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ABSTRACT: Novel catalytic reductions of tertiary and secondary
phosphine oxides to phosphines have been developed. Using
tetramethyldisiloxane (TMDS) as a mild reducing agent in the presence
of copper complexes, PO bonds are selectively reduced in the presence of
other reducible functional groups (FGs) such as ketones, esters, and
olefins. Based on this transformation, an efficient one pot reduction/
phosphination domino sequence allows for the synthesis of a variety of

functionalized aromatic and aliphatic phosphines in good yields.
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B INTRODUCTION

Phosphines and their derivatives represent an important class of
compounds for life sciences and the chemical industry.' In
general, trivalent phosphines are used in numerous classic
organic transformations, such as the Mitsunobu reaction, the
Wittig reaction, the Rauhut—Currier reaction, the Appel
reaction, and so on. Furthermore, in organometallic chemistry
they represent prime ligands to control most transition metal
catalyzed reactions due to their excellent metal ligation
properties.”” Selected examples of ligands which are or have
been applied on an industrial scale in homogeneous catalysis

are shown in Figure 1.
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Figure 1. Selected important phosphine ligands for industrially
relevant homogeneous catalysis.
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Currently, three major methods are used for the synthesis of
phosphines: (1) substitution reactions of carbon nucleophiles
with P—Cl derivatives or of carbon electrophiles with alkali
metal phosphides;* (2) phosphination of alkenes, alkynes, or
aromatic halids;*® and (3) reduction of phosphine oxides.””
Among these procedures, advantageously the latter strategy
makes use of easily available and air-stable substrates.
Moreover, phosphine oxides are generated as side products in
several industrial reactions. Unfortunately, the known reduc-
tions of phosphine oxides make use of an excess of sensitive
and/or highly expensive reducing agents, e.g. LiAlH,, DIBAL-H
or HSiCl;/Et;N, and HSiCl;/PhSiH;. Due to the harsh
reaction conditions only poor functional group tolerance is
achieved.”®

In order to overcome these limitations, we had the idea to
develop a catalytic procedure which should proceed under
milder conditions compared to the above-mentioned stoichio-
metric processes. Furthermore, based on the catalyst it should
be possible to tune the selectivity of the reaction. Recently,
we'® and others'' have demonstrated that catalytic hydro-
silylation constitutes a viable option for the reduction of
challenging substrates including carboxylic derivatives with
excellent chemoselectivity. Surprisingly until today, there is
only one method known for the catalytic hydrosilylation of
phosphine oxides which used a combination of Ti(O-i-Pr),/
silane.'” This system developed by the Buchwald and Lawrence
groups has showed broad substrate scope and air stability
except for functional group intolerance toward ketones and
esters.

B RESULTS AND DISCUSSION
1. Copper-Catalyzed Hydrosilylation of Phosphine

Oxides. Copper complexes have been shown to be active
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catalysts for the hydrosilylation of olefins," ketones,"* imines,"

and more recently also amides.'® Based on this work and our
developments of chemoselective reductions of carboxylic acid
derivatives,'® we became interested in applying copper to the
catalytic reduction of phosphine oxides to phosphines. At the
start of our investigations, we studied the reduction of
uncomplicated triphenylphosphine oxide as a model system.
Here, variations of critical reaction parameters were performed
applying different copper salts and silanes. In Table 1 selected
results are shown.

Table 1. Copper-Catalyzed Reduction of
Triphenylphosphine Oxide 1a®

10 mol% [Cu]

I i P.
P’ 1 Ph + slane — vene. 100°C P, Ph
1a 2a
entry [Cu] (mol %) silane (equiv) t (h) yield (%)®
1 - PMHS (12) 2 NR
2 - TMDS (12) 2 <1
3 Cu(OTH), (5) PMHS (6) 15 28
4 CuF, () PMHS (6) 15 <1
3 CuCl, (5) PMHS (6) 15 8
6 CuBr, (5) PMHS (6) 15 9
7 Cul (5) PMHS (6) 15 <1
8 Cu(OTY), (10) PMHS (6) 15 88
9 Cu(OTH), (10) TMDS (3) 15 96
10 Cu(OTH), (10) Ph,MeSiH (6) 15 NR

“Reaction conditions: 0.5 mmol of 1a, 2 mL of toluene. Determined
by GC using n-hexadecane as an internal standard.

