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ABSTRACT: The copper-catalyzed @-amination of car-
bonyl compounds using nitrosoformate intermediates as
the electrophilic source of nitrogen is reported. The
reaction merges aerobic oxidation and Lewis acid catalysis.
The scope of the reaction is broad in terms of both the N-
substituted hydroxylamines and the B-ketoesters. The new
methodology harnesses the power of nitrosoformate
intermediates and demonstrates their potential as a viable
electrophilic source of nitrogen in a-functionalization
reactions.

he efficient and direct synthetic construction of @-amino

carbonyl compounds using an electrophilic source of
nitrogen has been a long-standing challenge in organic
synthesis." Recently, nitrosobenzene and its analogues have
been recognized as an attractive electrophile for a- heteroatom
functionalization reactions of carbonyl compounds.” Nitro-
soarenes can serve as both an electrophilic source of nitrogen or
oxygen depending on the reaction conditions.> The amino-
oxylation reaction to afford a-oxygenated carbonyl compounds
has been extensively developed and now represents a versatile
method to gain access to the a-oxycarbonyl synthon (Figure
1a).* In contrast, while the N-selective nitroso aldol reaction
has made considerable progress,3d_f’5 the products of the
hydroxyamination reaction are synthetically limited because it is
often difficult to cleave the N-aryl bond to allow for subsequent
nitrogen-bond forming transformations (Figure 1b). 566 Notably
absent from nitroso aldol methods are examples with
nitrosocarbonyl intermediates, which can easily be modified
and would represent a desirable alternative to arylnitroso
compounds in electrophilic amination. In this communication,
we present the development of the first N-selective nitroso
aldol reaction utilizing nitrosoformate esters, generated in situ,
as the electrophilic source of nitrogen (Figure 1c).” This new
process is highly N-selective, uses an operationally convenient
procedure, air, as the sole oxidant, and provides direct entry
into a-amino carbonyl derivatives with functional groups that
are easy to manipulate.

Recently, we reported the formation of nitroso compounds
using a copper- catalyzed aerobic oxidation of N-substituted
hydroxylamines.® In these reactions, the highly reactive and
transient nitroso intermediates are generated catalytically under
mild reaction conditions, which appears to help avoid
previously reported problems associated with their in situ
formation and subsequent chemistry.” On the basis of these
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Figure 1. a-Functionalization of carbonyl compounds.

studies and the limitations associated with the N-selective
arylnitroso aldol reaction, we were encouraged to investigate if
the transient electrophilic nitrosoformate intermediate could be
trapped with an enolate equivalent.

With this in mind, we set out to merge aerobic oxidation with
Lewis acid catalysis. The use of synergistic catalysis is a
powerful approach to reaction design and has emerged as a
highly attractwe strategy for developing new and valuable
transformations.'® As shown in Figure lc, we envisioned that
the concurrent activation of latent nucleophilic (f-ketoester)
and electrophilic (nitrosoformate) partners could be achieved.
The union of these catalytic processes would result in a direct
a-amination reaction of f-ketoesters. The central challenge was
to identify conditions that would allow for the compatible
formation of the electrophile and nucelophile in situ, would
facilitate subsequent C—N bond formation, and would avoid
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decomposition of the highly reactive nitrosoformate ester
intermediate. In this regard, we felt copper complexes held
tremendous promise and would be an excellent choice to
initiate our investigations. In addition to our studies on Cu()-
catalyzed nitroso formation, Shea and Whiting have developed
a Cu(II)-catalyzed aerobic oxidation of N-hydroxycarbamates
to nitrosoformates.' Moreover, copper(Il) complexes have
proven effective as a means of enolate generation in metal-
catalyzed functionization of f-ketoesters."

The reaction of ethyl f-keto ester 1 with carbobenzyloxy
(Cbz)-protected hydroxylamine 2 was chosen as a test reaction
(Table 1). Our initial studies revealed that the proposed a-

Table 1. Copper-Catalyzed Nitrosoformate @-Amination
Reaction

o o it catalyst e EH
MeMOEt ¥ OHNT OBn T Me “Chbz
s solvent, air, rt Me  CO;Et
1 2 3

time  yield N/O
entry CuCl/Cu(OTf), additive  solvent (h) (%)*  ratio”

1 10/10 mol % pyr* THF 56 86 3:1
2 10/10 mol % pyr© MeOH 9 91 11:1
3 10/10 mol % - MeOH 12 94 14:1
4 10/10 mol % - EtOH 24 90 4:1
N 10/10 mol % - iPrOH 53 80 2:1
6 10/0 mol % - MeOH 24 94 9:1
74 0/10 mol % - MeOH 192 74 14:1
8 5/5 mol % - MeOH 24 97 14:1

“Isolated yield of the N- and O-product mixture. *Determined by 'H
NMR spectroscopy of the crude reaction mixture. “Reaction
conducted with 1.25 mol % of pyridine. “The reaction with 5 mol
% catalyst was prohibitively long.

