distilled from sodium benzophenone ketyl under N,.  Organolithium
reagents were titrated using the menthol/phenanthroline procedure.

Chiral Acids:

Diamine derivatives 3a-3d are available in >99% ee as previously described. Diamine 1b has
also been described, > but the following procedure was used to ensure high enantiomer purity. The
commercially available (-)-1-[5'-chloro-2'-(methylamino)-phenyl]-1,2,3,4-tetrahydroisoquinoline (-)
tartrate (5.0 g, 14.4 mmol, Aldrich) was refluxed i1n 800 mL methanol for 1 h. After filtration of the
hot solution, the filtrate was allowed to cool to room temperature followed by cooling to -20 °C
overnight. Filtration yielded a cake of white solid. The free diamine was isolated by partitioning the
tartrate salt between 40 mL ether and a solution of potassium hydroxide (2.4 g, 43.0 mmol) in 40 mL
water with vigorous stirring. After dissolution was complete (2-3 h) the aqueous layer was washed
with ether (40 mL). The combined ether extracts were dried (MgSQ,) and evaporated to a solid 2.7
g (70%). Pure 1b was obtained by recrystallization from ether (mp 99-99.5 °C; lit."”> mp 98-99 °C).

(S)-1-(2-N,N-Dimethylsulffamoylamino)phenyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline
(3e).

Conversion of 3a to the N-benzyloxycarbonyl derivative at the secondary nitrogen has been
reported.® To a solution of the N-Cbz protected diamine (2.5 g) in pyridine (100 mL, distilled from
CaH,) was added N,N-dimethylsulfamoyl chloride (Acros, 6.4 mL, 59.7) and the mixture was stirred
at it for 48 h. Pyndine was evaporated (aspirator, below 40 °C), and the oily residue was dissolved
in CHCl; (150 mL) and washed with IN HCI (3x30 mL), water, brine and dried (Na,SQ,). After
filtration and solvent removal (aspirator) the resulting oil was purified by flash column
chromatography (column size: 150X50 mm) with petroleum ether-EtOAc 5:2 (fractions #1-45, 50
mL ea), and then petroleum ether-EtOAc 1:1 (fractions #46-68, 50 mL ea). Fractions #9-16
contained solid Me;NSO,NMe, ('H-N\/IR: single peak at 2.82 ppm in CDCl;), 1.03 g. Fractions #19-
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36 gave a mixture of starting material and product in a ratio 3:7 as a colorless oil that was used in the
deprotection step, below. Fractions #41-59 contained 1.11 g of material having no N-methyl signals
in the '"H-NMR spectrum, consistent with replacement of a NMe, fragment by a second diamine
molecule. The crude oil from fractions 19-36 (1.03 g) was dissolved in 30 mL of glacial acetic acid
and 10% Pd-C (400 mg) was added. The reaction was stirred under H; at rt. After 8 h, additional
10% Pd-C was added (200 mg) and hydrogenolysis was continued for 6 h. The reaction mixture was
filtered through Celite with methanol rinsing and solvent was removed (aspirator, <30 OC). The
residue was dissolved in water (10 mL) and the solution was basified by slow addition of NH,;OH.
The white crystalline precipitate formed was filtered, dried in vacuo (ca. 1 mm Hg) over P,Os and
twice recrystallized from EtOAc-Hex to give 660 mg of crystalline sulfonamide 3e containing ca.
10% of diamine 3a ("H-NMR assay). Two recrystallizations yielded pure sulfonamide 3e (560 mg,
24% overall); analytical tlc on silica gel, 1:1 hexane/EtOAc, Rf= 0.17; analytical hplc, CHIRALCEL
OD (60:40 hex/isopropanol, 0.6 mL/min) Tg=14.5 min (S)-isomer); by comparison with a racemic
sample, the (R)-isomer elutes at 18.8 min. 3e: mp 156 °C, dec., colorless needles. [at]p= +8.1 (c=1,
CHCI;). Anal. calcd: C, 58.28; H, 6.45; N, 10.73, §, 8.19, found: C, 58.23; H, 6.40; N, 10.62; S,
8.11; IR (CDCI; film, cm‘l) 3325, N-H; 1330, SO;N; NMR (CDCls, ppm) 8 7.6-6.95 (4H, m) 6.62
(1H, s) 6.22 (1H, s) 5.11 (1H, s) 3.84 (3H, s5) 3.60 (1H, s) 3.39-3.28 (1H, m) 3.19-3.10 (2H, m)
2.80-2.68 (1H, m) 2.39 (6H, s).

