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The kinetic resolution (KR) of amines is a long-standing problem
inthefield of asymmetric synthesis (eq 1). Approachesto this problem
have included the application of enzymes' as well as chiral acylating
agents employed in stoichiometric quantities.? Small-molecule catalytic
approaches have also been advanced.® An degant strategy based on
the use of chird hydrogen-bond donors in combination with achira
nucleophiles as cocatalysts has also appeared recently.* In each case,
important advances have resulted, but significant challenges remain,
including substrate scope, simplicity of catalysts, and use of straight-
forward, room-temperature reaction conditions.
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It is perhaps fair to say that progress in amine KR has trailed the
pardle challenge of dcohol KR, wherein awide variety of catalysts
that collectively address a broad range of substrate types, conceptual
strategies, and mild reaction conditions have been introduced.® Among
the challenges associated with amines as substratesistheir higher level
of reactivity: oftentimes, the background rate of reactions of amines
with smple derivatization agents (e.g., anhydrides) is competitive with
cataytic rates, leading to low levels of selectivity. Approaches to this
problem have included the use of low-reactivity amines (eg.,
indolines)®*€ or reduced-activity electrophiles (e.g., O-acyloxazolines),
each leading to processes amenable to enantioselective catalysis.®

Our approach to the KR of amines and their derivatives has centered
on the gpplication of a common catdyst scaffold based on smple
s-methylated higtidine derivatives (Pmh-peptides, 1; Scheme 1). The
gpproach has been applied to the sdlective functiondization of a broad
range of alcohols with a variety of electrophiles® For amine functional-
ization, we sought asmple substrate that might exhibit enhanced rates of
caaytic acylation with reduced background rates rel ative to the reactivity
of afree amine. Our hypothesis was that Smple formamides (2) would
react through akineticaly favorable O-acyldtion of the formamide oxygen
followed by arearrangement of the ungtable O-acylated intermediate 3 to
give the stable imide 4. Our god was to capitdize on chird frameworks
previoudy derived from 1 for enantiosdlectivity. Furthermore, if theamine
derivatization reagent were established as the ubiquitous di-tert-butyldi-
carbonate (Boc,O), products such as 4 could then be converted to practica
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building blocks such as N-Boc-amines (5) or back into the corresponding
formamides (2) under straightforward conditions.

In initial experiments, we were pleased to find that formamides
were inert to reactions with Boc,O aone but subject to cataytic
functionalization with Pmh-containing peptides (eq 2). Moreover,
cataysts in a f-turn series (6a—e) were found to exhibit enantiose-
lectivity (Table 1). For example, catalyst 6a led to 4 with a 79.5:20.5
er at 22% conversion (kg = Sfactor” = 4.6; entry 1).
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Optimization of the catalyst structure led to the identification of
critical sectors. Catalyst 6b, with ateration of the i + 3 residue (L-
vaine to L-phenylglycine), is incrementally more selective than 6a
(sfactor = 7.8; entry 2). Catalyst 6¢, with p-pipecolinic acid in place
of p-proline, is less sdective (sfactor = 5.3; entry 3), implying that
secondary structure is important.® Moreover, modification at the N-
and C-termini (6d and 6e, respectively) proved important, revedling
that when the N-terminal substituent is changed from Boc to acetyl,
the sdlectivity is enhanced (s-factor = 9.6; entry 4). This change may
be due to the heightened integrity of the 5-hairpin structure associated
with a stronger amide-to-amide hydrogen bond.® In addition, when
the catalyst istruncated at the C-termina side (6e, with thei + 4 residue
replaced by NMe; entry 5), the sfactor drops to 3.2. Thus, we
established catalyst 6d as our lead catalyst.

Table 1. Catalyst Screen and Optimization Results with
Formamide Substrate 2

Entry  Catalyst i—1 i+ 1 i+2 i+3 i+ 4 s-factor®
1 6a Boc Dp-Pro Sp6° L-Vad Dbp-PheOMe 4.6
2 6b Boc Dp-Pro Aib® L-Phg® D-PheOMe 7.8
3 6c Boc D-Pip® Aib® L-Phg® D-PheOMe 53
4 6d Ac  bp-Pro  Aib® L-Phg D-PheOMe 96
5 6e Boc Dp-Pro  Aib® L-Phg® NMe, 32

a Cdculated using the method of Kagan.” ® 1-Aminocyclohexanecarboxylic
adid. © 1-Aminoisobutyric acid. ¢ Phenylglycine. © Pipecolinic acid.

