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The conversion of C-H bonds to C-N bonds offers a sustainable and
economical strategy for the synthesis of nitrogen-containing compounds.
However, challenges regarding the control of regio- and stereoselectivity
currently limit the broad applicability of intermolecular C(sp*)-H amination
reactions. We address these restrictions by directed nitrene-mediated C-H
insertion using a metal-coordinating functional group. We report a highly
stereocontrolled, iron-catalysed direct a-amination of abundant carboxylic
acid feedstock molecules. The method provides in a single step high-value
N-Boc-protected a-monosubstituted and a,a-disubstituted a-amino acids,
which can then be immediately used for applications including solution-
and solid-phase peptide synthesis. This method fulfilsimportant aspects of
sustainability by being highly step efficient and utilizing non-toxic, Earth-
abundantiron as the catalytic metal.

Amines are some of the most prevalent functional groups found in
natural molecules and pharmaceuticals'?. As such, the demand for
economical and sustainable synthetic methods for the introduction
of amino groups remains strong and growing. The direct replacement
of a hydrogen by an amine functionality’ through transition metal-
catalysed, nitrene-mediated intermolecular C-Hamination represents
anattractive and highly step-efficient solution*””. However, despite the
considerableresearch efforts that have been focused on this area, the
abundance of C-Hbondsin organic molecules typically poses a formi-
dable regioselectivity challenge for intermolecular C-H aminations.
Furthermore, control of stereoselectivity is often difficult to achieve
for the outer-sphere C-N bond formation step in which the substrate
is not bound to the metal (Fig. 1a). These two aspects currently limit
the broad applicability of stereocontrolled nitrene-mediated intermo-
lecular C(sp®)-H aminations in synthetic chemistry.

Directed C-H activation by transition metal catalysis has provento
be apowerful tool for addressing the regio- and stereoselectivity issues
confronted in C-H functionalizations such as the amination of non-
activated C(sp®)-Hbonds®. Directed C-H amination exploits a metal-
coordinating directing group for site-selective activation of aspecific
C-Hbond, usually by the formation of a metallacycle intermediate,

followed by reaction of the metal-carbon bond with an external or
metal-bound nitrogen species. The sustainability of these methods,
however, is often diminished by the reliance on noble metals, such as
Pd, Ru,RhandIr, forinducing cyclometalation. In a different mechanis-
tic manifold, directed C(sp*)-H amination could be achieved through
nitrene insertioninto C-Hbonds without the preceding formation of
aC-Mbond, where Mis ametal (Fig. 1b). Surprisingly, this mechanistic
schemeisrarely explored and has only been realized non-racemically
through hydrogen bond-mediated catalysis®" and in racemic reactions
through high-valence iridium" and rhodium™ nitrene intermediates,
and notina catalytic asymmetric manner.

Weintended to achieve asymmetricintermolecular C(sp®)-Hami-
nation through directed C(sp®)-H nitrene insertion. Specifically, we
envisioned that carboxylic acids might be suitable directing groups for
regioselective and stereocontrolled nitrene-mediated C-H aminations
todirectly convert abundant feedstock carboxylic acidsinto highly valu-
able non-racemic chiral a-amino acids bearing unnatural side chains,
whichare sought-after synthetic building blocks due to their modulated
chemical, physical and pharmaceutical properties™ ™ (Fig. 1c). Direct
«-amination of carboxylic acids has rare precedents and is highly chal-
lenging, in contrast with the well-established a-amination of aldehydes,
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Fig.1|Reaction design for catalytic asymmetric C(sp®)-H a-aminations.

a, Non-directed asymmetric intermolecular C(sp®)-H nitrene insertion via

the outer-sphere mechanism (well developed). b, Directed asymmetric
intermolecular C(sp®)-H nitrene insertion amination using metal-coordinating
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functional groups (rare precedents). ¢, This work. Intermolecular iron-catalysed
directed a-C(sp®)-H nitrene insertion of carboxylic acids. The asterisks indicate
the chiral centre. Boc, tert-butyloxycarbonyl; [M], metal catalyst; [Fe], iron
catalyst.