(-)-1-[2'-(Methylamino)phenyl}-1,2,3,4-tetrahydroisoquinoline (1a).

To a suspension of anhydrous NiCl, (1.59 g, 12.3 mmol) and 1b (1.16 g, 4.10 mmol) in 50
mL dry THF at -400C under N, was slowly added LiAlH, in THF (Aldrich, 1.0M; 123 mL, 12.3
mmol) and the mixture was stirred for 10 min at -40°C. The reaction mixture was warmed to RT
gradually and stirred for 48 h at RT The resulting black mixture was quenched with saturated
Na;SO, (50 mL), the inorganic salts were removed by filtration through a celite pad, the filter was
washed well with THF, and the THF was evaporated (aspirator) to give a yellow oil. The oil was
redissolved in ether, dried (Na,SO,) and concentrated, and the crude yellow oil was purified by flash
column chromatography (silica gel, 2x15 cm) (gradient elution; 30% EtOAc in hexane with 1% NEt;

to 50% EtOAc in hexane with 1% NEt;) to give a yellow oil containing some solid (0.70 g, 71%).
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The yellow oil was crystallized from hexane to give a pale yellow powder, analytical tlc on silica gel,
30% EtOAc in hexane with 1% NEt;, Rf= 0.21. Pure material was obtained by recrystallization from
hexane, mp 77-79 0C. Molecular ion calcd for CisHsN,: 238.14705; found m/e= 238.1470, error=
0 ppm; base peak= 132 amu; IR (neat, cm'l) 3310, N-H; 1586, C=C; 200 MHz NMR (acetone-ds,
ppm) 6 7.25-6.80 (SH, m)6.71 (1 H, d,J=7.7Hz)6.58 (1H, dd, J=8.0, 1.2 Hz) 6.54 (1 H, d, J=
7.7Hz) 6.25 (1 H, brs) 5.03 (1 H, s) 3.3-3.13 (1 H, m) 3.06-2.82 (2 H, M) 2.8-2.6 (1 H, m) 2.63
(3 H, s). ®C NMR (68MHz, {H}, CDCls;, ppm) & 148.5, 137.4, 134.8, 130.6, 128.7, 128.5, 126.7,
126.3, 126.1, 125.6, 115.4, 110.3, 61.64, 42.5, 30.1, 29.4.

(-)-1-[S'-Trifluoromethyl-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline (1c)

The racemic compound was prepared as previously described and was resolved by repeated
crystallization of the tartrate salt from ethanol following the procedure reported for the resolution of
1b. This gave ca. 10% of the crystalline tartrate salt. Base treatment as described for 1b, above,
afforded 1¢, mp 52-3 °C (hexane); Anal. caled: C, 66.65; H, 5.59; N, 9.14; found: C, 66.71; H, 5.63;
N, 9.17; analytical hplc ([S.S]-B-Gem 1, Pirkle covalent, 25 cm x 4.6 mm 1.D_, Regis), 1.0 mL/min,
hexane; [a]p=-48.8 (¢=0.67, CHCl3); IR (KB, cm™) 3339, N-H; 3292, N-H; 1320, C-F; 300 MHz
NMR (CDCls, ppm) 8 7.44 (1 H, dd, J=8.78.7, 2.1 Hz) 7.22-7.12 (3 H, m) 7.06-7.00 (1 H, m) 6.75
(1H,d, J=78Hz) 657 (1 H,d, J=87Hz) 635 (1 H, brs) 5.09 (1 H, s) 3.32-3.21 (1 H, m)
3.11-3.00 (2 H, m) 2.84-2.70 (1 H, m) 2.70 3 H, s) 1.96 (1 H, br s). C NMR (300 MHz, CDCl;,
ppm) & 151.1, 136.5, 134.9, 129.0, 127.6 q, 126.1 q, 126.4, 126.7, 126.0, 125.6, 123.5, 116.7 q,
109.5, 62.3, 43.0, 30.0, 29.5.

1-[5'-chloro-2'-(methylamino)phenyl}-1,2,3,4-tetrahydroisoquinoline isobutylidene aminal, 9.