While the data in Table 1 revealed an ability to modulate the
sdlectivity, the reactivity of formamides was modest. Reactions
typically proceeded to only ~37% conversion after 36 h at 25 °C.
Furthermore, to reach the ideal extent of conversion (50%), 20 mol %
catalyst and an excess of Boc,O (1.2 equiv) were needed. Inspired by
classica literature regarding the reactivity of thiocarbonyl com-
pounds,®® we hypothesized that thioformamides would be more
reactive. Furthermore, it had been shown that thioformamides react
with acyl chlorides via S-acylation followed by intramolecular S-to-N
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acyl transfer.™ Indeed, a competition experiment involving formamide
2 and the corresponding thioformamide 7 (eq 3) confirmed our
hypothesis. Upon exposure to 1 equiv of Boc,O, a1:1 mixture of 2 and
7 was converted dmost exclusively to 8. Moreover, near tota conversion
was observed within 12 h with only 5 mol % catdyst at 25 °C.

Ye § BoczO (1.0 equiv)
s equw
NJLH JL Sd mol%
% & N R mms Buc + Boc
T 2

1.0 equiv 1.0 equiv

Under conditions of KR, 7 reaches the 50% conversion point within
15 h with only 5 mol % 6d and only 0.6 equiv of Boc,O (eq 4).
Importantly, substrate 7 undergoes reaction with a nomina s-factor
of 12.8 under these conditions.*>** Moreover, thioformamides exhibit
the same sdlectivity trends as their formamide analogues when
evaluated with other catalysts.™® In addition, substrates in both the
formamide and thioformamide series undergo KR with excellent
reproducibility on scales of up to 0.5 mmoal.
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51% conversion s-factor =128

Having established a catalyst that operates at 5 mol % loading and
asubgtrate that exhibits enhanced reactivity and gppreciable selectivity
at 25 °C, we sought to assess the substrate scope (Table 2). In addition
to the parent sec-phenethylamine derivative (entry 1), a variety of
arylethylamines are excellent substrates for catalyst 6d. In fact, the
data presented below represent, in most of the cases, the highest
sfactors observed for nonenzymatic KRs of the corresponding amines
or thelr smple amine derivatives, particularly when these reactions
are caried out a 25 °C. m-Methoxy-substituted formamide 9
underwent the KR with a nomina sfactor of 325 (entry 2). The
corresponding  m-phenoxy-substituted compound 10 was dso an
excellent substrate (s-factor = 25.2; entry 3), while the analogous
m-bromo-substituted compound 11 was somewhat less sdlective (s-
factor = 12.5; entry 4). 3',5"-Dimethoxy-substituted derivative 12
yielded the highest s-factor we have observed to date (43.7; entry 5).
Parasubstitution is also tolerated: p-methoxy- and p-phenyl-substituted
compounds 13 and 14 exhibited s-factors of 12.2 and 10.2, respectively
(entries 6 and 7). 2"-Naphthyl-substituted compound 15 had an s-factor
of 13.8 (entry 8), and arylpropylamine 16 exhibited an s-factor of 9.4
(entry 9). Even 17, presenting heteroaryl and phenyl rings within the
substrate, gave an s-factor of 5.6 (entry 10), suggesting the potential
for KR of amine derivatives having unusua functiondity.

The protocol we have established dso dlows access to amine
derivatives of practicd utility. For example, the converson of 8 to
carbamate 5 by oxidative hydrolyssis possible (Scheme 2). Conversdly,
8 can be converted to formamide 2 by acidic cleavage of the Boc group
and Sto-O exchange.
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In summary, we have developed a new draegy for the KR of
formamides and thioformamides based on catdys 6d. Thiswork expands
the generdity of Pmh-based catdysts to include a novel class of amine-
based substrates.
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Table 2. Substrate Scope for the KR of Thioformamides with Peptide 6d*

Entry Substrate % Conversion? ert Nominal
s-factor?
Me S
NJ\H
1 7. X=H 51 86.5:13.5 12.8
2 9, X = OMe 52 95.5:4.5 325
3 10, X = OPh 58 975:25 252
4 11,X=Br 52 88: 12 12.5
Me S
MeO. NJLH
5 H 52 9.5:35 437
12
OMe Me S
NJ\H
6 H 52 88.2:11.8 12.2
X 13, X = OMe 53 86.5:13.5 10.2
14, X = Ph
Me S
8 NJ\H 54 90.8:9.2 13.8
Et S

1
5 N)J\H .
9 o N 52 85: 15 9.4

10 J]\ 53 79:21 56

OMe

2 Reactions were carried out at 25 °C for 24 h in CHCl3 (0.30 M) with 0.6
equiv of Boc,© and 5 mol % 6d in the presence of (TMS),0 &s an interna
standard and 4 A molecular sieves (entries 3 and 10 employed 0.65 equiv of
Boc,0). P Based on substrate reldtive to the interna standard. © Reported for
recovered arting material after conversion to the formamide and determined by
chird HPLC andysis. In the case of entry 1, the fast-reacting enantiomer was
found to be (R)-7, providing (9-7 as the recovered garting materia. The other
cases were not explicitly established. © See note 12.

Supporting Information Available: Experimental procedures and
characterization data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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