ketones, 1,3-dicarbonyl compounds, esters and some carboxylic acid
surrogates'* 2, This canbe attributed to both the acidity of the carboxylic
acid moiety and the typically high pK, value of the a-hydrogen.In1972,
Yamada et al.” was the first to report the preparation of a-amino acids
from carboxylic acids by a one-pot procedure through double depro-
tonation followed by reaction with O-methylhydroxylamine. However,
this method requires astrongbase and provides only racemic products.
In 2012, Smith and colleagues® reported the enantioselective organo-
catalytic a-amination of carboxylic acids with N-aryl-N-aroyldiazenes
inaone-pot, two-step procedure via in situ-generated acid anhydrides.
This method is limited to the synthesis of N-aryl-a-glycine derivatives
after Sml,-induced cleavage of the initially obtained hydrazides.In 2019,
Shimizu and colleagues® introduced aboron-catalysed a-hydrazination
of carboxylicacids with diisopropyl azodicarboxylate.In one example,
the presence of a chiral ligand provided modest enantioselectivity (45%
enantiomericexcess (e.e.)). Unfortunately, converting the a-hydrazino
into anamino group required harsh reaction conditions.

Herein, we reporta previously elusive stereocontrolled intermo-
lecular one-step a-C(sp*)-H amination to afford high-value N-protected
chiral a-amino acids. Our method refrains from multi-step synthetic
sequences or inconvenient starting materials. Instead, it utilizes abun-
dant carboxylic acid feedstock, sustainable and Earth-abundantiron
catalysis and the popular tert-butyloxycarbonyl (Boc)-protecting
group, which does not require a subsequent step-intensive exchange
of the protection group. These characteristics render this method
highly attractive for the expedited synthesis of a-monosubstituted
and o, a-disubstituted a-amino acids.

Results and discussion

Initial experiments and optimization

Weinitially selected phenylaceticacid (PAA) as our model substrate. (R,R)-
[FeCl,(BIP)], bearing abis-benzimidazole ligand witha chiral 2,2’-bipyr-
rolidine backbone (BIP) and two labile chloride ligands (hereafter referred
toas (R,R)-FeBIP) was chosenas the catalyst as it was recently identified
by usasan excellent catalyst for al,3-migratory nitreneinsertion” (Table
1). We envisioned that the coordination of the deprotonated PAA and
the simultaneous formation of aniron nitrenoid might trigger anitrene-
mediated amination of the a-C(sp®)-H bond to form phenylglycine via
acyclic transition state with potentially high regio- and stereocontrol
(Fig. 1c). As the choice of protecting group would be crucial for later

applications, we elected to use the Boc group, one of the most commonly
employed N-protecting groups in amino acid chemistry?.

We proceeded to explore the suitability of N-Boc-protected carba-
mates with various leaving groups at the nitrogen (BocNH-X; X = leaving
group) as nitrene precursors”~**, While no conversion was observed
withbenzoate as the leaving group (entry1), sulfonates provided more
encouraging results. With toluenesulfonate as the leaving group, the
desired N-Boc-protected phenylglycine was formed with 29% NMR
spectroscopy yield and 91% e.e. after 20 h at -15 °C in an incomplete
conversion (entry 2). An isopropyl sulfonate leaving group did not
perform significantly better (entry 3). The best results were obtained
withmesylate (Ms) asthe leaving group. Subjecting PAA to (R,R)-FeBIP
(8 mol%), BocNHOMs (2 equiv.) and piperidine (4 equiv.) in 1,2-dichlo-
robenzene (0-DCB) at -15 °C provided N-Boc-protected (S)-phenylgly-
cine (1)in 78% NMR spectroscopy yield (77% isolated yield) with93%e.e.
(entry4).BasessuchasK,CO, (entry 5) or Et;N (entry 6) afforded inferior
results. Other solvents, including dichloromethane or acetonitrile, led
todecreased yields and enantioselectivities (entries 7and 8). Itisworth
notingthat higher temperaturesalso provided diminishedyields (entries
9 and 10), presumably due to a Lossen-type rearrangement of BocN-
HOMs induced by the base at elevated temperatures®. Less favourable
results were also obtained when using an excess of aminating reagent
to drive conversion to completion, which resulted in a decreased yield
due to oxidative decomposition of the amino acid product (compare
entries4 and11) (see also Supplementary Information section ‘Oxidative
decomposition of a-amino acids under reaction conditions’ for details).