To a solution of 1b (2.86 g, 10.50 mmol) in 180 mL of MeOH was added isobutyraldehyde
(1.9 mL, 21 mmol, 2 equiv) and catalytic acetic acid (0.1 mL) and the mixture was stirred at rt for
2 h. After removal of solvent (aspirator), the residue was purified by plug filtration chromatography
on EM silica gel 60, 1:4 EtOAc/hexane 1% triethylamine eluent to yield 3.6 g of crude solid. Pure
material was obtained by crystallization from ether/hexane (crop 1, 1.98 g; crop 2, 0.94 g, 85%), mp
114.5-115.5 C. Analytical tic on EM silica gel 60, 1:9 EtOAc/hexane 1% triethylamine, Rf= 0.60.
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Molecular 1on calcd for CooHxCIN,: 326.15506; found m/e= 326.1541, error= 3 ppm; base peak=
283 amu; IR (KBr, cm™) 3058, =C-H; 2840-2975, C-H; 270 MHz 'H NMR (CDCl;, ppm) &
7.30-7.13(4H, m) 7.04 (1 H, dd, J=8.8,2.5Hz) 6.86 (1 H,dd, J=2.5,1.2Hz) 6.44 (1 H,d, J=8.6
Hz) 5.11 (1 H, s) 3.37 (1 H, d, J= 9.6 Hz) 3.20-3.06 (1 H, m) 3.06 (3 H, s) 2.80-2.60 (3 H, m)
2.15-1.96 (1 H, m) 1.02 (3 H, d, J= 6.9 Hz) 0.97 (3 H, d, J= 6.6 Hz). “C NMR (68 MHz, {H},
DEPT135, CDCls, ppm) § 141.3 s, 1348 s, 134.6 s, 129.9 d, 129.5 d, 127.8 d, 127.4 d, 127.0 d,
125.0d, 121.9 5, 120.0s,110.9d, 87.8d, 53.9d,46.1t, 40.9d,33.6 q, 28.9¢, 19.9q, 18.8 q,

1-[2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline isobutylidene aminal (11).

A dry 50-mL flask with condenser, containing a 1" stir bar and magnesium turnings (600 mg,
25 mmol, Baker and Adamson) was flame dried under nitrogen flush. Mechanical activation (dry
stirring) of the magnesium turnings was done for at least 5 h following the literature precedent.

To another flask was added the aminal 9 (201 mg, 0.62 mmol). The solid was dissolved in
2 mL THF and transferred via cannula into the activated magnesium, followed by rinsing with THF
(2x 1 mL). Then 1,2 dibromoethane (0.1 mL, 1.1 mmol) was added, and after bubble evolution was
evident, the solution was heated to reflux. After 15 h, the Grignard solution containing 10 was
cooled to room temperature, and 10 mL sat’d NH4Cl was added. After filtration through Celite, the
layers were separated and the aqueous phase was extracted with ether (2 x 30 mL). The organic
extracts were combined, dried (MgSOQs,), filtered, and evaporated (aspirator) to afford 11, 190 mg
(100%) as an oil. Analytical tic on EM silica gel 60, 7:3 hexane/EtOAc, Rf= 0.64. Molecular ion
calcd for CyoHaN3: 292.1940; found m/e= 292.1932, error= 3 ppm; base peak= 249 amu; IR (neat,
cm™) 2908, =C-H; 300 MHz NMR (CDCl;, ppm) & 7.32-7.08 (5H, m) 6.92 (1H, dt, J= 7.4, 1.2 Hz)
6.55-6.49 (2H, m) 5.16 (1H, s) 3.39 (1H, d, J= 9.2 Hz) 3.18-3.06 (1H, m) 3.09 (3H, s) 2.86-2.72
(1H, m) 2.68-2.62 (2H, m) 2.10 (1H, d sept, J=9.2, 6.6 Hz) 1.03 (3H, d, J= 6.6 Hz) 0.98 (3H, d, J=
6.6 Hz).

1-[5'-Carboethoxy-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline  isobutylidene
aminal (12).

