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A new type of oxime phosphonates was firstly synthesized and
used in the intermolecular cascade radical addition reaction of
alkenes to access f-aminophosphonates via visible-light-driven N-
centered iminyl radical-mediated and redox-neutral selective C—P
single-bond cleavage in an active phosphorus radical route. The
procedure is characterized by its ability to achieve the
construction of Csp3—P and Csp3-N bonds without the requirement
for oxidants and bases.

Difunctionalization of alkenes!!l using phosphorus-centered
radicals has become a powerful strategy for the preparation of
various Sfunctionalized phosphonates.l?! Advantages of this
strategy include high efficiency and step economy. However,
existing some deficiencies for the preparation of phosphorus
radicals still remain to be settled; e.g., it is often necessary to
add stoichiometric amounts of oxidants, bases, or various
additives to the reaction system, which result in the
generation of copious stoichiometric waste. Furthermore, the
addition of equivalent oxidants not only impairs the scope of
substrate and evokes the issue of chemoselectivity, it also
generates obnoxious byproducts. In efforts to establish cleaner
and more environmentally friendly reactions, new strategies
and reagents for the phosphorus-centered radical
difunctionalization of alkene without the requirement for
external oxidants, bases, or various additives, are desirable.
Very recently, the use of visible light photoredox catalysisi®! to
generate phosphorus radical has been reported because this
tactics offers more sustainable chemical processes. The
reaction conditions are mild, thereby allowing for the potential
ability to involve multiple catalytic pathways. However, in the
vast majority of transition-metal-catalyzed or visible-light-
driven phosphorus radical reactions, H-phosphonates have
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been used as substrates and added to alkene leading to form
carbon nucleophilic intermediate (a, Scheme 1). In this
transformation, the formation of the phosphorus radical still
requires the assistance of an external bases or oxidants, which
does not satisfy the requirement of the environmental
friendliness or cleanliness of reactions.

It is known that Ir(lll)-complex-prompted photoredox
reactions involved in an oxidative quenching cycle,!™ which has
rarely been applied to the phosphorus radical reactions for the
H-phosphonates unsuitable for this photooxidation process.
Thus, searching for a new oxidizing phosphorus radical reagent
that produced not only a phosphorus radical, but also oxidized
Ir(ll)*  to Ir(lV), subsequently forming a carbocation
intermediate, then trapped by a nucleophile to achieve alkene
difunctionalization is desirable and challenge. Based on these
insights, we investigated and synthesized new phosphine
sources of oxime-containing phosphonates.l5! The latter were
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used for the intermolecular radical addition cascade reaction
of alkenes to access Sfunctionalized phosphonates via visible-
light-driven N-centered iminyl radical-mediated multiple bond
cleavage and recombination process (b, Scheme 1). Use of this
new phosphorus radical reagent not only avoids the
requirement for the addition of external oxidants and bases,
but also used in conjunction with photocatalysis to achieve
more sustainable and environmentally friendly processes.
Oximes and their derivatives have relatively high
oxidability. So, that it is relatively easy to prepare the highly
reactive imine radical species by cleavage of the N-O bond
under heating or illumination.[®! The iminyl radical is rapidly
converted to form other more stable radicals through the
release of an oxygen anion and intramolecular
rearrangement.”] Phosphoryl oxime ethers not only provide
the phosphorus radical, but also as the oxidant to actualize
Ir(l1)* to Ir(lV) in the reaction simultaneously. Thus, we
synthesized the diethyl
[(benzoyloxy)imino](phenyl)methylphosphonate (2a), which
was storability and stability toward moisture and oxygen,!
and attempted to carry out the difunctionalization of alkenes
through the visible-light-promoted oxidative quenching tactics
under oxidant- and base-free conditions (Table 1). Various of
photocatalysts were firstly screened with acetonitrile as
solvent, the new difunctionalization of alkene really occured
and the faminophosphonate of 3a was obtained in 77% yield
by using fac-Ir(ppy)s as catalyst. In this transformation,
acetonitrile not only acted as solvent, but also as substrate
participated in the reaction of involving the multiple bond

Table 1. Screening of Reaction Conditions?

Y sw ™ wey
3 PO photosensitizer CH3
. (O)(OEt), ———— T + PhCN
CHL N P(O)(OE),
1a 2a 3a
entry photocatalyst (mol %) result®
1 Ir'"(dmppy),(dtbbpy)PF¢ (1) NR.
2 Ir'"(dmppy),(bpy)PF (1) N.R.
3 Ir"(dF(CF3)mppy)o(dtbbpy)PFe (1) NR.
4 Ir'"(dF(CF3)mppy);(d(CF3)bpy)PFe (1) NR.
5 fac-Ir(ppy); (1) 7%
6 fac-Ir(ppy); (0.5) 7%
7 N.R.
8¢ fac-Ir(ppy); (0.5) N.R.
9 Ru(bpy);Cly6H,0 (1) N.R.
10 Eosin Y (5) N.R.
11 Rhodamine B (5) N.R.
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%Reaction conditions: a solution of 1la (1.5 equiv), 2a (1.0 equiv),
photocatalyst (1.0 mol %) in CH3CN (0.25 M) was irradiated by 5W Blue LED
lamp at rt for 8 h under Ar. 2lsolated yield. °N.R.= No Reaction.

