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Abstract

The direct union of primary, secondary, and tertiary carboxylic acids with a chiral glyoxylate-
derived sulfinimine provides rapid access into a variety of enantiomerically pure a-amino acids
(>85 examples). Characterized by operational simplicity, this radical-based reaction enables the
modular assembly of exotic a-amino acids, including both unprecedented structures and those of
established industrial value. The described method performs well in high-throughput library
synthesis, and has already been implemented in three distinct medicinal chemistry campaigns.
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The enduring challenge of efficient a-amino acid (AA) synthesis was identified as early as
1850 with the first report of the Strecker condensation (Figure 1A).[X Though initially
racemic, the evolution of chiral mediators has significantly expanded the utility of this
reaction, thereby securing its place as the current choice method for general AA
construction.[?] More than a century later, homogeneous asymmetric hydrogenation,®! a
discovery that would earn William Knowles a shared Nobel Prize in 2001,[4] revealed itself
as an invaluable route to process-scale enantiopure AAs (Figure 1A).5] Even so, the reaction
is not without its deficiencies and use in discovery settings has waned in the face of more
appealing options. Finally, advances in phase-transfer catalysis represented a decisive move
toward safety and simplicity, though wide-spread use is hampered by a high substrate
dependence and the need for prudent selection of complex catalysts (Figure 1A).[6] While
conceptually distinct, these stalwart techniques share a common thread: each relies on a
polar bond disconnection, and with that, carry inherent limitations. Notably, access to AAs
bearing adjacent quaternary centers is restricted to Strecker conditions,[’] though the
catalysts demand multistep protocols with extended reaction times at cryogenic
temperatures. The Ellman modification has done much in the way of practical
improvements, but still requires preparation of the requisite aldehyde, non-trivial nitrile
hydrolysis, and, of course, toxic reagents.[28] Given the apparent challenges, a new
approach to enantiopure AAs,[®! predicated on a one-electron disconnection, is disclosed.
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This method benefits principally from the ability of the intermediate radical to mobilize even
the most obstinate alkyl (including tertiary) donors, a trait unique to one-electron
transformations. With a simple reaction protocol and alkyl carboxylic acid starting materials,
the reaction features an unprecedented generality and allows rapid access to otherwise
wayward AAs.[1%] This is showcased by more than 85 examples and applications in high-
throughput parallel AA synthesis.

Per accepted retrosynthetic logic,[**] the most convergent disconnection of an AA sits at the
amine- and acid-bearing carbon center and the sidechain R group. Broad reconstitution of
this strategy suggested that a radical approach would best resist the steric and electronic
vagaries characteristic of exotic R groups.[12 As perhaps the most abundant and stable
radical precursor, attention quickly turned to the ubiquitous alkyl carboxylic acid,;
specifically, decarboxylative addition to a chiral radical acceptor (Figure 1A).[131 An
abbreviated outline of reaction optimization is depicted in Figure 1B. The transformation of
redox-active ester (RAE) piperidine 1 to the derivative 3 was found to proceed in 81% yield
(>20:1 dr) using the glyoxylate-derived chiral acceptor 2 in the presence of Zn (3 equiv) and
an inexpensive hydrated Ni mediator [Ni(OAc),-4H,0]; no efforts toward moisture
exclusion were made. The reaction saw only a slight diminishment in yield when conducted
open to air (entry 2), and was similarly facile with in situ acid-to-RAE conversion (entry 3).
Importantly, the identity of the RAE proved critical (entry 4), as did the presence of a Ni
promoter (entry 7, 9). Alternative Ni sources resulted in a modest drop in yield (entry 8).
The sulfinimine mesityl group was selected for its stability to reductive conditions (entry 5)
and stereoselectivity (entry 6), while reaction efficiency dictated the Zn loading (entry 10).
Finally, A-methyl-2-pyrrolidine (NMP) provided the best reaction media across a range of
substrates, though other polar aprotic solvents were competent as well (entry 11).[14]

