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ABSTRACT: By employing a simple, inexpensive, and transition- H  NPhth Na,S,05 ? fNPhth
metal-free oxidation system, sef:ondary C—H bOI:ldS in a series of R CHsCN/H,0, 90 °C.8h )\H:\R
phthaloyl protected primary amines and amino acid derivatives were n

oxidized to carbonyls with good regioselectivities. This method could R = H, alkyl, carboxyl, peptide, etc.

also be applied to oxidize tertiary C—H bonds and modify synthetic

dipeptides.
D irect oxidation of an unactivated aliphatic C—H bond in a A TR
chemo-, site-, and stereoselective manner is a challengin HO\_)J\/'\COEH
_ . . . . . O .11 el T (o) v
tas.k and has been a long-term aspiration in organic synthesis. S SR hare :
With great effort made by generations of chemists, several antibiotic, antifungal S NHMe
successful and valuable models have been well established. By OH NH, KNS st e i
in. ichiometri i n-atom donor reagen h ~ Duloxetine
using stoichiometric active oxygen-ato dono eagents, suc /\l/\cozu anti-MDD. anti.GDA

1,8891 k Prescriptions,

as DMDO,> TFDO,> and high-valent metal oxides,* the A : _
anti-obesity effect s $4,720 Million Retail

aliphatic C—H. bonds in simple starting materials can be plosnes Rl b s
successfully oxidized, though these protocols often produce L ielilor
mixtures of regioisomers. Recently, as the alternatives to those directing group i st el cetaiyet OAc
highly active oxygen-atom donor reagents, hypervalent iodine gg:g::laﬁon "t NHDG it ey o )WL?:\ NHDG
reagents’ and catalytic amounts of oxaziridines® have been 3 el ki M
. . . . . . ransition-meial cal 51
successfully used in selective C—H oxidation reactions. Another Pathwayb: or organocataly o
successful strategy t h thi 1 mainly reli th 11213 CHoxdation >\H:\NHPG ; il
gy to approach this goal mainly relies on the PG = protecting group n
application of well-defined oxidase mimics or nonheme metal— This work H R o R
oxo complex catalysts in combination with less active oxidants Fath way ¢ /\H)\Npmh . .. - S )\(.4))\Nphth
7—11 . 213 C-H oxidation n n
such as H,0,. For example, White and co-workers have R = H, alkyl, carboxyl, peptide
developed a practical iron catalyst/H,0, system to predictably Phth = phthaloyl
oxidize aliphatic C—H bonds in a series of compounds.**”'** In . I . .
ddition. the “directing” strateey was applied by Baran,'® Figure 1. Bioactive molecules and strategies on C—H oxidation of
addt 12bic & 12d—%y PP Y ’ amino-containing compounds.
Yang, and other groups. In those cases, the targeted

C—H bonds were oxidized efficiently by well-designed
pathways."

Amino groups are ubiquitous in organic molecules. The
oxo-/hydroxyl-containing amines and amino acid derivatives
have also been found in a series of pharmaceuticals, natural
compounds, and biomolecules (Figure 1A)."> Apparently, the
direct C—H oxidation of amino-containing substrates is the
most straightforward synthetic pathway to obtain these
bioactive compounds. Although numerous protocols for C—H
functionalizations in complicated molecules have been
established,'* direct C—H oxidations in amino-containing
molecules are still challenging. The existing protocols include Received: December 28, 2015
C—H bond acetoxylation (Figure 1B, pathway a)"> and Published: March 7, 2016

transition-metal-catalyzed or organocatalytic C—H bond
oxidation (Figure 1B, pathway b).'®"” We herein report a
simple oxidation system to perform the site-selective oxidation
of remote aliphatic 2°/3° C—H bonds in amino-containing
molecules using sodium persulfate as oxidant (Figure 1B,
pathway c).