2| J. Name., 2012, 00, 1-3

cleavage and recombination process. Inspired by this result,
We further optimized reaction condition¥ 48 Fesults refedied
that the loading of the photocatalyst fac-Ir(ppy)s; could be
reduced to 0.5 mol % with no change in the yield. Control
experiments revealed that the fac-Ir(ppy)s and visible light
irradiation are essential for the reaction.

[-Aminophosphonates are isosteres of famino acid
derivatives,!8l which are reported to possess various biological
activities and potential medicinal properties,including
antibacterial,!®) enzyme inhibitors,[1% catalytic antibio tics,!11
anti-HIV,[12] and anti-inflammatory23! activities. In the next, we
synthesized different phosphoryl oxime ethers and
investigated their activities in this transformation (Table 2).
When the protecting group on the oxygen atom is the methyl
(2b) or 4-nitrobenzoyl (2h), the reaction did not proceed.
However, when using different acyls such as -Ac, -Piv, -Bz, and
4-arylbenzoyl (instead of methyl group) as protecting groups,
the reactions proceeded smoothly (2c-2g). Reactions of
oximes with some other aryl groups (2i-2l) also proceed, albeit
with lower yields.

Table 2. Screening of phosphine sources®?

N swo D HaC™ N”
X CHs | CH.
0.5 mol % Ir 3
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©)\P(O)(OEU2 @P(@(%% @P(O)(OEt)z Me

2f, 45% 29, 68% 2h, nd. 2i, 62%

Y Y ¥
/©)\P(O)(OE1)2 ﬁP(m(%m @P(O)(OEt)Z
MeO cl FsC

2j, 57% 2k, 53% 21, 22%

9Reaction conditions: a solution of 1a (1.5 equiv), 2 (1.0 equiv),
photocatalyst (1.0 mol %) in CH3CN (0.25 M) was irradiated by 5W Blue LED
lamp at rt for 8 h under Ar. bIsolated yield.

With the optimal conditions in hand, a wide range of
aromatic olefins were submitted to the photoredox catalysis
protocol. First, we investigated the influence of the terminal
group of styrene. As shown in Table 3, f-alkyl-substituted
styrenes gave the corresponding products 3 in moderate to
good yields (3a—3h). When the cpropyl group was introduced
to the styrene, good yield and high diastereomeric ratio (dr)
were obtained (3d, 70%, dr > 20:1). Next, we investigated a
variety of substituted fmethyl styrene substrates (3i—3u, 3w,
3x). We were delighted that the reactions proceeded in
moderate to good yields (29-82%) when electron-withdrawing

This journal is © The Royal Society of Chemistry 20xx
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and electron-donating groups were introduced into the para
position of alkene. Furthermore, a wide range of meta- and
ortho-substituted fmethyl styrenes were also tolerated in this
transformation. Good vyields were obtained (56-72%),
particularly for 3q and 3x, both good yields and high dr were
obtained (72%, dr > 20:1; 73%, dr > 20:1). When the
naphthalene ring was used instead of benzene, a low yield was
obtained (3v, 47%). When a methoxy group was used on the
phosphorus instead of an oxyethyl group, good yield and dr
value were obtained (78%, dr = 9:1). To our further delight,
indene could also be used as substrate to afford the
corresponding faminophosphonates 3z in moderate yield and
with a high dr (57%, dr > 20:1). If we selected the aliphatic
alkene of 1-heptane (3az) to carry out this difunctionalization,
reaction didn’t work for the formation of cation intermediate
is difficult.

Table 3. The investigation of scope of substrates®?

- w ® .
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xR P(0)(OR3), —> MO % Tac”mbby)s R! + PhCN
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HaC™ N” HaC™ N’ HC™ N

RW
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3c: R' =Et, 62%, dr = 12:1

3d: R = Cpropyl, 70%, dr > 20:1
3e: R'="Bu, 51%, dr = 12:1 3l: R2=CN, 47%, dr = 2:1
3f: R' =lsoamyl, 57%, dr = 12:1 3m: R? = CF3, 29%, dr = 8:1
3g: R' = CH,NHTSs, 45%, dr =17:1  3n: R? = BPin, 40%, dr = 13:1
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B(0)(OEY),

30: R2 = Me, 63%, dr = 16:1
3p: R? = Cl, 67%, dr = 20:1
3q: R? = Br, 72%, dr > 20:1
3r: R? = OAc, 63%, dr = 16:1
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3i: R2=F, 71%, dr=5:1

3j: R?=Cl, 82%, dr=7:1
3k: R? = Br, 72%, dr = 7:1

N PN
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3s: R? = Me, 63%, dr = 5:1
3t: R2 = Br, 56%, dr > 20:1
3u: R? = Ph, 65%, dr > 20:1
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PN

HyC” N” M o
- HsC
MeO. CH, HCo N 7 - HiC” N
T ©/’\/CH3 H C/\@)\
P(O)(OEt), H mP(O)(OEt), ° 6
P(0)(OMe), (O)(GED), P(O)(OE),
OMe

3x: 73%, dr > 20:1 3y: 78%, dr > 20:1 32z: 57%, dr > 20:1 3az: N.R.