With an optimized procedure in hand, the scope of this asymmetric AA synthesis was
evaluated (Scheme 1). The gem-p-disubstituted AAs are in high demand for their role as
protein stabilizers in various biological studies,[*] but the difficulty in accessing them using
prior methods made them an ideal starting point. Under the established conditions, a variety
of tertiary and bridged-tertiary RAEs 4 were efficiently converted into their respective amino
acid derivatives (3, 8-21, 41-94%, Scheme 1A). Impressively, fert-butyl a-iminoester was
also compatible with this coupling (8) and can be readily hydrolyzed to the free amino acid
on acid quench. Beyond esoteric interest, AAs containing phenyl bioisosteres are well
known to modulate pharmacokinetic properties.[16] Existing synthetic strategies to access
bicyclo[2.2.2]octane,[17] cubane,[18] and [1.1.1]propellanel®] AAs require multiple
functional group interconversions followed by an asymmetric Strecker reaction that typically
proceeds with moderate diastereoselectivity.[?] In contrast, the current protocol provides
these valuable compounds (14, 15, and 21) in one step with excellent stereochemical control.

This study was further expanded to include secondary (22—-35, Scheme 1B) and primary
carboxylic acids (3645, Scheme 1C) as alkyl radical precursors; diastereomeric ratios
greater than 20:1 were obtained in all cases. Of note, f-amino-substituted analogues (28,
31-34) were prepared directly from feedstock AAs, albeit with no observed selectivity at the
B position, even on additional optimization.
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This mild, radical-based method exhibits broad functional group tolerance, as shown in the
context of complex natural products and drug molecules (Scheme 1D). Steroid acids (46),
terpenoid acids (50, 52 and 53), tartaric acids (48), AA side chains (49), atorvastatin (51),
and chlorambucil (47) were all readily converted into chiral amino acids. Additionally,
functional groups including esters (14, 15, 21, 27, 45 and 48), carbamates (11, 13, 17, 25,
28, 30-35, 37, 43 and 49), ketones (26, 41 and 46), ethers (16, 19, 23, 30, 31 and 40),
acetonides (48 and 51), enones (50 and 53), olefins (44 and 52), and chlorides (16 and 47)
remained intact under the mild reaction conditions. Though not the first reported synthesis in
many cases (10, 12, 21, 23-25, 36, 48 and 49),[19] this method marks a significant
improvement, as previous routes relied on laborious sequences (3-7 steps) that resulted in
poor stereo-control.

To illustrate the ease of reaction protocol, B-dimethyl substituted ornithine 17, p-substituted
azetidine amino acid 37, and fluoro-substituted cyclohexyl alanine 39 were all synthesized
on a 1 mmol scale. Moreover, alkyl carboxylic acids could be activated in situ, thereby
delivering the desired AA in a single step. This one-pot procedure provided an alternative
avenue for difficult purifications, bypassing isolation of silica gel-labile RAEs (29-32, 40,
48 and 50).

Intrigued by the apparent breadth of scope, a preliminary mechanistic inquiry was conducted
(Scheme 1E). Radical clock experiments—cyclopropyl ring-opening (44) and the ablation of
the stereocenter of enantiopure proline RAE 28 suggest the presence of alkyl radicals. This
observation is consistent with previously reported RAE decarboxylative coupling studies.[20]

Solid-phase peptide synthesis (SPPS), among the most useful laboratory applications of
chiral AAs, requires orthogonal protection of the a-amine and sidechain for successful
introduction of an AA into a growing peptide. Indeed, the multistep preparation of those
suited for the Fmoc approach renders peculiar variants prohibitively time-consuming and
expensive. The described method enables rapid construction of SPPS-compatible AAs (54,
Scheme 2A), including the synthesis of particularly challenging bicyclic substrates which
serve as phenyl bioisosteres and can be used in proteins

