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Abstract: H-Phosphinates react with alkenes and al-
kynes using catalytic manganese(Il) acetate. Under
stoichiometric conditions with manganese(I1I) ace-
tate or with catalytic manganese(Il) acetate+
excess manganese(Il) oxide various reactions like
arylation or cyclization through radical oxidative ar-
ylation can take place. Whereas the chemistry of
manganese is already well developed for the func-
tionalization of H-phosphonates, the present meth-
odology provides an unprecedented access to func-
tionalized phosphinates in acceptable to good
yields.

Keywords: H-phosphinates; manganese; phospho-
rus; phosphorus heterocycles; radical reactions

Manganese-catalyzed or promoted free-radical reac-
tions have become a staple of organic synthesis.!'! Be-
sides their low toxicity, manganese compounds are in-
expensive over a broad range of oxidation states. Ishii
and co-workers pioneered the reactions of H-phos-
phonate diesters for elegant P—C bond formation.?
More recently, the direct arylation of H-phosphonate
diesters has been investigated rather intensely.”! How-
ever, and to the best of our knowledge, similar reac-
tions with H-phosphinates have not been studied pre-
viously.

Continuing with our laboratory’s interest in H-
phosphinate reactivity in both free radical and metal-
catalyzed processes,* we started exploring the reac-
tions of H-phosphinates using manganese(Il or III)
acetate with various unsaturated partners. Herein, we
are reporting our preliminary findings. The reaction
of H-phosphinates with alkenes and alkynes to form
disubstituted phosphinates is in general a difficult
process even under free radical conditions, especially
with alkyl H-phosphinate esters.>* Since our method-
ologies can provide many different H-phosphinates,*!
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we thought that Ishii’s reaction should be studied on
these substrates. In the Ishii process,””’ (RO),P(O)H is
used under neat conditions and in excess (3 equiva-
lents), which is quite wasteful although those com-
pounds are inexpensive. For a practical reaction, de-
creasing this to stoichiometric (or as nearly stoichio-
metric as possible) conditions would be much more
desirable, especially if more valuable H-phosphinates
R'P(O)(OR)H are to be employed.

We started this investigation by looking at relative-
ly challenging® octyl-H-phosphinate esters Oct-
P(O)(OR)H as the model compounds. Table 1 shows
the results. The reactions are conducted in air since
a nitrogen atmosphere does not lead to acceptable
conversions. Under oxidative conditions, it is clear
that a competitive pathway leading to OctP(O)(OR)-
OH will be operating (responsible for most of the lost
mass). This is likely the reason why Ishii’s conditions
used an excess of the (RO),P(O)H reagent.”) On the
other hand, using an excess of alkene/alkyne will in-
crease oligomerization especially under neat condi-
tions. Moderate to high isolated yields were obtained
under a variety of conditions, including neat or in so-
lution (cyclohexane or DMSO).

Reaction of the ethyl ester produced the disubsti-
tuted product in 71% yield (entry 1). However, the
same reaction at room temperature did not give any
product after 48 h. Similarly, no product formed in
the absence of catalyst. With the butyl ester, various
manganese catalysts could be employed, but generally
larger amounts of 1-octene gave slightly better results
(for example: entry 4 versus entry 2). Reactions in so-
lution also furnished reasonably good results, but with
a 1.2:1 molar ratio, neat conditions were slightly
better. Interestingly, the Jacobsen salen catalyst could
be employed provided sodium acetate is added, pre-
sumably to form the catalytically active Mn(III) spe-
cies (entry 10). Using an excess of H-phosphinate
gave a higher yield than using an excess of 1-octene
(entry 10b versus entry 10a). Because reagent ratios
closer to one are desirable, reactions with a slight
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Table 1. Reaction conditions.!

