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ABSTRACT: We describe a Cu-catalyzed cross-electrophilic coupling reaction for synthesizing a-amino acid derivatives from
a-diazoesters with O-benzoyl hydroxylamines with Cu(OAc): as the catalyst and polymethylhydrosilane (PMHS) as the hy-
dride reagent. Excellent functional group compatibilities were demonstrated. With ethyl 2-diazo-3-oxobutanoate as precur-
sor, a Cu-acetoacetate complex has been characterized by ESI-MS analysis. Results from the radical trap experiments are
consistent with the intermediacy of nitrogen-centered radicals. This strategy offers a simple and inexpensive retrosynthetic

disconnection for synthesis of a-amino acid derivatives.

Unnatural a-amino acids are attractive motifs for design-
ers’ peptides with new properties and functions that ex-
pand beyond the 20 encoded natural amino acids.! For ex-
ample, peptidomimetic a-ketoamide inhibitors based on
unnatural ¢-amino acids have been recognized as drug can-
didates for treating COVID-19 (Scheme 1a).?2 Transition
metal-catalyzed carbene insertion reactions have emerged
as a powerful tool for C-C and C-X bonds formation,3* and
enantioselective carbene N-H insertion offers a direct ac-
cess to enantiopure a-amino acid derivatives.#»4 In general,
organometallic intermediates (M = Pd, Rh, Ir and Ru) con-
taining allyl, aryl, alkynyl and amido ligands are known to
undergo migratory carbene insertion to afford c-alkylmetal
complexes,3*3c which would further transform to generate
organic products with higher structural and functional com-
plexity. For example, we developed the facile Rh-catalyzed
arylative cross electrophilic coupling of a-diazoacetates
with electrophilic reagents such as N-chloroamines,> O-car-
boxyl hydroxamic acids® and NFSI” for C(sp3)-N / C(sp3)-X
(X=Cl, F) bond construction (Scheme 1b). Unlike the Pd and
Rh-catalysis, the analogous Cu-catalyzed carbene cross cou-
pling reactions exhibit some unique attractive features
since the organocopper(I) complexes rarely undergo f-hy-
dride elimination.t Indeed, the spontaneous protonation of

the organocopper intermediates has been extensively ex-
ploited for C-H bond formation.? Thus far, few Cu-catalyzed
carbene coupling examples concern C-N bond formation in
the product turnovers.

While arylamines,!® amides,! hydrazones!? and carba-
zoles!3 were effective nitrogen coupling partners for car-
bene N-H insertion reactions, aliphatic amines remain chal-
lenging substrates due to their strong Lewis basicity.*®
Moreover, aliphatic amines tend to react with the metal-car-
benes to form metal-free ylide intermediate, leading to loss
of enantiocontrol.#¢4 Further complication such as B-hy-
dride elimination occurs when a-alkyldiazoacetates are
used as substrates.3* Recently Zhou and co-workers have
made important advances by the cooperative uses of a
[Tp*Cu] complex and chiral amino-thiourea, which would
mediate enantioselective protonation of the carbene-de-
rived ylide intermediates (Scheme 1c).1# This strategy has
been extended to enantioselective carbene insertion to am-
monia for the direct synthesis of amino acids.'5 Alternative
to the conventional carbenoid amine coupling strategy, we
herein describe a Cu-catalyzed cross-electrophilic coupling
of o-diazoesters with O-benzoyl hydroxylamines for syn-
thesizing unnatural a-amino acid derivatives. This reaction



employs Cu(OAc): as the catalyst without the need of exog-
enous ligands under mild conditions (Scheme 1d).

Scheme 1. Strategies for a-Amino Acids Derivatives Syn-
thesis
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To begin, we treated ethyl a-diazoheptanoate 1a (0.3
mmol) and morpholino benzoate 2a (0.2 mmol), PMHS (1.5
equiv), tBuOH (1.0 equiv) and LiOtBu (1.0 equiv) with
Cu(0OAc)z (10 mol %) in toluene at 60 °C for 16 h, and ethyl
2-morpholinoheptanoate 3a was obtained in 82% yield
(Table 1, entry 1). No desired products were formed with-
out the Cu(OAc)2 catalyst (entry 2). Reactions employing
Cu(MeCN)4PF¢, and Cu(OBz): as catalyst afforded 3a in
moderate yields (entries 3-4). Regarding the use of auxil-
iary ligands, employing dtbbpy (4,4-di-tert-butyl-2,2-di-
pyridyl; 12 mol %) as ligand resulted 3a in 72% yield (entry
5). However, the rac-BINAP ligand is apparently ineffective
for this reaction with full consumption of hydroxylamine 2a
and >90% of diazoester 1a recovery (entry 6).