Even using a large excess of less expensive silanes such as
polymethylhydrosiloxane (PMHS) and TMDS as a reductant
without a catalyst, basically no product was observed (Table 1,
entries 1—2). However, addition of S mol % of Cu(OTf), in the
presence of PMHS afforded the desired triphenylphosphine in
28% yield (Table 1, entry 3). Increasing the catalyst loading to
10 mol % of Cu(OTf), led to good to excellent yields (88—
96%) of triphenylphosphine (Table 1, entries 8—9). Finally, the
best yield was obtained using 3 equiv of TMDS. Notably, under
the same conditions, no reaction was observed with Ph,MeSiH
as the reductant (Table 1, entry 10).

In order to understand the origin of the activity of the
catalyst system, also stoichiometric experiments with defined
copper complexes were performed. However, when
(PPh;CuH), (Stryker’s reagent) was reacted with 1 equiv of
1a, no reaction was observed (Scheme 1). This is in agreement

Scheme 1. Reduction with Stryker’s Reagent

) o TMDS
1 equiv. (PPh3CuH)s i 2 mol% (PPh3CuH)s

NR Ph” 1 “Ph NR
No silane, 100 °C Ph 100°C, 12 h

with a recent report which showed that [CuH] is not the active
species for hydrosilylation of ketones.'"® Similarly, using a
catalyst loading of 2 mol % of (PPh;CuH)s no reaction was
observed under optimized conditions.

Next, the reduction of several different phosphine oxides was
studied (Table 2). As shown in Table 2, good to very good
yields were achieved for substrates with electron-donating and
-withdrawing groups (77—89%; Table 2, entries 1—4). In

9728

Table 2. Reduction of Phosphine Oxides”
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“Reaction conditions: 0.2—0.5 mmol of substrate, 0.6—1.5 mmol of
silane, 2 mL of toluene, 10—24 h. “Isolated yield. “Determined by *'P
NMR analysis. 920 mol % Cu(OTf), was used.

addition to arylphosphine oxides, also trioctylphosphine oxide
was smoothly reduced albeit with a higher catalyst loading
(Table 2, entry 5).'”* Notably, good yields were obtained in the
presence of other reducible groups (68—82%; Table 2, entries
6—9). Hence, cyclopropyl-, alkenyl-, ester-, and even ketone-
functionalized phosphine oxides were selectively reduced. With
respect to asymmetric catalysis it is interesting that bidentate
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chelating phosphine oxides are reduced in a straightforward
manner, too. For example, (S,S)-Duphos was obtained in
excellent yield (96%; Table 2, entry 10).

After the successful copper-catalyzed reduction of a variety of
aryl, alkyl, and chelating tertiary phosphine oxides, we asked
ourselves whether it would be possible to also reduce secondary
phosphine oxides (SPOs). Notably, these substrates have been
only scarcely investigated to date. Nevertheless, bis(3,5-
dimethylphenyl)phosphine oxide was efficiently reduced with
a yield of 82% (Table 2, entry 11).

2. Copper-Catalyzed Domino Reductive Arylation/
Alkylation of Secondary Phosphine Oxides. Having a
suitable method for the selective reduction of secondary
phosphine oxides in hand, we became interested in combining
our reduction protocol with subsequent phosphination
reactions of the in situ generated secondary phosphines with
aryl or vinyl halides.® In principle, such a domino sequence
would allow for the efficient and convergent synthesis of a
variety of functionalized phosphines. Ideally, in this approach
only one catalyst should be used. To the best of our knowledge
such a concept has not been described yet. Notably, as shown
in Scheme 2, this reaction sequence also avoids the
stoichiometric use of sensitive and toxic secondary phosphines.