Finally, two popular related chiral iron catalysts featuring tet-
radentate N4-donor ligands were tested for comparisonand displayed
inferior results. The bis-pyridine complex (R,R)-Fel (ref. **) provided
R-configurated 1in a significantly lower yield and with significantly
lower enantioselectivity (20% yield with 48% e.e.; entry 12), while the
bis-benzimidazole diacetonitrile iron complex (R,R)-Fe2 (ref.*), which
is prepared from (R,R)-FeBIP by silver-promoted ligand exchange, pro-
vided comparable enantioselectivity but asignificantly decreased yield
(entry13). These results confirm the benefit of both the benzimidazole
and chloride ligands of the FeBIP catalyst scaffold.

Substrate scope
With optimized reaction conditions in hand, we next investigated
the substrate scope for this protocol (1-49) (Table 2). The reaction
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Table 1] Initial experiments and optimization of reaction conditions

: ' 12+ (SbFg 2 >
(R,R)-FeBIP (8 mol%) ; Me 0 N IR Me 17" (SDF6)2
BocNH-X (2 equiv.) _ : | N
o~ Piperidine (4 equiv.) NHBoc ! N E N N/)\
Ph”™" ~COH : i Cl, N MeCN,, ‘ N_ &
0-DCB, indicated temperature, 20 h Ph/\COZH ' ORI IR H “, S ML, “\\‘N *
' Fe\ ! Fe Fe
PAA Standard conditions (91 0 CI/ | N : MeCN/ | & MeCN/ i N
H N ! N N
(0] 0 =~ 0 | N x
Boc = (o) : . ' & N
E)I\O/ ’ : C Me G/ Me

(R,R)-FeBIP (R.R)-Fel (R,R)-Fe2

Entry Leaving group Reaction conditions® Temperature (°C) Conversion (%)° Yield (%)° e.e.(%)°

1 OBz Standard conditions -15 0 - -

2 QTs Standard conditions -15 35 29 91(S)

3 OSO,Pr Standard conditions -15 44 31 93 (S)

4 OMs Standard conditions -15 90 78 (77)¢ 93 (S)

5 OMs K,CO; as base -15 31 7 93 (S)

6 OMs Et;N as base -15 38 28 91(S)

7 OMs CH,Cl, as solvent -15 67 46 86 (S)

8 OMs CH,CN as solvent -15 33 15 72 (S)

9 OMs Standard conditions 0 74 58 90 (S)

10 OMs Standard conditions 25 56 46 80 (S)

1" OMs Standard conditions® -15 91 70 93 (S)

12 OMs (R,R)-Fe1 as catalyst -15 69 20 48 (R)

13 OMs (R,R)-Fe2 as catalyst -15 83 69 93 (S)

2Deviations from standard conditions are shown. Standard conditions: PAA (27.2mg; 0.2 mmol), BocNHOMs (84.5mg; 0.4 mmol; 2equiv.), piperidine (82 ul; 0.8 mmol; 4equiv.) and (R,R)-
FeBIP (8.9mg; 8mol%) in 0-DCB (2ml) were stirred under an N, atmosphere at the indicated temperature for 20 h. "Conversion and yield were determined by 'H NMR spectroscopy analysis
of the crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. °“Determined by high-performance liquid chromatography analysis on chiral stationary phases. The
major configuration of 1is provided in parentheses. “Isolated yield provided in parentheses. °Reaction performed with BocNHOMs (3equiv.) and piperidine (5equiv.). OBz, benzoate; OMs,

methansulfonate; OTs, toluensulfonate.

