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The reaction of H,, R3SiH or R,SiH, with PsPhs in the
presence of stoichiometric B(CgFs)3 results in excellent yields
of the phosphine-borane adducts (PhPH,)B(C¢Fs)s;,
((R3Si)PhPH)B(CgFs); and ((R,SiH)PhPH)B(C¢Fs)3, respectively.

The recent renaissance in the chemistry of the main group
elements has nowhere been shown more clearly than in the
chemistry of phosphorus.' For example, the interception of
unprecedented new P-based chains? and clusters® stabilized by
carbene ligands has been described by the groups of
Robinson* and Bertrand.®> Shaffer er al.® have reported the
characterization of nanostructures derived from elemental P.
In addition, Cummins er al.”° have developed a highly
innovative and elegant, metal-mediated synthesis of P3As.
Collectively, these findings illustrate remarkable and artful
methods to assemble new elemental allotropes and binary
materials. In a related vein, the functionalization of polyalkyl-
or polyaryl-phosphines has been extensively explored by
Burford and co-workers.'®> Very recently Weigand er al.**
have integrated elemental P with phosphenium cations affording
the discovery of unprecedented cationic P-clusters [PhyPs] ",
[Ph4P6]2+, and [PhéPﬂS+ .

Targeting applications of the reactivity of P-P bonds, we
have reported a Rh-catalyst for the hydrogenation and
silylation of P—P bonds providing secondary phosphines and
silylphosphines.?® Concurrent with these studies, we have also
demonstrated that bulky polyphosphines do not form classical
Lewis acid—base adducts with B(CgFs); and thus these
combinations of reagents behave as “frustrated Lewis pairs”
(FLPs).2%%” Exploiting the reactivity of such systems, we have
recently shown that such FLPs react with alkynes to effect the
addition of P and B to the alkyne affording zwitterionic
polyphosphino-phosphonium-alkenyl-borates.28 This finding
of FLP reactivity prompted us to probe the possibility of
reduction of P-P bonds via FLP-hydrogenation.?* ' Thus, in
this communication, we report the high yielding, stoichio-
metric hydrogenation and hydrosilylation of the P-P bonds
of PsPhs mediated by the Lewis acid B(C¢F's)s.

A1 : 1 mixture of PsPhs—B(C4Fs); was exposed to 4 atm of
H,. This resulted in the formation of a new species (1) which
was shown spectroscopically to be the phenylphosphine-borane
adduct, (PhPH,)B(C¢F 5)3.°23 In addition, the corresponding
reaction with D, gave rise to a >'P NMR signal at —43.6 ppm
and a 2D signal at 5.09 ppm with Jp_p of 64 Hz. The mother

Department of Chemistry, University of Toronto, 80 St George St,
Toronto, Ontario, Canada M5S3HG6.

E-mail: dstephan@chem.utoronto.ca

+ Crystal data: CCDC 756444. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b925126j

liquors of these reactions were observed to contain residual
PsPhs. Altering the stoichiometry to employ 5 equivalents of
B(C¢Fs); per equivalent of PsPhs resulted in the quantitative
conversion to (1) which was subsequently isolated in 91%
yield as a crystalline solid [eqn (1)].

Ph
PhP— F’\ 5 B(CgFs)3
| PPh ———3> (PhPH,)B(C4Fs)s (1)
PhP— 7 4 atm H,
B, g

In a similar procedure, a mixture of PsPhs and five equivalents
of B(C¢F'5); was treated with excess Et3SiH. Over the course of
12 hours, this resulted in the quantitative conversion to the
silylphosphine—borane adduct ((Et;Si))PhPH)B(CFs); (2)** as
evidenced by the observation of the single *'P NMR signal
at —46.6 ppm. Quaternization of B is consistent with the '°F
NMR signals at —129.8, —156.5 and —163.7 ppm and the ''B
NMR resonance at —12.3 ppm. Formation of the secondary
phosphine is confirmed by the "H NMR resonance attributable
to the P-H proton at 4.72 ppm, with 'Jp_y = 345 Hz. This
product (2) was easily isolated in nearly quantitative yield and
subsequently characterized by X-ray crystallography (Fig. 1).1
The structural data confirm the formation of the secondary
silylphenylphosphine adduct of B(C4¢Fs); with P-B and P-Si
bond distances of 2.093(6) A and 2.333(2) A, respectively. The
former is similar to the B-P bond lengths in the adducts
(R,PH)B(C¢Fs); (R = Ph 2.098(3) A, rBu 2.094(7) A)**
while the P-Si distance is typical. 3

Fig. 1 POV-ray drawing of (2).
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\ Et(H)Si  (4) 82
P—H PhyH)Si  (5) 94

Ph(Me)H)Si (6) 96
(MeZSi)2C6H4(7) 96

Scheme 1 Synthesis of (2)—(7).