The Grignard reagent 10 was prepared as described above from magnesium turnings (600 mg,
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25 mmol) and aminal 9 (255 mg, 0.78 mmol). After 15 h, the stark black Grignard solution was
transferred via cannula into diethylcarbonate”" (0.280 mL, 2.4 mmol), stirred for 15 h, and then
quenched with saturated NH4Cl. The organic layer was separated and washed with brine. The
combined aqueous extracts were basified to pH 9 with 1M NaOH, and extracted with ether. All
organic extracts were combined, dried (MgSQ,), filtered, and evaporated (aspirator). The residue
was purified by flash chromatography on EM silica gel 60 (14 x 1 ¢cm), 3:17 EtOAc/hexane 1%
triethylamine eluent, 5 mL fractions; fractions 6-12, 251 mg of 12 (88%); analytical tlc on EM silica
gel 60, 1:9 EtOAc/hexane 1% triethylamine, Rf= 0.28. Pure material was obtained by crystallization
from ethanol, mp 134.8-135.0 C. Molecular ion calcd for C3H2sN;02: 364.21509; found m/e=
364.2165, error= 4 ppm; base peak= 321 amu; IR (KBr, cm™) 1697, C=0; 300 MHz 'H NMR
(CDCl;, ppm) 6 7.80 (1 H, dd, J=8.4, 2.1 Hz) 7.66 (1 H, br s) 7.37 (1 H, br d, J= 7.4 Hz) 7.33-7.19
(2H,m)7.13 (1H,brd, J=74Hz)6.51 (1H,d,J=86Hz)5.17(1H,s)427-4.16 (2 H, m) 3.46
(1H,d,J=97Hz)3.20-305 (1 H, m)3.12 (3 H,s)2.79-2.61 3 H, m) 2.17-2.04 (1 H, m) 1.28 (3
H t,J=72Hz)1.04 3H,d,J=6.6 Hz) 1.00 3 H, d, J= 6.6 Hz).

1-[5'-Toluenesulfonyl-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline isobutylidene
aminal (13).

The Grignard solution containing 10 was prepared as described above from magnesium
turnings (715 mg, 30 mmol) and aminal 9 (1.24 g, 3.8 mmol). After 9 h, the mixture was cooled to
0 °C, and p-toluenesulfonyl fluoride''® (741 mg, 4.2 mmol, 1.1 equiv, Aldrich, purity 98%) was added
as a solution in 10 mL THF. The reaction was allowed to warm to rt and was stirred for 13 h. After
the addition of 10 mL water, the biphasic solution was extracted with ether (4 x 40 mL). The
combined ether extracts were dried (MgSO,) and evaporated (aspirator) to a foam (1.73 g). The
residue was purified by flash chromatography on EM silica gel 60 (7 x 4 ¢cm) 7:3 (100 mL) to 1:1
hexane/EtOAc eluent (10 mL fractions; fractions 2-3, 107 mg 11, 10%; fractions 9-17, 1.43 g 13,
85%); analytical tic on EM silica gel 60, 7:3 hexane/EtOAc, Rf= 0.27. Molecular ion caled for
Cy7H30N,0,S: 446.20285; found m/e= 446.2005, error= 5 ppm, base peak= 405 amu; IR (CHCl;,
cm™) 1592, C=C; 300 MHz NMR (CDCls, ppm) 6 7.66 (2 H, d, J= 8.4 Hz) 7.62 (1 H, dd, J=9.1,
23Hz)744(1H,dd, J1=23,12Hz)734-7.16 5H, m,) 7.12 (1 H, br d, J=74 Hz) 6.51 (1 H, d,



J=8.8Hz)5.10 (1 H, s) 3.45 (1 H, d, J= 9.3 Hz) 3.15-3.05 (1 H, m) 3.08 (3 H, s) 2.68-2.58 (3 H,
m)2.34 (3H,s)2.14-1.95 (1 H, m) 1.01 3 H, d, J= 6.8 Hz) 0.97 3 H, d, J= 6.6 Hz).

1-[S'-Carboethoxy-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline (1d).