tolerated awide range of electron-donating and electron-withdrawing
substituents onthe aromaticring of the PAA substrate, including methyl
(2-4), tert-butyl (5), phenyl (6), methoxy (7), fluorine (8), chlorine
(9), azide (10), trifluoromethyl (11), methoxycarbonyl (12), 3,5-dime-
thyl (13),1,3-dioxole (14) and 3,4,5-trimethoxy (15). The important
unnatural arylglycine® products 2-15 were obtained in satisfactory
yields (49-78%) and with 85-94% e.e. Benzannulated (16 and 17) and
heteroaromatic arylglycines (18-20) could also be readily prepared
using this method (44-64% yield; 74-93% e.e.). It is worth mention-
ing that for a-aryl amino acids 11, 12 and 20, as well as a-alkyl amino
acids 21-28, using dichloromethane as the solvent instead of 0-DCB
afforded higher yields. Even more gratifyingly, our synthetic protocol
also proved effective for aliphatic carboxylic acids with non-activated
C(sp*)-H bonds, which represent a long-standing challenge in inter-
molecular asymmetric C-H amination*®’. The non-racemic a-amino
acids 21-25, containing primary alkyl substituents, were successfully
obtained in 30-55% yield and with 87-91% e.e. Intriguingly, using the
mirror-imaged iron complex (S,5)-FeBIP as a catalyst, the reaction pro-
vides convenient access to D-configured a-amino acids with proteino-
genic side chains, such as Boc-D-leucine (26). For sterically hindered
substrates such as 2-cyclohexylacetic acid and 3,3-dimethylbutanoic
acid, the desired products 27 and 28 were obtained in more modest
yields of 40 and 21%, respectively, but with satisfactory e.e. values. For
aliphatic side chains (21-28), where regioisomeric amination might
occur, a-amino acid products were exclusively observed. However,
electronically activating the 3-C-H position can lead to competing

formation of B-amino acids (see the Supplementary Information sec-
tion ‘1,5-HAT vs. 1,6-HAT for amination of 3-phenylpropionic acid’ for
details). Finally, itis noteworthy that for reactions that provided low to
moderateyields, the remaining mass balance constitutes mainly intact
starting material, while minor side products result from overoxidation.
Furthermore, thereactionisalso applicableto the Troc (2,2,2-trichlo-
roethoxycarbonyl) protection group. For example, N-Troc-protected
(S)-phenylglycine (1’) was obtained in 72% yield and with 94% e.e.
Next, we applied our protocol to the synthesis of a,a-disubstituted
a-amino acids, which are distinguished by their restricted conforma-
tional flexibility, increased lipophilicity and metabolic stability, as
well as increased resistance towards racemization®%, Most existing
syntheticroutesrely onelectrophlic a-alkylation of amino acid enolate
equivalents. While aminations of a-branched carbonyl compounds
have been achieved mainly by electrophilic hydrazinations of enolates
with azidocarboxylates, the subsequent cleavage of the hydrazides
to the target amines requires harsh conditions®~*'. We envisioned
applying our direct amination protocol to a-branched carboxylic
acids, which would provide a general and rapid synthetic method for
accessing non-racemic o,a-disubstituted a-amino acids that has to date
beenelusive.Indeed, when we reacted racemic a-branched carboxylic
acids with BocNHOMs under iron catalysis, the tertiary a-C-H was
aminatedinastereocontrolled fashion to afford the desired products
in high yields and with high enantioselectivities. For example, N-Boc-
protected a,a-disubstituted a-amino acids containing one a-methyl
and one a-aryl group were synthesized in 68-89% yield and with 79-91%
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Table 2 | Substrate scope for the a-amination of carboxylic acids

(RR)-FeBIP (8 mol%)
R2 BocNHOMS (2 equiv.) NHBog

CO-H Piperidine (4 equiv.) R!

Carboxylic acids

0-DCB, -15°C, 20 h

a-Amino acids

a-Aryl amino acids
NHBoc

©/\C02H

1,77%, 93% e.e.
1'3 (Troc instead of Boc):
72%, 94% e.e.

NHBoc

/©/\ .
X

8 (X =F), 56%, 93% e.e.
9 (X =Cl), 49%, 92% e.e.
NHBoc

MeO.
CO.H

OMe
15
52%, 90% e.e.

o-Alkyl amino acids
NHBoc
R \/\/\
CO.H

219¢ (R = Ph), 55%, 87% e.e.

229 (R = Ng), 46%, 91% e.e.

o,0-Disubstituted amino acids

Me, NHBoc

COH

ng,c,h
89%, 91% e.e.

Et, NHBoc

35b,c,h
85%, 93% e.e.

Late-stage C-H aminations

OO

o)

42° (from isoxepac)
59%, 90% e.e.

HN
%NH
o

469 (from d-desthiobiotin)
40%, 21/1 d.r.