manganese catalyst

O f (8)
RO~p_oct 2 mela) RO-p_oct
H solvent, heat, air Oct

Entry R (equiv.) Equiv. of 1-octene Manganese catalyst Solvent Isolated Yield [% ]
1 Et (1) 2.5 Mn(OAc), neat 71
2 Bu (1) 1 Mn(OAc), neat 52
3 Bu (1) 1.5 Mn(O,CgH;5),” neat 64
4 Bu (1) 2.5 Mn(OAc), neat 81
5 Bu (1) 2.5 Mn(OAc);2H,0 neat 85
6 Bu (1) 2.5 Mn(OAc), C¢Hy, 74
7 Bu (1) 2.5 Mn(OAc), AcOH nr
8 Bu (1) 2.5 Mn(OAc), DMSO 71
9 Bu (1) 2.5 Mn(O,CsH;;s),™ DMSO 78
10a Bu (1) 2.5 (R,R)- Jacobsen neat 60
10b Bu (2) 1 NaOAc (20 mol %) 83
11 Et (1.2) 1 Mn(OAc), neat 77
12 Bu (1.2) 1 Mn(O,CsH;s), neat 75
13 Bu (1.2) 1 Mn(OAc), neat 89
14 Cy (1.2) 1 Mn(OAc), DMSO 97t

[l All reactions were conducted in air at 100°C, except for those in cyclohexane (reflux). All reaction times were 3 h,
except for those with DMSO (18 h). In general, octene dimerization was less than 5%, so simple extraction gave the

products >95% pure.
bl Manganese(II) 2-ethylhexanoate.
[ Only 42% isolated yield after 3 h.

excess of H-phosphinate were conducted (entries 11—
14). Results were generally comparable (slightly
lower or higher) to other stoichiometries under neat
conditions, but clearly superior in DMSO with the cy-
clohexyl ester (entry 14).

In a competition experiment under the conditions
of Table1 entry 11, but also adding (EtO),P(O)H
(1.2 equiv.), a 2.8:1 phosphinate/phosphonate product
ratio was obtained, showing that the octyl-H-phosphi-
nate is more reactive. Similarly, diethyl H-phospho-
nate (1.2 equiv.) alone gave only a 42% isolated yield
of diethyl octylphosphonate, reinforcing the idea that
excess reagent is necessary in Ishii’s hydrophosphony-
lation reaction. Finally, when entry 14 was repeated in
the absence of 1-octene, cyclohexyl octylphosphonate
monoester was obtained in 82% isolated yield.

Once the conditions had been explored, the scope
with various H-phosphinate/alkene combinations
could be investigated (Table 2). Isolated yields ranged
from 46 to 90% with alkenes. With cyclooctene some
variations in yields were observed depending on the
ester chosen (entry 1). Other alkenes reacted success-
fully with various cyclohexyl H-phosphinate esters
(entries 4-8) typically in yields around 50%. Interest-
ingly, P-stereogenic menthyl H-phosphinates!” reacted
with excellent stereoselectivity to produce the corre-
sponding disubstituted products (entries 9 and 10).
The absolute configuration of the product in entry 9
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was established as R, proving that the reaction takes
place with retention of configuration. Entry 10 consti-
tutes the first example of hydrophosphinylation with
P-stereogenic H-phosphinate that is not substituted
with an aryl group.®! In this case the absolute config-
uration was not established, but is likely to be Rp
based on entry 9. As discussed previously, aryl-substi-
tuted H-phosphinates have special reactivity.* In
fact, the reaction of menthyl phenyl-H-phosphinate
with 1-octene using our Et;B/air system!” instead of
Mn(OAc), gave the product in entry 9 in 73% isolat-
ed yield and 95% de.

The reaction is not limited to H-phosphinate
esters!'”) as acids also react successfully (entries 11
and 12). A 1,1-bis-H-phosphinate ester!''! could be
employed (entry 13) and the corresponding acid was
obtained after hydrolysis. Finally, the reaction with 1-
alkynes was briefly investigated (entries 14 and 15).
With an excess of H-phosphinate the corresponding
1,2-bis-phosphinate was obtained (entry 14). Hetero-
cyclization was also achieved in entry 15.