A 250-mL flask was charged with 12 (1.563 g, 4.29 mmol) and 150 mL of 10% HCl and the
solution was heated to 60 °C under a nitrogen stream. Afler 3 h the mixture was cooled to rt, diluted
with 60 mL of ether, neutralized with saturated sodium bicarbonate, and basified to pH 9 with IM
NaOH. The layers were separated and the aqueous layer extracted (3 x 60 mL) with ether. The
pombined ethereal extracts were dried (MgSO,), filtered, and evaporated (aspirator) to give 1d (1.46
g) as a yellow oil. The residue was purified by flash chromatography on EM silica gel 60 (15 x 4 cm),
1:4 acétone/hexane 5% triethylamine eluent (15 mL fractions); fractions 10-26, 1.09 g 1d, 82%;
analytical tlc on EM silica gel 60, 1:4 EtOAc/hexane 5% triethylamine, Rf= 0.12. Molecular ion calcd
for CoH22N,0,: 310.16815; found m/e= 310.1683, error= 0 ppm, IR (CHCl;, cm'l) 1692, C=0;
3325, N-H; 300 MHz 'H NMR (CDCl;, ppm) § 7.91 (1 H, dd, J=8.6, 1.9Hz) 7.75 (1 H, d, J=1.9
Hz) 7.20-7.05 (2 H, m) 7.05-6.92 (1 H, m) 6.76 (1 H, br d, J=8.0 Hz) 6.55 (1 H, br s) 6.52 (1 H,
d,J=87Hz)510 (1 H, s)4.37-4.25(2H, m) 3.35-3.20 (1 H, m) 3.15-3.00 (2 H, m) 2.85-2.60 (1
H, m)2.69 (3 H,brd, J=3.1Hz)2.02(1H,brs) 1363 H,t,J=7.1Hz).

1-[5’-Toluenesulfonyl-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline (1e).

To 13 (437 mg, 0.98 mmol) was added 50 mL of 10% HCI and the mixture was heated to 60
°C under a nitrogen stream for 3 h. After cooling to rt, the solution was neutralized with sat’d
Na,CO; and taken to pH 10 with 1M NaOH. After extraction with CH,Cl, (3 x 15 mL), the
combined organic extracts were dried (MgSO,) and evaporated (aspirator) to give a yellow oil. The
residue was purified by flash chromatography on EM silica gel 60 (12 x 1.5 ¢cm) 1:1 hexane/EtOAc
eluent (10 mL fractions); fractions 8-13, 345 mg 1e, 90%, analytical tlc on EM silica gel 60, 1:1
hexane/EtOAc, Rf= 0.32. Molecular ion caled for Cy:HpN,0,S: 392.1559; found m/e= 392.1542,
error=4 ppm; IR (neat, cm™) 3323, N-H; 1146, SO5; 300 MHz NMR (CDCl;, ppm) & 7.78-7.70 (3H,
m) 7.54 (14, d, J= 2.2 Hz) 7.25 (2H, d, J= 8.1 Hz) 7.20-7.10 (2H, m) 6.98 (1H, td, J= 7.0, 2.6 Hz)
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6.72 (1H, br s) 6.64 (1H, d, J= 7.7 Hz) 6.53 (1H, d, J= 8.8 Hz) 5.07 (1H, s) 3.28-3.18 (1H, m)
3.12-2.96 (2H, m) 2.85-2.71 (1H, m) 2.68 (3H, s) 2.38 (3H, 5) 2.04 (1H, br s).

1-[5'-Nitro-2'-(methylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline, (1f).

To 1a (987 mg, 3.38 mmol) in 30 mL of acetonitrile at -40 °C was added a solution of
nitronium tetrafluoroborate (497 mg, 3.21 mmol, 0.95 equiv, Aldrich) in 35 mL of acetonitrile over
1.5 h and the mixture was stirred at this temperature for an additional 30 min. The solution was
warmed to 0 °C and quenched with sat’d NaHCO; solution (50 mL). The reaction was extracted
with ether (3 x S0 mL). The combined ether extracts were dried (MgSO,) and evaporated (aspirator)
to give an orange/black solid. To this crude residue was added 50 mL 1.5N HCl and 50 mL THF and
the mixture was stirred for 10 h, and then was heated to 55 °C under a constant nitrogen stream for
2 h. After cooling to rt, the reaction was neutralized with sat’d Na,COs solution and extracted with
ether (4 x 50 mL). The combined ether extracts were dried (MgSQO,) and evaporated (aspirator) to
give an orange oil. 'H NMR analysis of this material indicated a small amount of dinitration product
was present, so the crude residue was purified by flash chromatography on EM silica gel 60 (5 x 3
cm, fraction 8-22) CH,Cl, eluent to give 526 mg (55%) of 1f. Analytical tlc on EM silica gel 60,
CH,Cl,, Rf=0.30. Pure material was obtained by crystallization from benzene/pentane (mp 172-
173.5 °C, orange cubes, 454 mg). Molecular 1on calcd for C;H,7N;0,: 283.13210; found m/e=
283.1315, error= 2 ppm; IR (neat, cm'l) 3226, N-H; 1296, NO,; 300 MHz NMR (CDCl;, ppm) 6
8.14 (1H, dd, ]=9.2,2.6 Hz) 7.95 (1H, d, J= 2.6 Hz) 7.29-7.10 3H, m) 7.05 (1H, td, J= 7.1, 2.4 Hz)
6.77 (1H, d, J=7.7 Hz) 6.50 (1H, d, J=9.2 Hz) 5.14 (1H, 5) 3.33-3.24 (1H, m) 3.15-3.05 (2H, m)
2.85-2.78 (1H, m) 2.79 (3H, d, J='5.1 Hz) 2.06 (1H, br ).