NHBoc

D, NHBoc NHBoc
CO:H O/\COQH
1-cPC 2 (para), 63%, 93% e.e.

72%, 94% e.e. 3 (meta), 72%, 92% e.e.

4° (ortho), 68%, 94% e.e.
NHBoc NHBoc

N

10 11¢
54%, 93% e.e. 60%, 85% e.e.

NHBoc NHBoc

= COzH COH
X

16

62%, 91% e.e. 64%, 84% e.e.

Me NHBoc

NHBoc EtHN A
- \H/\/\ COMe
CO.H o)

23de
51%, 88% e.e.

24d.ef
30%, 89% e.e.

Me, NHBoc Me, NHBoc
COzH /©)\COZH
Me MeO
30b,c.h 1b ch

80%, 91% e.e.

79%, 79% e.e.
'Pr. NHBoc

36b.ch 37bch
76%, 93% e.e. 64%, 93% e.e.

Cl

NHBoc

COH NH NHBoc

Cl

43 (from diclofenac)
37%, 83% e.e.

Me_ NHBoc

COLH

Me

47°¢h (from ibuprofen)
87%, 91% e.e.

Bu

Ve COzH :
X -
MeO,C [¢)

81%, 89% e.e.

Me NHBoc
NHBoc Me)i\lHBoc
CO,H .
CO,H 2 R COzH

44° (from indomethacin)

O O -

48N (from ketoprofen)

NHBoc NHBoc NHBoc

/Ej/\COZH @/\COZH
Ph # MeO

7
53%, 91% e.e.

78%, 92% e.e. 50%, 93% e.e.

NHBoc
NHBoc R NHBoc

12¢ 14
62%, 86% e.e. 70%, 93% ee. 55%, 93% e.e.

NHBoc

NHBoc NHBoc :
; s X COH
s \/j/\ COsH <J/\ COH
_ \ N
EtO.C
18 19 20¢

44%, 93% e.e. 48%, 90% e.e. 44%, 74% e.e.

O\/N_:Boc )Mi)N\HBOC NHBoc

COsH Me COH R COoH

25d¢ 2699
52%, 89% e.e. 42%, 89% e.e.

279 (R = Cy), 40%, 90% e.e.
28%¢ (R = Bu), 21%, 89% e.e.

Me NHBoc Me, NHBoc

Me NHBOC
MeO,C

32b.ch 33bch
72%, 90% e.e.

34b,c.h
68%, 91% e.e.

3gb.ch 3gb.ch
59%, 94% e.e. 45%, 88% e.e.

40°¢9N (R = "Bu), 34%, 23% e.e.
41°9N (R = Cy), 43%, 43% e.e.

MeO

TBSO™

459%¢ (from lithocholic acid)
43%, 23/1 d.r.

75%, 70% e.e.

0 Me, NHBoc Me, \\NHBoc

SO
MeO

49 (from naproxen)

88%, 90% e.e. 65%, 85% e.e.

Cy, cyclohexyl; d.r., diastereomeric ratio; TBS, tert-butyldimethylsilyl; Troc, 2,2,2-trichloroethoxycarbonyl. °Reaction conditions for 1': 1mol% (R,R)-FeBIP, 1.5 equiv. TrocNHOMs and 2.5equiv.
piperidine in 0-DCB (0.05M) at 25°C for 24 h. "Reaction performed with 15mol% (R,R)-FeBIP for 40 h. °5equiv. BocNHOMs and 7equiv. piperidine were used instead. “CH,Cl, as the solvent
instead of 0-DCB. ®4equiv. BocNHOMs and 6 equiv. piperidine were used instead. /Isolated after conversion to the methyl ester. 9(S,S)-FeBIP as the catalyst instead of (R,R)-FeBIP. "Reaction

performed with racemic carboxylic acids.