Scheme 2. Cu-Catalyzed Reduction of Tertiary Phosphine
Oxides and Cu-Catalyzed Reductive Coupling of Secondary
Phosphine Oxides with Aryl Halides
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Our initial efforts to find a suitable copper-based system
focused on the hydrosilylation of diphenylphosphine oxide (3a)
in the presence of different precatalysts and silanes (Table
S1)."7 Again, in the absence of any catalyst, only a trace amount
of diphenylphosphine was formed at high temperature. Though
copper halides also catalyzed the reaction with good yields
(63—93%; Table S1, entries 5—6), full conversion is only
observed for Cu(OTf), with TMDS or PMHS as the reductant
(Table S1, entries 3—4). With good catalytic activity for the
hydrosilylation of 3a in hand, we explored the possibility of
trapping the in situ generated secondary phosphine by
sequential addition of phenyl iodide.

As shown in Table 3, the use of TMDS and Cu(OTf), did
not inhibit the subsequent coupling reaction using Cul/N,N-
dimethylethylenediamine (4a) as the catalyst (Table 3, entries
1-2). To our delight, the overall reaction sequence still
preceded smoothly giving triphenylphosphine 2a in 79% yield
without the addition of a second Cu source for the coupling
step (Table 3, entry 3)!

Further prolongation of reaction time for the second step to
12 h gave a higher yield which implies that the catalyst active in
the reduction step exists for the whole procedure (Table 3,
entry 4).

Next, the influence of different nitrogen ligands 4b—g on the
arylation step was tested. Compared to 4a, all other ligands
gave lower yields for the desired product (Table 3, entries 8—
13). It should be noted that the use of PMHS as the reductant
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Table 3. Copper-Catalyzed Domino Reduction—
Phosphination Reaction Sequence: Optimization of
Reaction Conditions®

1) 2 equiv. TMDS
Cu(OTH),

0
1l toluene, 100 °C, 15 h _Po
H'E;Ph 2) 20 mol% ligand 4 PR ph
2a Phi, Cs,C0;, 110°C, 9 h 2a
Me—N{—[_I-}N—Me Bn—N{-{_I-}N—Bn Ph—N/H_l*}N—Ph Me,N NMe;
4a 4b 4c 4d
7/@Y
o N0,
}J\l N T \) M PhyP._~_PPh,
4 et N o
[Cu] (mol %)
entry Ist step 2nd step 4 yield (%)®
1 Cu(OTY), (10) Cul (5) - 46
2 Cu(OTf), (10) Cul (5) 4a 87
3 Cu(OTf), (10) - 4a 79
4° Cu(OT(), (10) - 4a 83
s Cu(OTH), (15) - 4a 85
6 Cu(OTY), (5) - 4a 62
7 Cu(OTf), (2.5) - 4a 32
8 Cu(OTY), (10) - b 38
9 Cu(OTH), (10) - 4c 47
10 Cu(OTH), (10) - 4d 49
11 Cu(0Tf), (10) - 4e 45
12 Cu(OTf), (10) - 4f 61
13 Cu(OTf), (10) - 4g 22
144 Cu(OTf), (10) - 4a 23
15¢ Cu(OTH), (10) - 4a 68
16" Cu(OTf), (10) - 4a 69

“Reaction conditions: 0.25 mmol of 3a, 0.25 mmol of phenyl iodide,
0.5 mmol of Cs,CO;, 2 mL of toluene. “Determined by GC method
using n-hexadecane as an internal standard. “12 h for 2nd step. 1.0
mmol of PMHS used as reductant. “0.5 mmol of K,COj; used as base.
0.5 mmol of K,PO, used as base.

or the use of K,CO; or K;PO, as the base lowered the
efficiency (Table 3, entries 14—16).