N-2, 4, 6-trimethylbenzoylalanine methyl ester (Sc).

To 2,4,6-trimethylbenzoic acid (733 mg, 4.46 mmol) in 10 mL CH,Cl, was added oxalyl
chloride (0.40 mL, 446 mmol) and 1 drop DMF. After 3 h, the solvents were evaporated, and 15
mL CH,Cl, and racemic alanine methyl ester hydrochloride (625 mg, 4 46 mmol) were added. With
a room temperature bath for cooling, triethylamine (1.55 mL, 11.2 mmol) was added dropwise over

S min and the solution was stirred at room temperature for 1 h. After the addition of 1S mL of 1.5
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N HCI, the layers were separated and the aqueous layer extracted with CH,Cl; (2 x 30 mL). The
combined organic extracts were washed with water:sat’d Na;COs (1:1, 10 mL), dried (MgSO,), and
evaporated (aspirator) to a golden oil. The residue was purified by flash chromatography on EM
silica gel 60 (14 x 1.7 cm, 10 mL, fraction 4-8, 1.06 g, 71%), 7:3 hexane/EtOAc eluent; analytical
tlc on EM silica gel 60, 7:3 hexane/EtOAc, Rf= 0.26. Pure Sc was obtained by crystallization from
ethyl acetate, mp 88.5-89.5 C. Molecular ion calcd for Ci4HsNO;: 249.13650; found m/e= 249.1370,
error= 2 ppm, base peak= 147 amu; IR (neat, cm‘l) 3263, N-H; 1751, C=0; 1639, C=0; 300 MHz
NMR (CDClL, ppm) 6 6.84 (2H, s) 6.18 (1H, d, J=7.0 Hz) 4.83 (1H, dq, J= 7.4, 7.4 Hz) 3.78 (3H,
$) 2.29 (6H, s) 2.27 (3H, s) 1.51 (3H, d, J= 7.4 Hz). ®C NMR (CDCl;, ppm) & 173.3 s, 169.9 s,
138.65,134.3d, 12825,128.25,52.5d,47.9q,21.1q,19.0q,185q.

N-1-Naphthoyl alanine methy! ester (5d).

To 1-naphthoic acid (735 mg, 4.27 mmol) in 10 mL CH,Cl; and 1 drop DMF was added
oxalyl chloride (0.417 mL, 4.70 mmol). After 6 h the solvent was evaporated and the residue was
dissolved in 15 mL CH,Cl,. After the addition of racemic alanine methyl ester hydrochloride (596
mg, 4.27 mmol, Aldrich), triethyl amine (0.892 mL, 6.4 mmol) was added dropwise while cooling
with a water bath. After 1 h, 15 mL 1.5 N HCI was added and extracted with CH,Cl, (2x30mL).
The CH,Cl; layers were combined and extracted with 1:1 sat'd Na,COs/water (10 mL) and the
aqueous layer was back extracted with 10 mL CH,Cl,. The combined CH,Cl; layers were dried
(MgSO,) and evaporated to a white solid (904 mg, 82%). 'H NMR analysis showed the presence
of 8% of an isomeric product, probably derived from 2-naphthoic acid. The residue was purified by
flash chromatography on EM silica gel 60 (20 x 3 cm, 15 mL, fractions 11-15, 545 mg, 49%), 7:3
(100 mL) to 1:1 hexane/EtOAc eluent; analytical tlc on EM silica gel 60, 7:3 hexane/EtOAc, Rf=
0.21. Pure material was obtained by crystallization from ethyl acetate/hexane, mp 130.5-131.5 C.
Molecular ion caled for CsHisNOs: 257.10520;‘found m/e= 257.1055, error= 1 ppm; base peak= 155
amu; IR (neat, cm™) 3280, N-H; 1743, C=0; 1643, C=0; 300 MHz NMR (CDCls;, ppm) & 8.36 (1H,
d, J= 8.6 Hz) 7.95-7.86 (2H, m) 7.67 (1H, dd, J= 7.0, 1.1 Hz) 7.60-7 44 (3GH, m) 6.56 (1H, d, J= 6.3
Hz) 493 (1H, dq, J=7.4, 7.4 Hz) 3.82 (3H, 5) 1.59 (3H, d, J= 7.4 Hz).
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Deracemization of Naproxen Diisopropyl Amide (16); Representative procedure for Table 2.