Nature Synthesis | Volume 2 | July 2023 | 645-652


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-023-00267-w

a b
S
Standard conditions NHBoc Two parallel reactions TMS”™ SN, (5 equiv) NHBoc
(1) Ph” > CoMe Py e b
Ph CO,Me Ph COH Standard conditions MeOH/toluene Ph CO,Me
Reaction time: 5 h RT, 30 min
Not detected PAA (X =H) 1-OMe (X =H) or
PAA-d; (X = D) 1-d-OMe (X = D)
KIE=2.0
Standard conditions NHBoc
@ Ph T CoH PR
BocNHOBz used Ph CO.H c
instead of BocNHOMs
Not detected Ph Standard conditions NHBoc
K/\ :
COH CH,Cl, as solvent Ph/\/\cozH PhMCOgH
Conversion: 82%
o~ Standard conditions PN (ZE>100/1) 23% (NMR; E/Z> 100/1) Not detected
(3) Ph” TCO-H Ph”™" ~CO,NHBoc
without (R, R)-FeBIP
Azanyl ester d
t detect
not detected (R,R)-FeBIP (15 mol%)
Me BocNHOMs (5 equiv.) Me Me NHBoc
+
Ph CO-H Piperidine (7 equiv.) Ph COzH Ph CO.H
Standard conditions 0-DCB, -15°C, 40 h
(4) Ph/COZH Ph/CozNHBOC 2-PPA
Started with: (R)-2-PPA (>99% e.e.): 13%, >99% e.e. (R) 84%, 90% e.e. (S)

Azanyl ester
not detected

Fig.2|Mechanisticinvestigations. a, Control experiments. Standard

conditions: 8 mol% (R,R)-FeBIP, 2 equiv. BocNHOMs, 4 equiv. piperidine in o-DCB
(0.1M) at-15°Cfor 20 h.b, (R,R)-FeBIP catalysed a-amination of carboxylic acids
PAA and PAA-d, showed a kinetic isotope effect (KIE) value of k,,/k, = 2.0. ¢, Under

(5)-2-PPA (>99% e.e.): 4%, 98% e.e. (S) 93%, 91% e.e. (S)
the standard reaction condition, the alkene isomerization of (Z)-4-phenylbut-3-
enoicacid was observed. d, The a-amination of enantiopure 2-phenylpropanoic
acid (2-PPA) proceeded in a stereoconvergent fashion. TMS, trimethylsilyl; RT,

roomtemperature.

e.e. (29-34). (Note that this is an enantioconvergent reaction since
it starts from racemic carboxylic acids.) The methyl group could be
replaced with other alkyl groups such as ethyl, n-propyl, isopropyl
and cyclohexyl to provide the respective «,a-disubstituted a-amino
acids in 59-85% yield and with 93-94% e.e. (35-38). Substituting the
phenyl moiety with a thiophene provided amino acid 39 in 45% yield
and with 88% e.e. However, the a,a-disubstituted amino acids bearing
two aliphatic substituents, such as 40 and 41, were obtained in more
modest yields and with unsatisfactory e.e. values.

Finally, we sought to apply the new one-step a-amination of car-
boxylic acids to the late-stage functionalization of pharmaceutically
relevant molecules. We found that isoxepac (42), diclofenac (43),
indomethacin (44), tert-butyldimethylsilyl-protected lithocholic acid
(45), p-desthiobiotin (46), racemic ibuprofen (47), racemic ketopro-
fen (48) and racemic naproxen (49) all underwent stereocontrolled
intermolecular aminationin 37-88% yieldand withup to 91%e.e. These
successful examples further underscore the utility of our one-step
amino acid synthesis protocol as it enables the expedient conversion of
carboxylicacid-containing drugs, drug analogues and natural products
to their respective non-racemic a-amino acids.

Mechanisticinvestigations

Having established the broad scope and utility of our iron-catalysed
a-aminationreaction, we turned our attention to mechanistic consid-
erations. Formation of transition metal nitrenes from N-protected car-
bamates has been wellinvestigated by several research groups®*~*and
was used as the starting point for our new intermolecular a-C-Hamina-
tion of carboxylic acids. Several control experiments were conducted
to interrogate the intermediates involved in this reaction (Fig. 2a).
Under the standard conditions, methyl phenylacetate failed to afford
any a-amination product, which was in a stark contrast with the pro-
ductive PAA substrate, supporting the notion that the carboxylic
acid functional group is important for the mechanism. Moreover,

NHBoc
R27\
R CO: BocNHOMs, B
[Fe] HE*
O»\Rz Nitrene formation
S R1
O\
N
[Fe]” | ~Boc MsQ
H =N
D [Fe]®  ™Boc
A
Rebound R2
R2 R! COz
MsO™
O\ R2