Additionally, F-labeling studies were successfully performed giving 56 and 58 (Scheme 2B).
[17-19.21] Optically pure B-AAs afforded diastereomerically-pure a-AAs (59-62, Scheme
2C), with no evidence to suggest erosion of the now-y chiral center, regardless of auxiliary
configuration. The reaction does suffer some limitations, most notably, recalcitrance towards
benzyl addition. However, a-benzylated products (63-66) can still be accessed from the
corresponding benzyl bromide (Scheme 2D), though under a slightly modified set of
conditions; note that in contrast to all other reported substrates, this palliative approach
proceeds through a two-electron mechani sm.[22] Though a generally adequate workaround,
a decline in dr was observed in the case of /meta-substituted benzyl substrates. Additionally,
B-ketoacids were found to be entirely ineffectual in the given reaction. The most glaring
restriction, perhaps, is the cost of the enantiopure mesitylsulfinamide. On scale up, cost may
be mitigated by chiral resolution of racemic mesitylsulfinamide (see Supporting Information
for details).[23]
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To assess the applicability of this method to medicinal chemistry, 30 reactions were
conducted in parallel library synthesis (Scheme 3).[24] Judicious selection of the carboxylic
acid radical surrogates focused largely on structural diversity, with an emphasis on those
unavailable as the corresponding alkyl bromides or aldehydes required for conventional
amino ester synthesis. Among the collection were aromatic and aliphatic heterocycles,
including pyridines (89), pyrazoles (92), pyrrolidones (97), oxetanes (93), and
tetrahydropyrans (94);all of which are considered privileged medicinal scaffolds.[25] The
parallel sequence was conducted on a 100 umol scale as a two-pot procedure: in situ
generation of the TCNHPI-ester and imine addition followed by sulfinamide cleavage
provided the unprotected a-amino esters. All reagents, with the exception of zinc, were
added as stock solutions to facilitate parallel execution. HPLC analysis indicated that 29 of
the 30 substrates successfully underwent the two-pot sequence, while 25 provided sufficient
material after isolation (>1.0 mg) for submission to standard bioactivity assays. The
molecular weights (<250 Da), hydrogen-bond-donor count (<3), and partition coefficients
(cLogF< 3.1) of the product a-amino esters are particularly well-suited for fragment-based
drug discovery (FBDD),[26] as are the amine and ester functional handles.

Unique among the methods available for a-AA synthesis, the modular approach described
herein represents a significant departure from the two-electron mechanisms so often
prescribed in the literature. This radical-based strategy relies instead on the convergent
unification of feedstock carboxylic acids and a chiral glyoxylate-derived fragment, which
could vastly expand AA chemical space accessible by library synthesis. Customizable by
design, the simplicity and efficiency of this procedure should resonate with medicinal
chemists requiring rapid access to complex, enantiopure a-AAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Decarboxylative coupling to access enantioenriched amino acids
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R! R” > CO,Et +
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Eto C/_ &-‘ amino acid [ubiquitous
2 X-R radical precursor]

H
@) CO,E
- Reg-Ny-C02 ; R...N,
1l . LS
0A* (O 2equiv ﬁ
Ni(OAC),*4H,0 25 mol%
N 3 equiv Zn
1
1 NMP, rt, 6h N
Ts R = mesityl 3 .i. P v
A* from TCNHPI s [x-ray] ¢
entry Deviation from above yield (%)°  dr®

1 None 81 (81)° >20:1
2 open to air 69 >20:1
3 in situ from acid 73 >20:1
4 A*=NHPI <5 ND
5 R = {Bu 0 ND
6 R = p-tol 80 6.8:1
7 no Ni(OAc),*4H,0 38 >20:1
8 NiCly*glyme instead of Ni(OAc),*4H,0 50 >20:1
9 Fe(acac); instead of Ni(OAc),*4H,0 23 >20:1
10 2 equiv Zn 60 >20:1
11 DMF 25 >20:1

Figurel.
A) Decarboxylative coupling to access enantioenriched amino acids. B) Optimization of a

Ni-promoted radical addition into chiral sulfinimine. Ts=tosyl; TCNHPI=N\~
hydroxytetrachlorophthalimide; NHP1=A+hydroxyphthalimide.[27]
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4 [activa i drug molecules