9Reaction conditions: a solution of 1 (0.6 mmol), 2 (0.4 mmol), and fac-
Ir(ppy)s (0.002 mmol, 0.5 mol %) in CH3CN (1.60 mL) was irradiated by a 5
W blue LED lamp at rt for 8 h.bIsolated yield. °N.R. is not reaction.

To highlight the synthetic value of our photoredox catalysis
protocol, more complex alkenes were used as the substrates
(Scheme 2). To our delight, some natural conjugated dienes,
such as (-)-a-phellandrene and (+)-a-limonene reacted
successfully under the optimized conditions: i.e., bifunctional
1,4-aminophosphinoylated chiral products 3aa and 3ab were
obtained in 51% and 55% yields, respectively. When using the
endocyclic groups of (—)-a-pinene and (+)-fBpinene, and
adding 2.0 equiv water to the reaction, radical migration led to
ring opening and afforded corresponding secondary
aminophosphonates in moderate yields (3ac, 51%; 3ad, 60%).
Add H,O in the reaction maybe conducived to ring opening.

This journal is © The Royal Society of Chemistry 20xx
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When using 8-phenyloct-7-enenitrile as the substrate,in
dioxane, the terminal nitrile could as% 1B&03G5YEHO0TR
nucleophile to afford the macrocyclic lactamide 3ae in 57%
moderate vyield with dr = 5:1. Notably, cyclopentalal
phenanthrene (a steroid) and esterified lovastatin (a drug)
could also be modified by this radical phosphorylation; £
benzoxyphosphonates of 3af and 3ag were obtained in 47%
and 51% yields, respectively. These reactions all exhibited
excellent regioselectivity and stereoselectivity, which highlight
the synthetic value of our photoredox catalysis protocol.

o
N,

3
P(0)(0EY,
Me
P(O)(OMe),
>—®Me 3ae, 57%, dr = 5:1
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Scheme 2. Different photo-catalyzed phosphorus-radical
involved in difunctionalization of alkenes

In order to obatin pivotal informations about the
mechanism, we have done some control experiments which
including radical traping and deuterium-labeled acetonitrile
(details see supporting information). Moreover, to further
testify new type of oxime phosphonates could impelled
photocatalytic cycle of fac-Ir(ppy)s, we have also done the
luminescence quenching and cyclic voltammerty (CV)
experiments under the model reaction condition respectively
(details see supporting information). Considering the results of
our experiments and the reported literature,l!¥l a plausible
mechanism is proposed for this transformation (Scheme 3).
Initially, the excited state "Ir(lll) photocatalyst, excited by the
blue LED irradiation, is capable of reducing the phosphine
source 2a, to generate the highly reactive Ir(IV) complex and
N-centered iminyl radical intermediate A, with the release of a

CHy
CH4CN I Ritter
Ix(111) N+ reaction PS )
& R HyC™ SN
4 R R R!
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' f f

New multifunctional unstableiminyl L. e
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Scheme 3. Proposed reaction mechanism
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benzoxyl anion. The iminyl radical A undergoes an 8-
fragmentation reaction to afford the phosphorus radical B.[15]
Here, the styrene 1a can act as a radical acceptor to capture
the phosphorus radical by delivering the benzyl radical.
Subsequently, regeneration of the ground state photocatalyst
results from reduction by the benzyl radical to afford benzyl
cation immediately attacked by acetonitrile to the final benzyl
nitrilium cation intermediate C with completing the catalytic
cycle. Finally, the nitrilium cation C is attacked by the benzoxyl
anion, followed by an acyl migration, to afford the /f
aminophosphinoylation product 3a through a Ritter-type
reaction.”]

In conclusion, we have discovered a new application of
phosphorus reagent of oxime phosphonate, which was
successfully used for the intermolecular cascade radical
addition reaction of alkenes to form faminophosphonates via
visible-light-driven N-centered iminyl radical-mediated and
redox-neutral selective C-P bond cleavage
phosphorus radical route. This strategy tolerates a wide range
of alkenes. It enables the highly selective formation of various
chemical bonds in a single step.
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f-aminophosphonates macrocyclic lactamide (-)-a-phellandrene-aminophosphonate

A new oxime phosphonate was firstly synthesized and used in the intermolecular radical addition cascade
reaction of alkenes to access B-functionalized phosphonates via visible-light-driven N-centered iminyl
radical-mediated multiple bond cleavage and recombination process.
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