: _N
[Fe]” | ~Boc OW R
H
H
(o] \_/ O\
_N
[Fe]”  ~Boc

C-H B
cleavage

Fig.3|Proposed catalytic cycle. Simplified mechanism for the catalytic
asymmetric one-step a-amino acid synthesis. B, base.

when N-benzoate carbamate was utilized as the aminating reagent, no
«-amino acid product was detected (Table 1, entry 1), despite the fact
that N-benzoate carbamate has proven very effective for metal nitrene
formation*’. However, the base-induced conversion of N-benzoate
carbamate to a metal nitrene releases benzoate, which will compete
with the carboxylate substrate for metal binding. Control experiments
also rule out that the reaction occurs through the in situ generation
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Interatomic distances arein A.

of azanyl ester under standard conditions, which distinguishes this
reaction mechanistically from our previous intramolecular1,3-nitrene
migratory insertion®. By comparing the reaction rate constants of non-
deuterated PAA (k) versus deuterated PAA (PAA-d,) (k;,) of two parallel
reactions, akineticisotope effect of k,,/k, = 2.0 was obtained, indicat-
ing that cleavage of the C-H occurs during the rate-determining step
(Fig.2b). When (2)-4-phenylbut-3-enoic acid was subjected to standard
reaction conditions, complete Z/E-isomerization of the C=C bond
occurredto provide the corresponding (£)-a-amino acid in 23% NMR
spectroscopy yield with an £/Zratio of >100/1 (Fig. 2c). Thisimplies a
radical mechanism proceeding through the formation of an allylic radi-
cal intermediate. Furthermore, reactions starting from enantiopure
(R)- or (§)-2-phenylpropanoic acid (2-PPA) confirmed that the iron-
catalysed a-amination of a,a-disubstituted carboxylic acids proceeds
inastereoconvergent fashion. In both cases, S-configurated a-amino
acid was predominantly formed and the reisolated intact carboxylic
acid after reaction did not show any significant racemization (Fig. 2d).
These results suggest that an irreversible stereoablative process
occurred in the coordination sphere before the C-N bond forma-
tion. Moreover, Hammett studies also revealed that the intermediate
formed during the rate-determining step has a strong radical char-
acter (see the Supplementary Information section ‘Hammett plots’
for details).

Based on these experiments, a proposed simplified catalytic cycle
for our developed intermolecular C(sp*)-H amination of carboxylic
acidsis showninFig.3.Base-inducedreaction of the iron catalyst with
theamination reagent leads to the formation of the iron nitrene* inter-
mediate A. Coordination of the deprotonated carboxylic acid substrate
to intermediate B sets the stage for an intramolecular 1,5-hydrogen
atom transfer (HAT) to afford the diradical intermediate C, which

has a sufficiently long lifetime to adopt a preferred conformation
throughbondrotation. The subsequent C-Nbond formationviaradical
rebound constitutes the stereodetermining step in the catalytic cycle,
thereby affording the intermediate D. Release of the deprotonated
product concludes the catalytic cycle.

