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Hydrosiloxane derivatives have emerged as potent reduc-

Abstract: TMDS has been found to be an efficient hydride source .
for the reduction of tertiary and secondary phosphine oxides usi reagents. However, these compounds are not suffi-

a catalytic amount of Ti(OPr), All classes of tertiary phosphine Clently potent hydride sources themselves and require
oxides, such as triaryl, trialkyl, and diphosphine, were effectiveigctivation. The combination of titanium(IV) isopropoxide

reduced. with triethoxysilane efficiently converted esters to the
Key words: phosphorus, ~ reductions, titanium, hydrosiloxaneCorresponding primary alcohol$.The first example of
phosphine oxides catalytic reduction of phosphine oxides was described by

Coumbe et a¥® using this reducing system in THF. Two
equivalents of triethoxysilane are needed for successful

Transition-metal complexes incorporating phosphinggonversion. The proposed catalytic cycle involves reduc-
and diphosphines as the ligands are frequently used cat@D by a titanium hydride species generated by hydride
lysts in hydrogenation, hydroformylation, hydrocyanatrans_fer from the silane to titanium v!acabond meta-
tion, allylic substitution, hydrosilylations, and palladiumihesis procesS:*® However, triethoxysilane can be dis-
and nickel-catalysed coupling reactidrighe reduction of Proportionated by ftitanium(lV) isopropoxide to form
phosphine oxides in the final stage of a synthetic roufiHs. @ pyrophoric ga$. Polymethylhydrosiloxane (PM-
constitutes a widely used synthesis of phosphine ligand&S)™® (Figure 1) which is a free-flowing liquid polymer,
Indeed, because of the ease of interconversion of phg§luble in most organic solvents and inert to air and mois-
phine oxides and phosphines, it is possible to consider f§€, can be a suitable substitute for (58I, eliminat-

oxo function as a protecting group on phosphérusnd the risk of generating SifHbut involved the used of a
Consequently, the search for safe and practical reduci¥gichiometric amount of Ti(GPr),.** The low reactivity
reagents of phosphine oxides is of great importance. ©Of this system towards phosphine oxide reduction may be

. .. explained by the polymeric nature of the hydride source.
A survey of the literatufeshowed a number of pOSSIbI(.eAnother disadvantage connected to the use of PMHS was

methods for the reduction of phosphine oxide. The exike formation of a gel during the workup that may limit the
ing reducing agents, though efficient in producing hig covery of the product.

yields of desired product, are pyrophoric such as metal hy-
dride; or harmful reagents such as silylhydride reagents .. Me H Me
Furthermore, these reagents, which have remained 1 & /éi +gi L &
reagent of choice for reduction of phosphine oxides, avé },0™ \ 071 |07y}, 0" | Me
used at temperatures far above their boiling pdifitsus,

alternative reductions have been studied using an oxyg MeMeMeMe
acceptor, such as chlorinated methy! disilanesxachlo- H o7y

i <) 9 0
rosilane; POCL/(ELN);P,” or a _CO/CJ/Hz .SySteml' I .Figure 1 Structure of the polymethylhydrosiloxane (PMHS) and
was shown that the deoxygenation step with sterically hl{g-tramethyldisnoxane (TMDS)

dered or electron-deficient phosphine oxides can be im-
proved using an oxygen acceptor, such af Bh(EtO)P

0 me

in the presence of HSICI* Stoichiometric reagents, such't therefo.re appeared' reasonable that' by using hydrosil-
oxane oligomers activated by an efficient catalyst we

as SmJ/HMPA?!? or transition-metal-based systéths g : : .
uld significantly streamline the reduction of phosphine

have also been used for the reduction of tertiary phosphﬁ;fé . .
oxides. By switching to lower molecular weight commer-

oxides. cially available hydrosiloxane, such as 1,1,3,3-tetrameth-
yldisiloxane (TMDS, Figure 1) we could expect a more
efficient catalytic procesS. This idea was tested in a

SYNLETT 2007, No. 10, pp 1545-1548 model study involving the reduction of triphenyl-
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Tablel Reduction of Triphenylphosphine Oxide by Hydrosilane with a Catalytic Amount of-PiKp
hydroxysilane
Ph:P/<o Si-H:P=0=25 Ph:P_Ph
Ph™ “Ph Ti(Oi-Pr)4 (10 mol%) Ph
Entry Hydrosiloxane Solvent Temp (°C) Conditions Yield %)
1 PMHS THF 67 flask 25
2 TMDS THF 67 flask 56
3 PMHS THF 67 sealed tube 25
4 TMDS THF 67 sealed tube 50
5 TMDS methylcyclohexane 67 sealed tube 77
6 PMHS methylcyclohexane 67 sealed tube 19
7 TMDS toluene 100 sealed tube 100
8 PMHS toluene 100 sealed tube 87
9 TMDS methylcyclohexane 100 sealed tube 100
10 PMHS methylcyclohexane 100 sealed tube 90
11 TMDS methylcyclohexane 100 flask 100