[isolated] or [in situ]

A Tertiary Acids

NHSOR
Me : NHSOR

\ X = Me, 10, 88%
COX X A Previously 7 steps®
TsN § COQEt X = NHBoc, 11, 41%
X =0TBS, 12, 69%

X = Et, 3, 81%, 69%®, 73%¢ Prevzously Gsteps

X =Ph, 9, 94%

1BU, 8, 68%
FIOCGNHSOR |\ sor
NHSOR
CO,Et
BocHN/X\COQEtM o Me%c% 2
13, 85% 14, 88% 15, 54%°°
NHSOR NHSOR
o,
CO,Et BochN CO,Et
Me Me Me Me
& 16, 92% 17, 76%, 72%" NHSOR
. NHSOR CO,Et

X = NTs, 18, 59%%¢
CO,Et" 0,19, 66%° MeO,C
X CHZ, 20, 56%°¢ 21, 80%°
Previous! y 5 steps?

C Primary Acids NHSOR X = NBoc,

f;lHSOR H 37, 53%, 50%
Ph : CO,Et X=CH,,
\/\/\CO2Et 2= 38,53%
36, 68%

Previously 5 steps?

X
E N’HSOR
COZEt 40, 53%°

39, 48%, 51%" NHSOR

NHSOR
i COzEt
CO,Et
Me 0 42, 45%°
o) 41, 57%

BocHN  NHSOR (//N\HSOR MeozC\/’;‘\HSOR
Me’i\/\cozEt CO,Et CO.Et

Me
43, 36% 44, 63%° 45, 44%

Scheme 1.

B Secondary Acids
NHSOR NHSOR NHSOR

CO,Et COEt QA CO,Et /://\COQEt
TsN 0 e

23, 65% dF 24, 70% 25, 65%
22, 76% Prev:ously 3 steps' Prewous/y 5 steps? Prewous/y 7 steps?

NHSOR tBu0o,c  NHSOR NHSOR NHSOR

H\coza \('\co2Et C,/\coza O/\C02Et
G i Me NBoc S

27, 62%, 1:1 (B) 28, 89%, 1:1 (B) 29, 70%°, 1:1 (B)

NHSOR

NHSOR X'=NBoc,X?=0  BocNH — NHSOR BocHN  NHSOR
30, 45%°, 1:1 (8) ( ;
1 X'=0, X2 = NBoc n CO,Et
X ’\2/\002 t31 9% 115 [l CO,Et
X X"'= NBoc, X2 = NBoc 00 Me

n=1,33,48%, 1:1 (B)

B Ans ) n =2, 34, 60%, 1:1 (B)

35, 62%, 68%”, 1:1 (B)

Natural Products and Drug Molecules

O Me TEER NHSOR
N Cl /\\ %
© N CO,Et
COEt i
from dehydrocholic acid ~ NHCbz frontichlonarmBuct]
46, 83% COJENN T
Me, [\IHSOR BnO,C

MeA(O H
from Z-Glu-0Bn NHSOR H s CO,Et
0z CO,Et 49,63%
CO.Me from tartaric acid Previously 5 steps

2V 48, 53%¢, 1041 (b)
Prev:ous/y 5 steps

“Me NHSOR

[x-ray]

NHSOR from 3-keto-4-etiocholenic acid
50, 42%°, 16:1 (b)
COQEt
Ph—NH from atorvastatin HO
O 51, 53%
O NHsorR Me™] ¢

from oleanolic acid EtO,C
CO.Et 52, 93%, >20:1 (b)

HO
e 0
Me H Me E Cyclopropyl ’;‘HSOR
from 18b-glycyrrhetinic acid Opening NNco.Et
53, 85%, 2.5:1 (b) 44,15% 2