To racemic 16° (50.0 mg, 0.16 mmol) in 2 mL of THF was added sec-BuLi (202 pL, 0.28
mmol, 1.38 M in cyclohexane, 1.75 equiv) and the solution was stirred at -78 °C for 1 h. After
dropwise addition of a solution of 1d (99 mg, 0.32 mmol, 2 equiv) in 1.0 mL THF, the solution was
stirred for 30 min at -78 °C, followed by warming to 0 °C over | h and quenching with 1 mL sat’d
NH,4Cl. The reaction was partitioned between 10 mL ether and 10 mL 1.5N HCI and the aqueous
layer was washed with 10 mL ether. The combined ether extracts were dried (MgSO4) and
evaporated (aspirator) to afford 16 (50 mg, 100%) in >95% purity by 'H NMR assay. After silica
plug filtration (EtOAc eluent), HPLC analysis as described in Table 4 indicated 40 % ee favoring the
second eluting enantiomer (R)-16. In a similar experiment, the reaction mixture was quenched with
a THF/sat’d NH,4Cl solution at -78 °C, but the same result was obtained. To recover the 1d, the
aqueous layer above was basified to pH 10 using a 1M NaOH solution and extracted with ether (3
x 15 mL). The combined ether layers were dried (MgSO,) and evaporated to afford 75 mg (76%)
1d.

Asymmetric protonation of 7.

The yellow lactone enolate 7 was generated as previously described” from 1.75 equiv. of
mesityllithium. Sulfonamide 3e (2.0 equiv) was added at -78 °C as described for 16. A deepening of
the yellow color was observed. After 30 min at -78 °C, the solution was allowed to warm to -23 °C
and aqueous NH,Cl was added. The enantiomer excess (58% ee) was determined as described

previously.’

Deracemization of Amino Acid Derivatives; Representative procedure for Table 3.

The procedure for the deracemization of Sa'”* is shown as an example. The other amino acid
substrates for Table 3 including entry 5 (5b; N-Cbz methyl alaninate),'”™ entry 6 (Sc¢; methyl N-
mesitoylalaninate)'™, entry 7 (5d; methyl N-o-naphthoylalaninate), entry 8 (Se; ethyl N-

17d

entry 9 (5f, tert-butyl N—benzoylalaninate),17c entry 10 (5g; methyl a-

17f

benzoylalaninate),
benzamidobutyrate),'”" and entry 11 (5g; methyl N-benzoylphenylalaninate)'® were deracemized by

the same method.
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To bromomesitylene (55 pL, 0.359 mmol, 2.5 equiv, Aldrich) in 0.5 mL THF at -78 °C was
added #-BuLi (391 pL, 0.704 mmol, 4.9 mmol, 1.80M in pentane, Aldrich) and the solution was
stirred for 30 min with comcomitant formation of a white precipitate. In a separate flask, Sa (29 mg,
0.14 mmol) was dissolved in 0.5 mL THF and added via cannula to the mesityl-Li. The flask was
rinsed with an additional 0.5 mLL THF (added by syringe and then added via cannula to the mesityl-Li
solution . After stirring 1 h, 1e (1.25 mL of a 0.35M solution in THF, 0.44 mmol, 173 mg) was
added and the solution was stirred for 30 min at -78 °C, followed by warming to -20 °C over 20 min.
The reaction was quenched with 1 mL sat’d NH4ClI and partitioned between 10 mL 1.5N HCI and
10 mL ether, which produced an insoluble orange oil that crystallized on standing. After separation
of the ether layer, the orange crystals (or oil) and aqueous layer were washed with 10 mL ether. The
combiried ether extracts were dried (MgSO,) and evaporated (aspirator) to afford 29 mg of material
that was greater than 90% S5a by '"H NMR assay and contained less than 10 % residual mesitylene.
HPLC analysis was conducted as in Table 2 to afford a 7.5:92.5 ratio of peaks for the (R) and (S)
enantiomers (85% ee). To recover le, the aqueous layer and the orange crystals (or oil) (dissolved
in THF) were basified to pH 10 with NaOH solution and extracted with ether (2 x 20 mL). The
combined ether extracts were dried (MgSO,) and evaporated (aspirator) to give 176 mg of a golden

foam (le, >95%).