amination with nitrosoformate could be accomplished by the
addition of copper(Il) trifluoromethanesulfonate (Cu(OTf),)
to our original optimized conditions (entries 1), albeit in a
modest 3:1 N/O-selectivity."> To our gratification, promising
levels of N/O-selectivity were obtained by changing the solvent
from THF to MeOH (entry 2). A further increase in N-
selectivity (11:1 to 14:1) resulted when pyridine was removed
from the reaction (entry 3). We found that other polar protic
solvents, such as ethanol and isopropanol, negatively affected
the N-selectivity (entries 4 and S). In the absence of either
Cu(OTY), or CuCl, we observe a slight decrease in the N/O-
selectivity or efficiency, respectively (entries 6 and 7). The
conditions that provided the optimal balance between efliciency
and selectivity was S mol % CuCl and 5 mol % Cu(OTf),
(entry 8). It is conceivable that two separate catalysts
simultaneously activate the nucelophile and electrophile;
however, other possibilities cannot be ruled out at this time.
Importantly, the optimized protocol is practical and operation-
ally simple. It involves simultaneous addition and mixing of all
reagents, at room temperature, open to air, with reagent grade
solvent and inexpensive and readily available metal catalysts.
With optimized reaction conditions in hand (S mol % CuCl
and Cu(OTf),, MeOH, air, rt), we investigated the scope of the
a-amination reaction by initially varying the ester group on the
P-ketoesters and the N-substituent on the hydroxylamine
(Table 2). There appears to be no substantial steric restrictions
of the ester moiety. Methyl, ethyl, allyl and t-butyl derivatives
all proceed in high yield, with comparable reaction rates (3 and

Table 2. Substrate Scope Studies for the Nitrosoformate -
Amination Reaction®

o @ o 5 mol % CucCl o OH
JL 5 mol % Cu(OTf)» plq
MEMOR ¥ HNT Tor! MeJS( i
Me HO MeOH, air, rt Me” "CO,R
4 5 6
o OH o} (IJH o] (I)H
N N N,
Me “Chz Me “Chz Me Cbz
Me CO;R Me  COsallyl Me  CO;t-Bu
7R =Me, 87% 8 9
3R=Et 92% 90% 82%
o CI)H o IOH o] fIJH
N N_ N
Me “Boc Me Fmoc Me Troc
Me” “COLE Me ¥ CO4Et Meu CO,Et
10
79% 87% 90%
Mppoc®
= R
% oy
o, .0 oo I~
o ~ o = e
IO )4
Me N-on e Me ~OH
Me” “COEt Me” “CO,Et
13 14 R = OMe, 69%
96% 15R = vinyl, 86%

16 R=CF;, 87%

“All reactions were performed with reagent-grade MeOH, using 1.2
equiv of 4 and 1 equiv of 5. “Yields are reported as isolated yields of
the N-regioisomer.

7—9). X-ray crystal structure analysis of 9 was used to establish
that the reaction had taken place on nitrogen.'* In addition,
steric and electronic modifications to the N-substituent on the
hydroxylamine were also well tolerated. N-Hydroxycarbamates
bearing protecting groups that could be orthogonally
deprotected, Cbz, Boc, Fmoc, Troc, and Nppoc, all participated
in greater than 79% yield (10—13). In all cases, the O-selective
adduct was observed in minor amounts and could be separated
by column chromatography."®

Encouraged by these results, we further explored the scope of
the transformation with a series of substituted f-keto esters. -
Keto esters with alkyl, benzyl, or aryl substituents at R' all
afforded excellent yields of the desired hydroxyamination
product (Table 3). Notably, a more sterically bulky a-branched
substrate underwent smooth conversion to give 21 in 91%
yield. Next, the electronic nature of aryl substitutents at R was
investigated and found to have minimal effect on the reaction
outcome. Both electron rich and electron deficient aryl groups
were found to be compatible (22—26). Importantly, initial
studies suggest that there is some leeway in the steric bulk of
the a-substituent (27—32). For example, a-substitution (R?)
with methyl, ethyl and benzyl groups all proceeded in excellent
yield. The methodology can also be used for cyclic f-ketoesters
(29 and 30) but the O-regioisomer became more competitive
in such cases, affording O-selective products in 25% and 40%,
respectively. In general, the rate of the reaction slowed and
higher ratios of the O-selective adduct were observed as the
steric bulk of the a-substitution increased (29—31). Unsub-
stituted carbonyl compound (32, R* = H) can be activated
toward electrophilic substitution. Interestingly, in this case we
observed N—O bond heterolysis and presumably the formation
of an a-imino f-ketoester that is trapped by methanol to afford
32.
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Table 3. f-Keto Ester Substrate Scope Studies for a-