2 As calculated froni'P NMR.
b |solated yield.
¢ TMDS was added in four portions.

As a prelude to that goal, we re-examined the reductiont@anium- and zirconium-based catalysts JOgI,;
triphenylphosphine oxide using PMHS (Table 1, entry 1Jr(Oi-Pr),—HGi-Pr; Zr(OEt); TiCl,) but from our work
according to Coumbe et 8lA 10 mol% catalytic amount no reduction of triphenylphosphine oxides could be
of Ti(QOi-Pr), refluxed in THF for 5 hours gave only mod-observed.

erate conversion (25%) justifying the use of the stoichiQye gecided to evaluate the scope of this new protocol
metric amount of Ti(®Pr),.*® Starting conditions using with other phosphine oxides (Table?2)Diphosphine

TMDS (Table 1, entry 2) revealed encouraging reactiqf\iqes were effectively reduced to give diphosphine in
features, i.e. moderate yields (56%) under the same CQftelient yields (Table 2, entries 1-3). We highlight the
ditions. Interestingly enough, no phosphinated side prog'ﬁlder and safer conditions used for reducing phosphine

uct or intermediary was detected during the course of t§€ijes employing HMDS/Ti(GPr), (110 °C) rather
reaction. Moreover, the boiling point of TMDS (71 °C) isp4 3

close to the reaction temperature and therefore suspe

hods'!
TMDS evaporation. Thus, the reaction was done in a . . _ , . , :
sealed tube at 67 °C (Table 1, entries 3 an® Al ex- This is particularly important in the reduction of the chiral

pected, no improvement was noticed with PMHS (entff!NAPO compound (Table 2, entry 4) where no racemi-
3). The reaction appeared to be solvent- and temperattﬁ’_@t'orz‘ vas observed and the BINAP was obtained in high
driven (entries 5-10). Switching THF for methylcycloy'eld- At the enql of the reaction, the reaction mixture
hexane (entry 5) improved the conversion and increasit§ts g?oled and filtered to give the diphosphine as a pure
the temperature to 100 °C (entry 9) yielded triphenyf0lid:

phosphine in five hours, using 10 mol% catalyst and Brialkylphosphine oxide$ (Table 2, entries 5 and 6) and
Si—H:P=0 ratio of 2.5. The workup was straightforwardsecondary phosphine oxideé¢Table 2, entries 7 and 8)
The reaction was cooled and concentrated in vacuum. Tare also efficiently reduced by Ti(®r),/TMDS. 3P
residue was suspended in pentane and insoluble triph®&MR analyses showed a completed conversion after 10
ylphosphine was filtrated and washed with penfdnehours at 100 °C in methylcyclohexane. Pure trialkylphos-
Under those conditions, the conversion was 90% usiphines and secondary phosphines could be recovered by
PMHS (entry 10). Numerous types of catalysts have bedistillation or could be isolated as borane compléXés.
used in combination with PMHS to reduce a wide rang&t the end of the reaction, the reaction mixture was cooled
of organic functional group$.The most frequently used and BH~THF was added carefully and aqueous workup
catalyst are titanium species. We evaluated differepielded pure borane complex&s.

HSICYELN,2 PhSIH/HSICL2 or HSICY/PhP
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Table2 Reduction of Phosphine Oxides by TMDS with 10 mc
of Catalyst Ti(Q-Pr),

~ TMDs )
R1>P</O Si-H:P=0=2.5 F€>P_R2
R °R? Ti(Oi-Pr) (10 mol%) R
methylcyclohexane, 100 C
Entry Phosphine Conversion Yield
(%) (%)
o
1 100 95
[ P(Ph
(Ph)zp/\/ ( )2
0o o
2 N N 100 91
PhP” " ph),
0o
3 ﬁ 1 N 100 95
(Ph)zp/\/\/P(P )2
O
4 P(Ph), 100 92
rI(Ph)z
Q9L
5 7 100! or°
(n-CgHy7)3P
6 f 100° 95°
(n-C4Hg)sP
7 Ph\ﬁ 100¢ 85°
Ph” H
0o
8 p-MeOCgHs_|| 100 89

p—MeOCGH4/ ~ H

2 As calculated froni'P NMR.

b |solated yield.