Deracemization of lactates; representative procedure.

The procedure for the deracemization of ethyl O-benzyl lactate 4b' is given as a
representative example. The BHT lactate ester 4a" was deracemized by a similar method, but with
sec-butyllithium as the base. To hexamethyldisilazane (63.2 pL, 0.30 mmol, 2.0 equiv, Aldrich) in 0.5
mL THF at -20 °C was added dropwise n-BuLi (187 pL, 0.30 mmol, 2.0 equiv, Aldrich) and the
solution was stirred for 20 min. After cooling this solution to -78 °C, 4b was added (0.81 mL of a
0.19 M solution in THF, 35 mg, 0.15 mmol) and the resulting solution was warmed to -40 (JC for
2 h. After cooling to -78 °C, 1e (0.85 mL of a 0.48M solution in THF, 161 mg, 0.41 mmol) was
added and the solution was stirred for 30 min at this temperature. After warming to -20 °C over 30
min, | mL sat’d NH,Cl was added. The resulting biphasic solution was partitioned between 10 mL
ether and 10 mL 1.5N HCI and the aqueous layer was washed with 10 mL ether. The combined ether
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layers were dried (MgSOy), and evaporated to give 30 mg (85%) ethyl O-benzyl lactate. HPLC

analysis was conducted as in Table 4 to afford 45% ee favoring the second eluting enantiomer (R).

HPLC Methods.

General: Standard procedure for the HPLC analyses included equilibrating column to constant
baseline. The enantiorner separation was validated by testing the racemic mixture at the beginning
of each session. Detection was by UV at 240/254 nm or 220/240 nm depending on analyte and
enantiomer ratios were obtained using both wavelengths. All flow rates are 1.0 mL/min unless

otherwise stated.

Table 4. HPLC Assay Methods.
Matenal Chural Stationary Phase

Conditions, retention time
(flow rate= | mL/min)

Naproxen N, N-diisiopropyl
amidel6

BnOCH(CH:)CO3Et (4b)

BnOCH(CH;)CO,BHT (4a)

Pirkle type (S, S) Beta gem 1
(Regis)

Chiralcel QJ

(R,R)-Whelk-O 1 (Regis)

9/1 hexane/IPA, RT 6.4 min
(S), 9.5 min (R)’

93/7 hexane/IPA, RT 9.3 min
(), 10.6 min (R)

199/1 hexane/TPA RT 5.0
min, 5.7 min
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Table 5. HPLC Methods for the a-Amino Acid Derivatives.

Table 3 Chiral Stationary Phase Conditions, retention time (flow rate= 1

entry/substrate mL/min)

1-4 (5a) (R,R)-Whelk-O 1 (Regis) 17/3 hexane/TPA, RT 20.9 min (R), 25.7 min
(8’

5 (5b) a-Burke 19/b1 hexane/IPA, RT 14.0 min (R), 14.7 min
(8)

6 (5¢) (R,R)-Whelk-O 1 17/3 hexane/IPA, RT 27.6 min (R), 34.2 min
)

7 (5d) (R,R)-Whelk-0O 1 7/3 hexane/IPA, RT 28.3 min (R), 35.6 min (5)°

8 (5e) a-Burke 9/1 hexane/IPA, RT 11.5 min (R), 13.0 min (§)°

. 9(5) a-Burke 11.5/1 hexane/IPA, RT 7.9 min (R), 8.6 min

)

10 (5g) a-Burke 9/1 hexane/IPA, RT 11.6 min (R), 12.7 min (S)°

11 (Sh) a-Burke 39/1 hexane/IPA, RT 31.9 min (R), 34.4 min
(S

Stereochemical assignments: (a) comparison with authentic methyl N-benzoyl-(R)-alaninate.
(b) comparison with authentic methyl N-Cbz-($)-alaninate. (c) by analogy to entries 1-4 based
on similar structure and chromatographic behavior. (d) by analogy to entries 1-4 and entry 12

based on similar structure and chromatographic behavior. (e) from authentic methyl N-

benzoyl-(S)-phenylalaninate.
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