Amination Reaction®

5 mol % CuCl
@ & j’\ 5 mol % Cu(OTf), D gh
N
H‘J\I)LOEt * HN” ~OBn R! “Chz
R? HO MeOH, air, rt RZ “CO.Et
17 2 18
OH OH 0 OH
1
N N
Me N ebz Et ~Cbz Bn Chz
Me” “CO,Et Me” “CO.Et Me” “CO,Et
3 19 20
92% 86% 90%
0O OH OH o OoH
|
N s N_
Ncbz /‘1‘“)5( ~Cbz oy cbz
Me' “co,Et k// Me” "COLEt | ) me” “couEt
21 22 pla - = 2
91% 87% 90%
O OH o oH 0O OH
1 1
N N N
i “Chz o “Cbz X “Cbz
/L/, me” cogt |l | me” “cokt M me” “coer
tBu” N, Br 25 o,N o
87% 79% 63%
o OH 0 OoH . oM
\ N
N N_ e ~Cbz
Me)l>< ~Cbz MeJX Chz PRy —_—
Et” "COEt Bn” COEt o i 2
i
27 28 29
84% 72% 70%
0 OH O OH o
' b g
N“Chz Me “Cbz Me “Cbz
\/ CO,Et Me CO,Et MeO™ “CO,Et
Me
30 31° 32°
43% 42% 61%

“All reactions were performed with reagent-grade MeOH, using 1.2
equiv of 17 and 1 equiv of 2. “Reaction was conducted with 20 mol %
of each copper catalyst. “Unsubstituted f-keto ester (R* = H) was used
as the starting material for this reaction.

To demonstrate the synthetic utility of this method, the
reaction was performed on gram-scale (Scheme 1). The catalyst
loading could be lowered to 1 mol % with no significant loss in
overall yield, although the reaction required 10 days for
completion. Although a number of synthetic transformations
could be envisioned for the a-amination products, we focused
on a series of functional group manipulations that highlight the
utility of using a nitrosoformate intermediate as the electro-
philic source of nitrogen. For example, hydrogenation of the
Cbz-group with 5 mol % Pd/C or an acid catalyzed
deprotection of Boc-group leads to a-hydroxylamine product
(35). It is worth noting that the expected N—O bond cleavage
under the reducing conditions was not observed. In addition,
this compound was surprisingly stable to column chromatog-
raphy; presumably these effects are due to steric hindrance.
Alternatively, the N—O bond can be cleaved using Zn and 2N
HCI to afford 36 in excellent yield. Most notabgy, the free
amine can be obtained by a hydrogenation of 37."” Given the
difficulty in isolating 37 and its tendency to undergo self-
condensation, we were unable to isolate the a-amination
product directly from 12. The '"H NMR of the crude material
from the deprotection of 12 showed the desired product 37,
but isolation resulted in substantial amounts of decomposition
and poor mass recovery. Lastly, N-oxazolidinone 38 can be
obtained directly by a reduction of the f-keto functionality with

Scheme 1. Synthetic Utility of a-Amination Adducts®

o o

Me” ™y okt )

Me 185 mol % CuCl o oH

= A 4
1 155 mol % Cu(OTf), e “Troc
4 —— Me” “CO,Et
MeQOH, air, rt

HNJ\OACI; 12

HO a3
1-gram scale

1 mol % catalyst, 10 d, 82 % yield
5 mol % catalyst; 26 h, 86 % yield

o
?N: ar=Cbz| E" e oJ\wC’H
Me " Me "R H™) CCOLEl
Me” ‘co,et bR=Boc| Me” “coEt | R=Troc Me Me 2
35 34 38
o o
-~ - - A
Me Chbz Me
Me” CO,Et R=Chz R =Cbz Me” "CO,Et
36 37

“(a) Pd/C (5 mol %), MeOH, H, (73%); (b) TFA, CH,Cl, (95%);
(¢) Zn, 2N HCI, reflux, (79% vyield); (d) (1) Zn, 2N HC, reflux
(79%), (2) Pd/C (S mol %), H, (90%) ; (e) (i) NaBH,, MeOH, (ii)
Si0, (71%).

sodium borohydride. The reduction was highly diastereose-
lective and the relative stereochemistry was established by X-ray
crystal structure analysis of a corresponding O-acylated
derivative.'® As illustrated in Scheme 1, the hydroxylamine
(35), the carbamate (36), the free amine (37), and the N-
oxazolidinone (38) were all obtained in a straightforward
manner using conditions that should be amenable to a more
complex setting and would be difficult to access using current
methodology.

In conclusion, we have developed the first a-amination of
carbonyls using nitrosoformate intermediates generated in situ
from readily available N-hydroxycarbamates. The new method-
ology harnesses the power of nitrosocarbonyl chemistry and
demonstrates their potential as a new viable electrophilic source
of nitrogen in a-functionalization reactions. The reactions are
operationally simple to perform, take advantage of dual catalysis
and the products are easy to modify. Further investigations are
underway to render this process asymmetric.
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