Scope of the Ni-promoted asymmetric amino acids synthesis with TCNHPI redox-active
esters. Yields of isolated products are indicated in each case. The diastereomeric ratio for a
center is greater than 20:1. Reaction conditions: a) RAE (1 equiv), sulfinimine (2 equiv),
Ni(OAc),4H,0 (25 mol%), Zn (3 equiv), NMP, RT, 6 h. b) The reaction was performed
open to air. ¢) In situ reaction with TCNHPI (1 equiv) and DIC (1.1 equiv). d) For previous
synthetic approaches to analogous amino acids. ) Using ent-2 as radical acceptor. f) 1 mmol
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scale, see the Supporting Information for details. DIC=N, A\ -diisopropylcarbodiimide;
Boc=tert-butyloxycarbonyl; TBS=tert-butyldimethylsilyl; Cbz=carbox- ybenzyl.
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A. Conversion to Fmoc-protected amino acids

BocHN BocHN
NHSOR 1. HCI / MeOH r;lHFmoc
2. LiOH ; P
— >
CO,Et 2
17 Me” Me 2 3. Fmoc-OSu Me” Me

54, 68% (3 steps), 95%ee

B. Synthesis of phenyl bioisosteric amino acids
HO,C

CO,Me AgNOs, in situ NHFmpc
F-TEDA  coupling Previously
L 4 *—© @ B 10 steps,
LiOH deprotection/ overall yield
HO,C ] Fmoc-OSu F 11%
o ki 56, 24% (overall
chromatography purification)
CO.H AgNO FmocHN
2 gNOg, deprotection/ % _COOH
HO,C = ;EDA ® FmO(‘.(E,I» Previously
< in situ coupling 9 steps,
57 (single column overall yield 2%

chromatography purification) 58, 23% (overall)
C. Stereoselective syntheses of amino acids

NHSOR NHSOR NHSOR NHSOR

(
CO,Et CO,Et CO,Et CO,Et
o O 0 0 o 00

BocHN™ “"Me BocHN” “Me BocHN Me BOCHN Me

59, 49% 60, 55% 61, 53%, 56%7 62, 60%
D. Phenyl-substituted alanines synthesized from benzyl bromide
NHSOR

R

R =H, 63, 51%, dr 20:1
NHSOR  cI, 64, 65%, dr 6.7:1
: Br, 65, 42%, dr 5.7:1 Me

CO,Et 66, 36%,
dr 1:1:0.1:0.1

CO,Et

Scheme 2.
A) Conversion into Fmoc-protected amino acids. B) Synthesis of phenyl bioisosteric amino

acids. C) Stereoselective synthesis of amino acids. D) Benzyl-substituted amino acids from
benzyl bromide. a. 1 mmol scale. See Supporting Information for details. Fmoc=fluor-
enylmethyloxycarbonyl; F-TEDA=Selectfluor.
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1) TCNHPI (1 equiv), ® HPLC Isolated Amount
DIC (1.1 equiv),
w g P LT s W Qerem
I C)o* mol%),
R?HL OH AN Zn (3 equiv), NMIP R}H\C%a <10mg
R3 + 1 I R
ent2 O Me 2) TFA/MeOH R® (S]
0.1 mmol 2 equiv >1.0 mg is enough for biological assays gz A no product
M
o/jtfo nBu gy O/& OH Me
(o)
. OHowooVo o@fo
Mj\o Et0,C NHAC .
Me Me
< "Q ZS«OO T Q o Q
EijgrouO Cl> 4 Q oY T
OMe O 79
OH
OH o Me_ Me
Q 0 gxw« o=t *Q 0l Q
E0— me 80 MeO,CHN g4 H 83 |
o) Bu
(o) Meye Me
Me
"9 O A9 TI.0 ;p o b 0
N _~ i
o Gl
Me o 87 OHgo
N HO
O Me OH <:>2: Me OH o N Meo
{§ O Q Oy O O4 Q@ o Q
OH T
Me 94 96 HO 97

Scheme 3.
A 30 compound array asymmetric synthesis of unnatural amino acids. DMAP=4-

dimethylaminopyridine.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 October 26.



	Abstract
	References
	Figure 1.
	Scheme 1.
	Scheme 2.
	Scheme 3.