¢ After 7 h at 100 °C.

d After 10 h at 100 °C.

¢ |solated as borane complexes.

@

©)

4

®)

(6)
7

In conclusion, we have shown that phosphine oxides ard®
readily converted into the corresponding phosphine in(g)

high yield by the use of air-stable Ti(®r), and TMDS.

TMDS is more reactive than PMHS and could be pro<{10)
posed as a safer, easy-to-handle hydride source for the

catalytic reduction of secondary and tertiary phosphin

oxides.
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SAFETY: TMDS is quite stable and not generally
considered as a hazardous material, but under specific
conditions, TMDS can generate high volumes of hydrogen
gas in acid and basic conditions. Thus, all the necessary
precautions for the safe handling of flammable gases should
therefore be observed as mentioned in MSDS. Although
TMDS proved to be stable up to 250 °C in a glass vessel,
small exothermic reactions were observed with metallic
ones. Furthermore, the use of glassware always gives rise to
significantly higher conversion than the use of metal-
containing reactors. This is probably due to the low stability
of the titanium hydride intermediate. Further studies are
being done to confirm this.

Ace pressure tube Aldrich Ref. Z181099. We have checked
that under those conditions the internal pressure does not
exceed 1.2 bar.

CAUTION: The TMDS remaining in the filtrate must be
destroyed by slow addition of a 3 M alcoholic solution of
KOH at r.t. TMDS decomposes on contact with bases,
forming hydrogen.

General Procedurefor theReduction of dppe, dppp, and

dppb Oxides

In a 30 mL sealed tube with a magnetic stirrer were placed
the diphosphine (2.32 mmol) and methylcyclohexane (5
mL). Then, TMDS (1.03 mL, 5.8 mmol, 2.5 equiv) was
added to the reaction vessel followed by Tif), (0.07

mL, 0.23 mmol). The flask was heated at 100 °C. After 7 h,
the3'P NMR analysis showed the complete conversion of
the starting reagent. The heterogeneous mixture was cooled
at 0 °C, filtrated over porous glass and washed wittb4

mL of pentane. The resulting white solid was dried under
vacuum, yielding the desired compound.
1,2-Bis(diphenylphoshino)ethane(dppe): yield 95%, mp
161 °C.*H NMR (300 MHz, CDCJ): § = 7.32 (20 H, m),
2.13-2.08 (4 H, m§P NMR (81 MHz, CDC)): 6 =-11.3.
1,3-Bis(diphenylphosphino)propane(dppp): yield 91%, mp
63 °C.™H NMR (300 MHz, CDCJ): § = 7.39-7.33 (8 H, m),
7.30-7.28 (12 H, m), 2.21 (4 HXF= 7.5 Hz), 1.71-1.55 (2

H, m).3P NMR (81 MHz, CDC)): § = -16.3.
1,4-Bis(diphenylphosphino)butane(dppb): yield 95%, mp
135 °C.*H NMR (300 MHz, CDCJ): § = 7.44-7.34 (8 H,

m), 7.33-7.30 (12 H, m), 2.04 (4 HJt 7.5 Hz), 1.62-1.54

(4 H, m).31P NMR (81 MHz, CDC)): § = -14.9.

Takaya, H.; Akutagawa, S.; Noyori, ®rg. Synth., Coll.

Vol. VIII 1993, 65-69 57.
(9)-2,2-Bis(diphenylphosphino)-1,1’-binaphtyl

(BINAP) (a) In a tube with a magnetic stirrer was pla&@d (
BINAP oxide (1.44 g, 2.2 mmol, 1 equiv) in 5 mL of
methylcyclohexane. To this heterogeneous mixture was
added TMDS (0.97 mL, 5.5 mmol, 2.5 equiv) and Tifd),
(70uL, 0,22 mmol, 0.1 equiv). The tube was sealed and the
mixture stirred and heated at 100 °C overnight. The hetero-
geneous mixture was cooled at 0 °C and filtrated over porous
glass, washing 4 to 5 times with cold pentane. The resulting
white solid was dried under vacuum, yielding 1.26 g (92%

Synlett 2007, No. 10, 1545-1548 © Thieme Stuttgart - New York

(25)