Wealso perfomed density functional theory calculations to further
reveal the mechanism of stereocontrol in the reaction. Propionicacid
and anitreneintermediate containing a methyl carbamate protection
group were used as the model system for the computations. Our calcu-
lated free energy diagram for the C(sp*)-H abstraction and subsequent
radical rebound steps is shown in Fig. 4a. The quintet spin state was
found tobethe moststable for I, the resting-stateiron complex imme-
diately before C(sp®)-H abstraction (the triplet state and open-shell
singlet states were calculated to be -6 and -8 kcal mol™ higher in free
energy, respectively; the free energy barrier for the N-O cleavage step
to generate the iron nitrene intermediate was calculated to be low at
7.9 kcal mol™; see the Supplementary Information section ‘Calculated
free energy diagram’ for details). Complex Iundergoes1,5-HAT via the
quintet transition state TS-1with a free energy barrier of 9.8 kcal mol™,
while an alternative outer-sphere HAT mechanism was calculated to
haveahigher free energy barrier 0f13.3 kcal mol™ (see the Supplemen-
tary Information section‘Calculated free energy diagram’ for details).
The resulting diradical Il was calculated to be lowest in energy in its
triplet state. While radical rebound (recombination) is often fast or
barrierless for C-H functionalizations catalysed by iron-containing
enzymes suchas P450 (ref. **), the C-N bond-forming radical rebound
step in our reaction had an unusually high barrier of 8.5 kcal mol™
through the quintet transition state TS-2. This result suggested that
thediradicalintermediate Il was relatively long lived, which might lead
to stereoablation viabond rotation (such stereoablative bond rotation
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may involve rotation of the more flexible Fe-O coordinative bond) and
render the subsequent radical rebound step enantiodetermining®. Our
calculations also showed that the 1,5-HAT step favoured the abstraction
of the pro-R hydrogen by 2.1 kcal mol™ (°TS-1-R versus °TS-1-S), which
would yield the R product enantiomer instead of the experimentally
observed S enantiomer ifit were stereodetermining. In contrast, stereo-
ablation of Il through facile conformational change* and subsequent
stereodetermining radical rebound would be in agreement with the
preferential formation of the S product. Our experimental examples of
enantioconvergent C(sp®)-H amination of racemic a-branched carbox-
ylicacidsalsoindicate that the radical rebound step, not the C(sp®)-H
abstraction, controls the stereochemical outcome. Examination of the
radical rebound transition states (Fig. 4b) revealed that the lower free
energy of °TS-2-S compared with STS-2-R canbe at least partially attrib-
uted toamore favourable conformation about the forming C-Nbond,
where the carbon substituents are staggered rather than near-eclipsed.

Conclusions

We developed an expedited catalytic asymmetric synthesis of «-amino
acids by intermolecular a-C(sp*)-H amination of carboxylic acids. Our
protocol employs abundant and readily available carboxylic acids as
starting materials and converts them in a single step into highly valu-
ablenon-racemic N-protected a-amino acids suitable for direct usein
peptide synthesis and for other synthetic applications. This method
utilizes the convenient Boc-protecting group and sustainable iron
catalysis without the need for more toxic or less abundant transition
metals. Thisapproach also merges nitrene-mediated C(sp®)-H function-
alization with directed C(sp®)-H functionalization without the require-
ment for an intermediate cyclometalation. Upon deprotonation, the
carboxylic acid substrate coordinates to the iron centre and serves
as the directing group, which allows regioselective nitrene-mediated
C(sp®)-Habstractionand ensures high stereocontrol for the subsequent
C-Nbond formation step. Mechanistic evidence supports a radical
mechanism in which the radical rebound step, rather than the initial
C(sp®)-Habstraction, isresponsible for stereodiscrimination. Thus, in
additionto providing a general method for the expedited synthesis of
awiderange of chiral a-monosubstituted and a,a-disubstituted amino
acids, including examples of late-stage amination of carboxylic acid-
containing pharmaceuticals and natural products, this study is also
prototypical for the development of intermolecular asymmetric C-H
aminations through directed C(sp®)-H nitrene insertion. Finally, it is
noteworthy that this study discloses enantioselective intermolecular
nitrene-mediated C(sp*)-H aminations catalysed by asynthetic chiral
iron complex.

Methods

General procedure for the iron-catalysed a-amination of
carboxylic acids

To adry Schlenk tube was added the carboxylic acid (1 equiv.), BocN-
HOMs (2-5 equiv.) and (R,R)-FeBIP (8-15 mol%). The tube was evacu-
ated and backfilled with N, five times. Theindicated solvent (0.1 M) and
piperidine (4-7 equiv.) were added via syringe and the tube was sealed.
The reaction mixture was further degassed via freeze-pump-thaw
once. Then, thereaction mixture was stirred at -15 °C for the indicated
time. After completion, the reaction mixture was diluted with Et,0 and
washed with aqueous NaHSO, (1 M). The aqueous layer was extracted
withEt,0. The combined organic layer was dried over anhydrous sodium
sulfate. After filtration, the solvent was evaporated under decreased
pressure and the residue was purified by column chromatography on
silica gel using a mixture of EtOAc and hexane (with 0.2% acetic acid as
the additive) to obtain the non-racemic a-amino acids 1-49.

Data availability
All of the data are available within the main text or Supplementary
Information.
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