Notably, the presence of PMHS is essential for successful
amination, 3a was formed in only 12% yield when the reac-
tion was conducted without PMHS (entry 7). Other common
silane reagents such as HSi(OMe)s and HSiMe2Ph gave poor
results (entries 8-9). Evidently, the presence of the tert-
butoxide anion is critical for effective coupling, since replac-
ing LiOtBu / tBuOH to LiOAc / MeOH gave poor results (en-
tries 10-13). Apart from toluene, other common organic
solvents such as DCE, dioxane, and THF gave moderate (41-
69%) results (entries 14-16). Yet, no desired products were
obtained when the reaction was performed in DMF solvent
(entry 17). To our delight, up to 89% 3a formation was reg-
istered by lowering the catalyst loading to 2.0 mol % (entry
18).

Table 1. Reaction Optimization?

O,
0. (10.0 mol %),
Cu'(_’OAcg .
N, & MHS (1.5 equiv) N
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toluene (1.0 mL), 60 OC, 16 h
2a, 0.2 mmol 3a
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1a, 0.3 mmol

entry  variation from initial conditions 3a (%)

1 none 82

2 without Cu(OAc)2 nd

3 Cu(MeCN)4PFs instead of Cu(OAc)2 60

4 Cu(OBz): instead of Cu(OAc): 80

5 12 mol % dtbbpy as ligand 72

6 12 mol % rac-BINAP as ligand nd

7 without PMHS 12

8 HSi(OMe)s instead of PMHS 13

9 HSiMe2Ph instead of PMHS 27
10 without LiOtBu 26¢
11 without tBuOH nd
12 LiOAc instead of LiOtBu 29¢
13 MeOH instead of tBuOH 60
14 DCE instead of toluene 69
15 dioxane instead of toluene 41
16 THF instead of toluene 64
17 DMF instead of toluene nd
18 2.0 mol % of Cu(0OAc): 89(86)d

@Reaction conditions: 1a (0.3 mmol), 2a (0.2 mmol), Cu(OAc)2 (10 mol
%), PMHS (0.3 mmol), LiOtBu (0.2 mmol), tBuOH (0.2 mmol), PhMe (1
mL), 60 °C, 16 h; nd = not detected. "’NMR yield (CH2Br: as internal
standard). ‘benzyolated product was observed as major product
(>50%). “Isolated yield shown in parentheses.

With the optimized conditions in hand, we first examined
the scope of diazoesters with 2a as the model substrate
(Scheme 2a). A series of alkyl-substituted diazoesters is ef-
fective coupling partners, and the corresponding amino es-
ters 3a-3e were obtained in 76-87% yields. A gram-scale
reaction has been performed with 1.97 g of 3a being ob-
tained in 81% yield. Benzyl diazoesters with different sub-
stituents on the para-position of the aryl group (FG = H, Me,
and I) were converted to their corresponding amines 3f-3h
in 80-87% yields. The results became less satisfactory
when FG = CFs. Diazoesters bearing other functional groups
such as esters and cyanide reacted with 2a to afford 3j and
3kin 77% yield respectively. Notably, diazoester with reac-
tive C=C bonds is also compatible with this reaction, fur-
nishing 3m in 56% yield. a-Aryldiazoesters react with 2a
effectively to afford amino esters 3n (71%) and 3k (65%).
The analogous reaction of alkyl-substituted diazoester fur-
nished 30 in 65% yield. The menthol-derived diazoester
was also an effective substrate to furnish 3p in 79% yield.

Scheme 2. Substrate Scope Study®<



o

o Cu(AcR o

2 OBz MH. (1 5 equiv) R2
RoN R * N RO
R3- R4 LiOtBu (1.0 equiv), tBuOH (1.0 equiv),
2

1 2 toluene (1.0 mL), 60 °C, 16 h R3‘N‘R4 34

~ 3a, R=CyHy *
(O o a 3H7 86%(81%) o 3f, FG=H, 87%"
g 3b, R=C,Hy  76%
: R 3g,FG = Me, 80%®
4 | EO 3¢, R=Ph,  85% FEO 3h,FG=1,  81%°
[ ] : 3d,R=Bu,  73% N G oL >
‘ i FG = CF. 589
o) 3e, R=C,H,Ph, 87% S Fem Ry oo
o e} o °
N
o OEt EtO)H/\/\/C /
. 5
L 3, 77% N 3" 56/0
o o
Eto)k(Ph £ (} \o)K(CsHM %Cs"'ﬂ
N 71% N 65% 65"/ 79%
3m, 3n,

from menthol
(b) Variation on

W ! & | |
C7 e w Moy
|o)k(R [] [éo]c Q %ZE LJ\COZEt

,,,,,,,,,,,, e o o,
42, %% 45, 9% 4c,74% 4d,70%  4e,60% 4, © 4g,51%  4h, 44%

aReaction conditions: 1 (0.3 mmol), 2 (0.2 mmol), Cu(OAc)2 (2 mol %),
PMHS (0.3 mmol), LiOtBu (0.2 mmol), tBuOH (0.2 mmol), PhMe (1 mL),
60 °C, 16 h. Isolated yield. 3.0 equiv of diazoester 1 was used. ‘Gram-
scale: (81%, 1.97 g).