(26)

yield, ee >98%)*H NMR (300 MHz, CDCJ): 5 =7.93 (2 H,
d,J=8.5Hz,),7.88(2H,d=8.1Hz),7.51 (2H,d =8.5

Hz), 7.39 (2 H, tJ=7.9 Hz), 7.24-7.10 (20 H, m), 6.95 (2
H, dd,J=8.1 Hz), 6.89 (2 H, d] = 8.5 Hz).3'P NMR (81
MHz, CDCL): 8 = -14.3. {f]?®*—224 € 0.365, benzene); lit.
[a]p?® =229 € 0.31, benzene). The ee was determined after
oxidation with HO, according to ref. 24b. Chiral column
[Daicel Chiralpak AD, 0.46 cr@ x 25 cm, 254 nm UV
detector, r.t., eluent 75:28-beptane—2-PrOH), flow rate

0.5 mL/min],t; = 14.25 min foiSand 18.3 foR. (b) Sekar,

G.; Nishiyama, HJ. Am. Chem. So2001, 123 3603.

General Procedurefor the Reduction of

Trialkylphosphine Oxides

In a 50 mL dried round-bottomed flask fitted with a
magnetic stirrer and a condenser were placed the phosphine
oxide (5.2 mmol) and methylcyclohexane (5 mL). Then,
TMDS (1.14 mL, 6.5 mmol, 1.25 equiv) and Ti(Pr), (154

pL, 0.52 mmol) were added to the reaction vessel. The
heterogeneous mixture was stirred at 100 °C under an argon
atmosphere. After 10 AP NMR analyses showed the
complete conversion of the starting reagent. The mixture
was cooled down to 0 °C and 1 M BHIHF (10.4 mL, 10.4
mmol, 2 equiv) was added dropwise to the solution. The
mixture was allowed to warm to r.t. and stirred for 1 h. The
solution was again cooled down to 0 °C and a 3 N alcoholic
KOH solution (10 mL) was added dropwise to the reaction
vessel (caution: abundant foaming). After gas formation has
subsided, the resulting heterogeneous mixture was stirred at
50 °C under an argon atmosphere for 2 h. After cooling, the
mixture was washed withJ® (2x 5 mL), a 10% aq solution

of HCI (5 mL), and a sat. aq solution of NaHG®mL). The
resulting solution was dried upon Mggénd concentrated
under vacuum, yielding a pale liquid containing only pure
phosphine borane.

Tri-n-octylphosphine-borane (TOPB): yield 90%. NMR

(300 MHz, CDC)): 8 = 1.61-1.20 (42 H, m), 0.95-0.81 (9

H, m).3P NMR (81 MHz, CDC)): § = 15.6.
Tri-n-butylphosphine-borane (TBPB): yield 95%. NMR

(300 MHz, CDC})): & = 1.54-1.35 (18 H, m), 0.90 (9 H, t,
J=7.1 Hz).3'P NMR (81 MHz, CDC)): § = 15.6.

General Procedurefor the Reduction of Secondary
Phosphine Oxides

In a 50 mL dried round-bottomed flask fitted with a
magnetic stirrer and a condenser were placed secondary
phosphine oxide (2 mmol) and methylcyclohexane (5 mL).
Then, TMDS (0.44 mL, 2.5 mmol, 1.25 equiv) and TH{O
Pr), (59uL, 0.2 mmol) were added to the reaction vessel.
The heterogeneous mixture was stirred at 100 °C under an
argon atmosphere overnight. After 1% NMR analyses
showed the complete conversion of the starting reagent. The
mixture was cooled down to 0 °C and 2 M BBIMS (3 mL,

6 mmol, 3 equiv) was added dropwise to the solution. The
mixture was allowed to warm to r.t. and stirred for 2 h. The
crude material was concentrated under vacuum and purified
by flash chromatography EtOAc—cyclohexane (5:95) to give
the product as a white solid.

Diphenylphosphine-borane: yield 858%.NMR (300 MHz,
CgDg): 8 = 7.44-7.38 (4 H, m), 6.98-6.88 (6 H, m), 5.85 (1
H, d,J = 378 Hz), 2.40-1.36 (3 H, br n¥{P NMR (81 MHz,
CiDg): 6 = 2.9.

Bis(4-methoxyphenyl)phosphine-borane: yield 89Pb.

NMR (300 MHz, CDC})): = 7.57 (4 H, dd] = 8.9, 2.3 Hz),
6.96 (4 H, dJ=8.7 Hz), 6.23 (1L H, d = 378 Hz) 31> NMR

(81 MHz, CDCl): = -1.54.
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