We then turned our attention to Mn(III)-promoted
reactions based on various literature precedents with
H-phosphonates. The direct intermolecular arylation
of cyclohexyl octyl-H-phosphinate ester gave the cor-
responsing cyclohexyl octyl-phenylphosphinate in
37% yield [Eq (1)].
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Table 2. Scope of the manganese-catalyzed hydrophosphinylation reaction.!
O 0, (0] R3
RO.T + R Mn(OAc), (5 mol%) Ro_¥
rPH "R T 400°C, air R’ P_(;z
Time Isolated
Entry H-Phosphinate R Alkene Solvent [h] Product Yield [%]
(0] (6] 65
13 RO\)':',_H 5: cyclooctene none g RO\/BG 58
1c Oct Cy 18 Oct 53
) RO NHCO,E E0- 3 55
~P-H Et Y 2 none 3 \/P—\_/NHCOZE'(
Oct Oct
CO,Et
RO-Z 3 Buo-g HOC 72
3 “P-H Bu A C0,E none P COEt
Oct Oct
0 o}
Cyo\ 1] _ - m
4 Oct/P H Cy cyclohexene none 18 Céi,"‘@ 73
5 Cyo\('p? H Cy ~~_Br none 18 CyO-p 54
- =
oct’ Oct” —\—/—\Br
Q PPN 18 Q 46
6 CyO\/P-H Cy = Ph none CyO\,';', Bh
Oct oot
(0] (0]
7a }g/OCy Cy 1-octene none 18 }g,OCy 52
7b Ph™ >"">""H DMSO Ph™ >">"0ct 89
8 2 p 0 1 24 EO__N B-OCY e
\ﬂ/ ~ >y Cy -octene DMSO \ﬂ/ ~ Pt
o o
0 (0]
9 OMen~pg_, Men 1-octene none 16 OMen\/ﬁ_oct 790!
P (Rp95% de) Ph"  (Rp95% de)
0 Men 1-octene 9 OMen
10 AcO_ 'g:OMen DMSO 16 AcO_ P\Oct 55
H (Re 97% de) (94% de)
(0]
O HO\ 1] _
1 HO~p_y H 1-octene DMSO 24 /POt 87
PH Ph
Il HO\? 90
12 HO-p-H H 1-octene DMSO 24 ,P~Oct
Oct’” Oct
0, OH
0, O-i-Pr ~Oct
P’ . 1-octene /\/\)\ 69l
" /\/\)\H ; P (3 equiv.) neat 18 /P<OH
p\—O-I-PI‘ O Oct
¢ H
Hex O
Cyo- s 1-octyne none 18 (o] |'3\’OCy 51
14 om”P_H Cy (0.5 equiv.) CVO\/ p Oct
Oct
O, O-i-Pr O, 0-i-Pr
15 P i-Pr 1-hexyne DMSO 18 Pj/\/\ 40
NPy (1 equiv.) \/\/\<
,P\ /,P\
o H 0" “0-i-Pr
2] Product purity >95%. All products are new compounds with the exception of entries 9, 11 and 12.
[Pl Retention of configuration.
[l After hydrolysis (conc. aqueous HClI, toluene, reflux, 18 h).
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benzene (10 equiv.)

Mn(OAc)3-2 H,0 (2 equiv.) o
Oct” AcOH, reflux, air Oct

37% isolated yield

Whereas the yield is mediocre, it is comparable to
the 48% yield that was reported with benzene
(1 equiv.), (EtO),P(O)H (2 equiv.), AgNO;
(20 mol% ), and Na,S,0y5 (5 equiv.).!

On the other hand, H-phosphinates offer possibili-
ties for heterocyclization via intramolecular arylation.
This was briefly investigated and the results are
shown in Scheme 1.

3-Phenylpropyl-H-phosphinate esters were cyclized
using 2 equivalents of Mn(OAc);/AcONa. The ethyl
ester gave a lower yield (49%) presumably because
some cleavage takes place in acetic acid, than the
more resistant cyclohexyl ester (67%).

The reaction was not limited to H-phosphinates as
shown by the successful cyclization of a related secon-
dary phosphine oxide (59%) and an H-phosphonate
diester (64% ). Similarly, phenethyl phenyl-H-phosphi-
nate ester was cyclized in excellent yield (78% ). After
this run, the manganese was recovered and converted
back to Mn(OAc); using KMnO,."?! A subsequent re-
action with the regenerated Mn(OAc); gave the same
product in 84% yield.