The oxidation of N-protected primary amines was selected as
model reaction to actualize our plan. At first, N-monoprotected
primary amines all failed to give the desired products, while
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N,N-dibenzoylamine afforded the target product albeit in a low
yield (eqs 1 and 2). After further structural modification and

H (o]
/I\‘_'/\ N-PCe NazS;0g, O (balloon) )\/\N‘ PG ’
H . H 0% M
MeCN/H;0, 85 C,Bh
PG =Bn, Bz, Ts, Cbz, Fmoc, etc.
H o (IC) o]
Na;S;0;, O; (balloon)
MNJLPh 29208, U2 /\\/\N)LPh @
- MeCN/H,0, 85 'C, 6 h o W —
H (o] Na,S,04 (2.2 equiv) 0 o}
MN O; (balloon) MN @
CH3CN/H,0 = 1:2
1a O 90°C,8h 2a O 67%

condition optimizations, the phthaloyl (Phth)-protected n-
butylamine 1a was successfully oxidized to 3-oxobutylamine 2a
in water/acetonitrile mixed solvents by using sodium persulfate
as an oxidant (eq 3).'®

Next, a range of N-Phth-protected amines with different
carbon chains were subjected to the standard conditions. As
shown in Scheme 1, methylenes were oxidized to carbonyls

Scheme 1. Selective C—H Oxidation of Amines™”
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“Reaction conditions: N-Phth-protected amines (0.10 mmol), sodium
persulfate (0.22 mmol), water (2.0 mL), acetonitrile (1.0 mL), O,, 90
°C, 8 h. PIsolated yield. ‘w-1/w-2 is >16:1. “Under N,.

(2a—f), while tertiary C—H bonds were oxidized to hydroxyl
groups (2g—j). Furthermore, the oxidation held a high w-1 site
selectivity when linear substrates with three to five carbon
chains were used, even if the substrates incorporated a tertiary
C—H bond at the @-2 position (2d and 2e)."” When 1-
hexylamine was used, however, the w-1 selectivity was not
maintained and a mixture of regioisomers with almost 1:1 ratio
was obtained (2k and 2k’). Probably due to low solubility in
water/acetonitrile, when n-heptyl- and n-octylamine derivatives
were submitted, low conversions were obtained with the
mixture of regioisomers as products (21 and 2I’). Substrates
containing benzylic C—H bonds were oxidized to benzoyl
products (2m and n). Further investigation showed that the
azide group could be tolerated under the standard conditions
with a satisfying yield and w-1 selectivity (20). Moreover,
cycloalkyl primary amines were also oxidized, affording the y-
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oxo products (2p and 2q), exhibiting the potential applications
in cyclic system.

This method was successfully expanded to aliphatic C—H
oxidation of amino acids and their derivatives (Scheme 2). The

Scheme 2. Selective C—H Oxidation of Amino Acid
Derivatives™
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“Reaction conditions: N-Phth-protected amino acids (0.10 mmol),
sodium persulfate (0.22 mmol), water (2.0 mL), acetonitrile (1.0 mL),
0,, 90 °C, 8 h. “Isolated yield. “Potassium persulfate 50.15 mmol),
water (2.0 mL), acetonitrile (1.0 mL), O,, 85 °C, 4 h. “Under N,.

free acid of N-phth-norvaline (2r), as well as a series of N-phth-
norvaline esters, were all suitable substrates. Among them,
methyl (Me-2r), ethyl (Et-2r), and isopropyl esters (‘Pr-2r)
were smoothly converted to the corresponding desired
products, while the yields sharply dropped off with n-propyl/
n-butyl esters ("Pr-2r and "Bu-2r). In those cases, only the
amino acid oxidized products were isolated. As the
regioselectivities in amine substrates, the oxidation occurred
at the w-1 position, regardless of the existence of tertiary C—H
bonds in the molecules (2s). L-Leucine derivatives gave a -
lactone as a sole product (2v), which arose from the
lactonization of the produced alcohol, while r-valine and 2-
aminohexanoic acid derivatives gave hydroxyl products, owing
to the lower stabilities of - and J-lactones under the reaction
conditions (2u and 2w). Similarly, the oxidation also proceeded
well on cyclic substituents, affording the y-oxo products with
good selectivities and yields (2t and 2x). Moreover, after the
oxidation reaction, good optical purity could be obtained. For
example, the value of the specific optical rotation of compound
Me-2r matches well with the literature reported value,
indicating that no racemization occurred at the steric center
(see the Supporting Information for details).