After successful demonstration of our concept in a model
reaction, we were interested in exploring the generality of this
novel domino reduction—phosphination sequence. As shown in
Table 4, a broad tolerance for several functional groups is
observed. Thus, the reduction and subsequent coupling can be
performed in the presence of amino, ether, and halide
substituents. Furthermore, electron-donating and -withdrawing
substituents on the aromatic rings of the aryl iodide are well
tolerated except for the nitro-substituted arene (58—83% yield;
Table 4, entries 1—9). Gratifyingly, sterically hindered and
heteroaromatic aryl halides as well as vinyl iodides gave the
corresponding phosphines in moderate to excellent yields
(Table 4, entries 8, 10—12).""

Due to the importance of alkyl-substituted phosphines in
organometallic catalysis, alkylphosphine oxides were inves-
tigated as substrates, too. By application of the sterically
hindered di-tert-butylphosphine oxide, phenyl-di-tert-butylphos-
phine was obtained in 56% yield (Table 4, entry 13). Notably,
in a previous report the coupling reaction of aryl iodides with
isolated tert-Bu,PH did not work at all,* which means that the
slight excess of silane may play a positive role in the second
coupling reaction in our work. On the other hand, the
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Table 4. Copper-Catalyzed Domino Reduction—
Phosphination Reaction Sequence: Substrate Scope and
Limitations”

o 1) 2.0 equiv. TMDS
,ll:"\ 10-15 mol% Cu(OTf), R'/}?\R
R 2) 1.0 equiv. R-I(Br), 20 mol% 4a R
3 Cs,CO;, toluene 2
s yield
entry R R X 2 (%)4.
T, e
1 Ph { |/ ~1 (]’;LPF'M 72
= =
2 Ph Q, Q.pphz 71
NH, NH;
@
3 Ph H"'Nx/©\| H?N\U,.;,-\\Q/l\Pth 58
P Oy
Ph M [ ) 7
* l £ ~~F PPh, ?
ENP ENP N
5 Ph L, \@P% 77
F F
Ph > [ 7
8 l ) C‘“Pphz 2
7 b A A 5
Z| A PP,
5
|
8 Ph @: R:y'\ma 73
. »
9 Ph S ~F 77
l\&‘xﬁm O #~pPh,
h il )
10 I o L Hom, 89
T 2 Ry
| |
11 Ph g (L Q \Ppen, 82
Me
L2
3,5- i
12 P i 7P Me 83
Xylyl H h L
Me/C‘“Me
= =
¢ Il 5
13 tBu LA :;Lpt;au,? 56
. = -
14 Et Ll thE‘n 70

“Reaction conditions: 0.25—0.5 mmol of substrate, 0.5—1.0 mmol of
Cs,CO3, 2 mL of toluene; 100 °C and 10—24 h for the 1st step, 110
°C and 7—48 h for the 2nd step. “Isolated yield. “Yield determined by
3P NMR analysis.

corresponding diethylphenylphosphine was attained in 70%
overall yield (Table 4, entry 14) without further optimization.
For lower chain alkyl phosphines such as the latter diethyl-
substituted phosphine the advantages of our protocol compared
to previously known methods are obvious: The direct use and/
or the protection of an extremely sensitive dialkylphosphine are
avoided.”® Here, no special handling and precautions are
needed. It should be noted that this methodology could also be
applied for reactions which involve primary phosphines.*'
Advantageously, substrates with other reducible functional
groups, such as olefin, nitrile, and even ketone, are successfully
transformed to the corresponding phosphines, too. Especially,
tolerance of the carbonyl group makes this methodology
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interesting, as the corresponding phosphine can be easily
derivatized further on (Scheme 3). It should be noted that no
other known reduction protocol of phosphine oxides shows
similar chemoselectivity!