Further work in this exciting area will be conducted
and disclosed in the corresponding full paper. Clearly,
this heterocyclization method is competitive with al-
ternative approaches such as metal-catalyzed cross-
coupling since the starting materials are readily avail-
able and the cost remains low. It should be noted that
attempts at using manganese(II) or (III) catalytically

Mn(OAc)3:2 Ho0 (2 equiv.)

Ph Il:"’OR AcONa (2 equiv.)
it AcOH, 70 °C, N, oPor
R = Et, 49%
R=Cy, 67%
Mn(OAC)3-2 HyO (2 equiv.)
o Ig’Ph AcONa (2 equiv.)
TN ACOH, 100 °C, N, o <ph
59%
Mn(OAc)3-2 H,0 (2 equiv.)
B #/R AcONa (2 equiv.) B
0 AcOH, 100 °C, N, o R

R = Ph, OCH,CH,Ph 64% (R = OCH,CH,Ph)
78% (R = Ph)

84% (R = Ph)

recycling of manganese
via reoxidation with KMnQ4

Scheme 1. Mn(OAc);-promoted heterocyclization via intra-
molecular radical arylation. All yields are isolated. Reaction
conditions are unoptimized.

4 asc.wiley-vch.de

KRR These are not the final page numbers!

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Mn(OAc);, (5 mol%)
MnO, (2 equiv.)
9,0Cy AcONa (2 equiv.)

Ph P
ST AcOH, 70 °C, N,
65% isolated yield

P
o “ocy

Scheme 2. Mn(OAc),-catalyzed/MnO,-promoted heterocyc-
lization via intramolecular radical arylation. Reaction condi-
tions are unoptimized.

Pr———~Pr
(1 equiv.)
Mn(OAc), (5 mol%) o
MnO, (3 equiv.) P-OBu
AcOH, 70 °C, N, @Pr
50% isolated yield Pr

(Il?l)/OBu
H

(2 equiv.)

Scheme 3. Mn(OAc),-catalyzed/MnO,-promoted
arene annulation.

alkyne-

were unsuccessful. However, we found the Mn(OAc),
(5 mol% )/MnO, (2 equiv.) combination to be an inex-
pensive replacement to Mn(III) (Scheme 2). While
the generality of this new system still needs to be
probed, MnO, alone gave low conversion. An addi-
tional example of the MnO,-promoted reaction is
shown in Scheme 3 for an alkyne-arene annulation.!"”!

In conclusion, the present methodology provides
a simple and inexpensive way to prepare either sym-
metrically or differentially disubstituted phosphinates
in moderate to good yields. Furthermore, manganese-
promoted reactions can also be used to achieve direct
arylation, or heterocyclization. Since the manganese
can be recycled through KMnO, oxidation as demon-
strated in one example, the process should be practi-
cally useful. Perhaps more importantly, a new set of
conditions employed Mn(OAc),/MnO,, which is
cheaper than the related silver(I)/K,S,04 system. This
work will be the subject of a full account describing
developments, and optimizations in the near future, as
well as an expanded investigation of the heterocycli-
zation reaction.

Experimental Section

General Methods

All starting materials were purchased from commercial sour-
ces and used as received. 'H NMR spectra were recorded on
a 300 MHz Varian INOVA spectrometer or 400 MHz
Bruker Avance spectrometer. Chemical shifts for 'H NMR
spectra (in parts per million) relative to internal tetrame-
thylsilane (Me,Si, 0 =0.00 ppm) with deuterated chloroform.
BC NMR spectra were recorded at 75 or 101 MHz. Chemi-
cal shifts for *C NMR spectra are reported (in parts per
million) relative to CDCl; (6 =77.0 ppm). *'P NMR spectra
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were recorded at 121 or 162 MHz, and chemical shifts re-
ported (in parts per million) relative to external 85% phos-
phoric acid (6=0.0 ppm). Flash chromatography experi-
ments were carried out on Silica Gel premium R; grade (40—
75 um). Ethyl acetate/hexane mixtures were used as the
eluent for chromatographic purifications. TLC plates were
visualized by UV, iodine or immersion in permanganate po-
tassium (3 g KMnO,, 20 gK,CO;, 5 mL 5% aqueous NaOH
and 300 mL of water) followed by heating. High resolution
mass spectra (HR-MS) were obtained either by direct probe
(EI/CI) and analyzed by magnetic sector, or by electrospray
using a TOF analyzer.