The synthetic versatility of this reaction is further ex-
plored with the scope of benzoates (Scheme 2b). With ethyl
2-diazoheptanoate 1a as the substrate, we examine the re-
activity of several 0-benzoyl hydroxylamines. The reaction
of 1a with thiomorpholino benzoate gave 4a in 79% yield.
In this work, N-Boc-piperizino benzoate was also trans-
formed to 4b in 97% yield. The substituted piperidino ben-
zoates bearing 4-methyl, 4-carboxyl and 3-carboxylpiperi-
dino groups were converted to the corresponding amino es-
ters 4c (74%), 4d (70%) and 4e (69%) effectively. The anal-
ogous reaction with pyrrolidino benzoate produced 4f in
moderate yield (43%). Similarly, acyclic secondary amino
benzoate such as N-methylbenzylamino was converted to
4g in 51% yield. Yet, primary n-hexylamino benzoate gave
a less satisfactory result with only 44% yield registered for
the 4h formation. The less satisfactory results of product
4f-4h were probably due to rapid consumption of the ami-
nating reagent 2 by CuH species.'®

In this study, (+)-Clopidogrel was chosen to be our syn-
thetic target for applying our Cu-catalyzed cross-electro-
phile C-N bond coupling reaction. Clopidogrel was devel-
oped by Sanofi, and it is a top-selling antithrombic drug for
primary and secondary stroke prevention. Scheme 3 out-
lined the Sanofi’s route of racemic Clopidogrel synthesis,
producing the compound in 32% overall yield (over 3
steps).1718 In this work, starting from methyl 2-chloro-
phenylacetate, facile diazo transfer with pABSA furnished
the corresponding a-aryldiazoacetate 6 in quantitative
yield. Treating the aryldiazoacetate with O-benzoyl hydrox-
ylamine derivative 7 under the Cu-catalyzed conditions af-
forded (#)-Clopidogrel in 71% overall yield (over 2 steps).

Scheme 3. Synthesis of (£)-Clopidogrel®
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aStandard conditions: 6 (0.2 mmol), 7 (0.2 mmol), Cu(OAc)2 (2 mol %),
PMHS (0.3 mmol), LiOtBu (0.2 mmol), tBuOH (0.2 mmol), DCE (1 mL),
60 °C, 40 h. Isolated yield.

To probe the mechanism, adding 3.0 equivalent radical
trapping agents such as BHT, DMPO or TEMPO was found to
suppress the 3a formation (Scheme 4a). Morpholine ad-
ducts 9-10 were obtained when BHT or DMPO was used as
the radical trap. Yet, the expected TEMPO-morpholine ad-
duct 11 was not obtained probably due to thermodynamic
instability. The suppressed 3a formation due to TEMPO and
the morpholine adduct formation imply that the reaction in-
volves morpholine nitrogen radical as the intermediate.
During the substrate scope study, the reactions of the accep-
tor-acceptor diazoesters failed to give the desired amina-
tion products. For example, no amination product was ob-
tained from 2a with acceptor-acceptor diazo 12 under the
standard conditions. Notably, both 12 and 2a remained un-
consumed (>90% recovery) in the reaction. We surmised
that the coupling reaction might have been interrupted by
some stable intermediates, thereby shutting down the ami-
nation reaction. Repeating the reaction of “2a + 12” with the
addition of dtbbpy as ligand shows a set of ion cluster peaks
with m/z = 460.0313 signal in ESI-MS analysis. Based on
isotope distribution patterns and mass values, the molecu-
lar ion species can be assigned as the copper-enolate com-
plex (13 or 13’). Plausibly, the copper-enolate complex is
generated by the migratory carbene insertion to the CuH
complex.

Scheme 4. Radical Trap Experiments and ESI Character-
ization of the Cu-Enolate Intermediate
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According to our findings, a plausible mechanism is pro-
posed in Scheme 5. The copper-catalyzed amination reac-
tion was initiated by the formation of CuH from transmeta-
lation of Cu complex with PMHS. A carbene insertion to CuH
should then afford the canonical structure (Cu-alkyl or Cu-



enolate) species. Single electron transfer from the Cu(I)
complex to 2a give a nitrogen radical and the Cu(Il) com-
plex. The nitrogen radical could undergo radical rebound,
followed by reductive elimination (path a). Alternatively, di-
rect substitution (path b) should furnish 3a and regenerate
the Cu(I) complex for transmetalation with the silane.

Scheme 5. Proposed Mechanism
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In conclusion, we have developed a hydroamination of di-
azoesters using 0-benzoyl hydroxylamines as aminating re-
agents. The hydroamination reaction delivers the unnatural
a-amino acid derivatives in good yields and functional
group tolerance (including cyano, alkene and esters). The
Cu-catalyzed protocol operates under mild conditions and
is applicable to several classes of diazoesters and amino
benzoates affording the desired amino acids. Mechanistic
experiments revealed the intermediacy of a nitrogen radi-
cal, suggesting that radical amination of the Cu(II) enolate
complex generated by the hydrocupration of the diaz-
oesters may be critical for the C-N bond formation.
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