Scheme 3. Chemoselective Domino Synthesis of Phosphines
(Yields Are Given in Brackets)

o 1) TMDS
I 10-15 mol% Cu(OTf P
H™ ' Ph C CuOTD: R 5LPh
Ph ' 2)Rl, 20 mol% 4a, Cs,COy3
o] CN
)K@\ nHex Meo\©\
PPh, PPhy PPh;
(64%) (56%) (62%)

Encouraged by all these results, finally we studied the
extension of our sequential method toward the use of
ubiquitous available alkyl halides (Scheme 4). In this case the

Scheme 4. Domino Synthesis of Alkyl-Substituted
Phosphines (Yields Are Given in Brackets)

1) TMDS R2-PR,
R1.HP=O 5-10 mol% Cu(OTf), or
,HP=
2) R?-| or Br—R3-Br
CS(OH)-H,0 RTP-RO-PR';
/?d /f\d PPh
2
pg- P g P @Cpphz PhP” " PPh,
(71%) (51%) (62%) (59%)

second phosphination step should occur under basic conditions
and may lead to trialkylphosphines or mixed alkylarylphos-
phines. Indeed, after in situ generation of di-1-adamantylphos-
phine or diphenylphosphine, these secondary phosphines are
efficiently deprotonated by an excess of base and successfully
coupled with four different alkyl halides. As shown in Scheme 4,
not only mono- but also chelating bisphosphines are obtained
with good to excellent yields (51—71%).

B SUMMARY

In summary, we have demonstrated for the first time that
copper-catalyzed reduction of secondary and tertiary phosphine
oxides using inexpensive TMDS as a reductant is possible.
Combining this novel reduction with a subsequent copper-
catalyzed phosphination reaction allows the synthesis of triaryl-,
alkyldiaryl-, aryldialkyl-, and trialkylphosphines to be possible in
good yields. Furthermore, chelating phosphines can be
prepared in a straightforward manner. Notable features of our
methodology and its application to domino phosphination are
the functional group tolerance and the convenient reaction
conditions.

B EXPERIMENTAL SECTION

General procedure for hydrosilylation—phosphination reaction: A 10-
mL dried Schlenk tube containing a stirring bar was charged with
Cu(OTf), (13.5 mg, 0.0375 mmol) and the corresponding secondary
phosphine oxide (0.25 mmol). Under Ar flow dry toluene (2 mL) and
TMDS (90 uL, 0.5 mmol) were added, and the mixture was stirred at
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100 °C for 10 h. Then, the reaction mixture was cooled to room
temperature and N,N'-dimethylethylenediamine (5.2 L, 0.05 mmol),
Cs,CO; (164 mg, 0.5 mmol), and the respective halide compound
(0.25 mmol) were added under Ar flow. The suspension was allowed
to heat to 110 °C and stirred overnight. Then, the reaction mixture
was cooled to 0 °C and 3 N methanolic KOH was added slowly. After
the mixture was stirred vigorously for 5 h at room temperature, water
(3 mL) was added and the mixture was extracted with ethyl acetate
which was washed by 1 N HCI solution (aq., S mL) and saturated
NaHCO; solution (ag., S mL). Then, the organic phase was dried by
Na,SO, and concentrated under vacuum. The residue was purified by
silica gel column chromatography.

(2,6-Dimethy|phenyl)diphenylphosphine.Gb Yield: 73%. 'H
NMR (300 MHz, CDCl,): § 7.34—7.09 (m, 11 H), 6.97 (d4, J, =
2.70 Hz; J, = 7.5 Hz, 2 H), 2.12 (s, 6 H); °C NMR (75 MHz,
CDCly): 6 145.6 (d, ] = 15.9 Hz), 136.4 (d, ] = 14.0 Hz), 131.8, 131.6,
130.2, 128.1, 128.5, 127.7, 23.9 (d, J = 18.1 Hz); >'P NMR (121 MHzg,
CDCly): § —14.9; MS (EI): m/z 290.
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