General Procedure for Manganese-Catalyzed
Addition of Alkenes or Alkynes to H-Phosphinates

To a selected H-phosphinate (1.2 mmol, 1.2 equiv.) either
neat or in DMSO (02M, 5mL) was added an alkene
(1 mmol, 1equiv.) and Mn(OAc), (9mg, 0.05mmol,
5 mol%). The reaction mixture was stirred for 20 h at 100°C
with the condenser open to the air. Ethyl acetate (~20 mL)
and an aqueous solution of Na,S,0, at 0.5M in brine (~
40 mL) were added, partitioned and the two layers were
separated. The organic layer was washed with saturated
NaHCO;/brine (~40 mL) and the aqueous layer was extract-
ed twice with ethyl acetate. The combined organic layer was
dried over MgSQO,, filtered and concentrated under vacuum
to afford the product. Generally, the compound was >95%
pure; however, column chromatography was used if further
purification of the product was needed.

General Procedure for Mn(OA c);-Promoted
Arylation of H-Phosphinates

To a solution of cyclohexyl octyl-H-phosphinate (260 mg,
1 mmol, 1equiv.) in a mixture of acetic acid and benzene
(2.5mL:225mL) was added Mn(OAc);2H,0 (536 mg,
2mmol, 2equiv.) and sodium acetate (164 mg, 2 mmol,
2 equiv.). The suspension was stirred for 24h at 100°C
under N,. 100 mL of ethyl acetate were added and the sus-
pension was filtered to remove the manganese. The organic
layer was washed with aqueous solutions of Na,S,0, 0.5M,
NaHCO; and brine, dried over MgSQO,, filtered and concen-
trated under vacuum. The crude obtained was purified by
column chromatography (hexane/ethyl acetate 9:1 to 6:4).

General Procedure for Mn(OA c),/MnO,-Promoted
Intramolecular Arylation of H-Phosphinates

To a solution of cyclohexyl 3-phenylpropyl-H-phosphinate
(133 mg, 0.5mmol, 1equiv.) in acetic acid (2.5mL) was
added Mn(OAc), (4.3 mg, 0.025 mmol, 5mol%), MnO,
(85% activated, 102 mg, 1 mmol, 2 equiv.) and sodium ace-
tate (82 mg, 1 mmol, 2 equiv.). The suspension was stirred
for 12 h at 70°C under N,. Ethyl acetate (40 mL) and 0.1M
aqueous solution of Na,S,0, saturated with NaCl (20 mL)
were added. The mixture was stirred for 5 min and the sus-
pension was filtered over Celite®. The organic layer was
washed with aqueous solutions of Na,S,0, 0.1M saturated
with NaCl, saturated NaHCO; and brine, dried over MgSO,,
filtered and concentrated under vacuum. The crude ob-
tained was purified by column chromatography (hexane/
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ethyl acetate 9:1 to 6:4) to afford the product as colorless
oil; yield: 86 mg (65%).
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ZHex (1equiv. E,OCy

= ~Oct
(1:2equiv.) /' Mn(OAc), (5 mol%)

DMSO, 100 °C, air 89% isolated yield
IF;/OCy

W H Mn(OAo)s (2 equiv)
AcONa (2 equiv.)
n=0  \AcOH,70°C, N,
(1 equiv.) P
or Mn(OAc), (5 mol%) 0” ~ocy

MnO, (2 equiv.) 65-67% isolated yield
AcONa (2 equiv.)

AcOH, 70 °C, N,
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