To confirm the source of the oxygen atom in the products,
'80-labeling experiments were carried out. The results clearly
showed that the oxygen atom came from water, rather than
from dioxygen (O,) or persulfates (Scheme 3A). The addition
of TEMPO shut down the reaction, indicating that this reaction
proceeded via a radical pathway. These data as well as the fact
that the reaction also performed well under N, all indicated that
O, did not play a key role in the reaction. Thus, a plausible
pathway is proposed in Scheme 3B. With a thermal activation,
sulfate radical anions are generated by pyrolysis of persulfate.
The intermolecular H-abstraction between sulfate radical and
substrate I forms a carbon radical II. Radical II is further
oxidized by another sulfate radical to generate carbocation III,
which reacts with O-based nucleophiles to yield the alcohol
intermediate IV. Secondary alcohols are not stable and further
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Scheme 3. '*0O-Labeling Experiments and Plausible
Mechanism
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oxidized to the final product V under the oxidative conditions.
Moreover, the possibility of single-electron transfer between
phthalimide (PhthN) group and sulfate radical was also
investigated. Molecular dynamics simulations, DFT calcula-
tions, and Marcus theory were used to calculate the rate of
electron transfer from PhthN group to persulfate corresponding
to the experimental conditions. The calculations showed that it
was a fast electron transfer in the inverted region and the rate of
electron transfer from PhthN group to persulfate was about
10" mol™"L-s™' at room temperature (see the Supporting
Information for details).

After establishing the site-selective C—H oxidation in N-
phth-protected amine and amino acid derivatives, we moved
our endeavor to the modification of synthetic peptides. To our
satisfaction, the w-1 methylene groups of the dipeptides were
oxidized with an interesting chemoselectivity on the C-residues.
For those with less hindered C-residues, such as Gly and Ala,
the succinimide-type products were obtained (Scheme 4A, 3a-
c), which was considered to be generated via a C—H oxidation/
intramolecular nucleophilic addition/hydroxyl elimination/C—
C bond cleavage cascade process.”” On the other hand, more
bulky C-residues prevented the amidation process from the C—
H oxidation step, thus affording the normal oxo-dipeptide
products (3d). The methine groups were oxidized to hydroxyls,
affording a new dipeptide (3e). In all cases, both stereogenic
centers in dipeptides were well maintained.

Additionally, the herein developed protocol was combined
with the protocols based on directing strategy to conduct
sequential functionalization of different aliphatic C—H bonds to
assemble complex molecules (Scheme 4B). After the amino
group was protected with a phthaloyl group and the carboxylic
acid motif with 8-aminoquinoline (AQ), the prepared substrate
4 underwent 8-AQ-directed arylation to afford a new amino
acid derivative 5.'>* According to ref 21, the 8-AQ_group was
removed and the oxidation of the newly formed amino acid 6
further gave another new amino acid ester 7.

The removal of the Phth group in the oxidized products was
carried out to afford the corresponding hydrochloride salt in
high yield. Moreover, the generated carboxyl group could be
transferred into difluoromethylene in good yield, which further
extended its applications (Scheme 4C).

In summary, we have accomplished a simple, efficient, and
site-selective oxidation of remote aliphatic C—H bonds. Various
amino-containing compounds, including a series of primary
amines, amino acids, and their derivatives as well as dipeptides,
were successfully oxidized to the corresponding oxo products.
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Scheme 4. Synthetic Applications

A
Ho NPR Nagsgciéﬁ.z equiv) O NPht
" _N__CO,Me 2 (balloon) LA __N__COMe
Y CHCNIH0 = 12 he
o R 90°C.8h 0
PhthN ? PhthN 7 PhthiN ?
CO;Me CO;Me CO.Me
kdu—f’ ’ kin—f . ‘ém—/_ .
1 %
(3. (o] (3]
3a (51%) 3b (52%) 3c (49%)
o] f_jlphll'k OH f:lphﬂ"_'
| i N | i N 5
/\/\rr jL M T
O  COMe O CO;Me
3d (56%) 3e (63%)
NPhth NPhth
. ’\]/\com PhI, Pd(OAc),, AgOAG cora Boc,0, DMAP
110 °C, 12 h (63%) = CHZCN, rt, 4 h (90%)
4 5
1. LIOH*H;0, Hz05 NPhth  NazS;05 (1.8 equiv)
0°Ctort,4h : O; (balloon)
~"Co,Me
2. 50Cl; , MeOH E H20/CHLCN (2:1)
0°Ctoreflux, 2 h 90 °C, 7 h (66%)

(48% for 2 steps)
AQ = 8-Aminoquinoline

c
o HCUHCOOH/H,0 (3/1/1) O
)K/\Nphlh reflux, overnight NHz-HCI
2a 8 (93%)
o_-_._.O,NPhth . DASTIBOEaM’. :)O,NPhth
CHoCly, rt to reflux, 24 h
2p 9 (80%)

Efforts to clearly understand the mechanisms and explore
further applications are ongoing.
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