In a similar fashion a series of silanes was employed to reduce
PsPhs to the analogous adducts, ((RR’R”Si)Ph-PH)B(C¢F);
(3)~(7)** (Scheme 1). Isolated yields ranged between 82-96%.
The *'P{'"H} NMR signals for these products were broad
presumably due to P coupling to B, however P-H coupling
was evident in '"H NMR spectrum of each product. Of
particular interest is the diastereomeric product derived from
the PsPhs reduction with Ph(Me)SiH,, ie. ((PhMeSiH)-
PhPH)B(C¢Fs); (6). The *'P{'H} NMR spectrum of this
product shows two resonances at —40.9 and —41.6 ppm in a
4 : 5 ratio indicating a slight preference for the formation of
one of the diastereomers under these conditions. In addition,
use of 2.5 equivalents of the disilane CsH4(SiHMe,), affords
the bis-phosphine-borane adduct (7) in high yield.

Mechanistically, the hydrogenation reaction is thought to
proceed via initial heterolytic cleavage of H, by
P5Ph5*B(C6F5)3 to give [P5Ph5H][HB(C6F5)q] The proposition
of such an intermediate is supported by our recent report of
the formation of [tBu,P(PH?Bu,)][HB(CgFs);] via treatment of
tBusP, and B(CgFs); with H,. Moreover, Burford and
co-workers have isolated a series of alkylated cationic species
of the general formula [PsPhsR] ™", the alkylated analogs to the
proposed intermediate. Subsequent attack on the transient
phosphino-phosphonium salt by the borohydride counterion
prompts extrusion of (1) with formal liberation of “P4Ph,”.
This proposition is consistent with the previously observed
reaction of Me;P with [P4CysMe] ", which results in nucleophilic
attack on the cationic P, forming the new cation [MesPPCyMe]
and P3Cy3.12 As P4Phy is not observed spectroscopically, the
nature of the P-containing intermediates remains unclear;
nonetheless, the complete conversion of PsPhs to primary or
secondary phosphine—borane adducts, in this case (1), results
from subsequent reaction.

The hydrosilylations of PsPhs to give 2-7 are thought to
proceed via a mechanism similar to B(CgFs); catalyzed
hydrosilations of imines and carbonyl-compounds studied by
Piers and co-workers.*' ™ In those cases, interaction of borane
with the Si—H bond is followed by attack of the Lewis base at
silicon. In the present case, attack of the polyphosphine at
silicon would generate transient intermediate salts of the
form [PsPhsSiR3][HB(C4Fs);], which are subsequently
attacked by the borohydride anion [HB(C¢Fs);], at the

phosphonium center to yield the secondary silylphosphine
adduct of B(CgFs)s.

In conclusion, combination of PsPhs and B(C¢Fs); produces
a frustrated Lewis pair, that can activate H, or secondary or
tertiary silanes to yield the phosphine adducts (PhPH,)B(CgF's)s,
((R3Si)PhPH)B(C¢Fs)3 and ((R,SiH)PhPH)B(C¢Fs)s,
respectively. While the present reductions proceed stoichio-
metrically, these observations represent rare examples of
metal-free reductions of P-P bonds. Moreover, these findings
point to the possibility of metal-free catalysts for the synthesis
of primary and secondary phosphines from P-P bonded
species. Such developments could also provide avenues to
asymmetric catalysis offering unique routes to phosphines that
are chiral at P. Efforts to develop such metal-free catalysts are
on-going.
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¢ = 17.2444(13) A, o = 95.866(3)°, f = 99.447(3)°, 7 = 105.895(2)°,

= 1518.74(19) A3, space group: PI, total data: 7604, data (> 20):
5223, Rine: 0.0541, variables: 438, R (>26) = 0.0675, Ry, (>20) =
0.1697, GOF = 1.077.
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(CgDg): —129.8 (br s, 0-CgFs), —156.5 (br s, p-CgFs), —163.7
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m-CH), 6.94 (t, J = 7 Hz, 6H), 7.05 (t, J = 7 Hz, 3H, p-CH), 7.40
(dd, J = 8 Hz, J = 1 Hz, 6H); "’F NMR (C¢Dg): —129.2 (br s,
0-CgFs), —155.1 (br s, p-C¢Fs), —163.0 (br s, m-CeFs). 3'P{'H}
NMR (C¢Dg): —45.3 (br s); "B NMR (C¢Dg): —11.7 (br s);
BC{'H} NMR (C¢Dy) partial: 122.2 (d, J = 40 Hz), 128.4, 130.6
(d,J = 3Hz), 131.3,134.6 (d, J/ = 6 Hz), 136.4 (d, J/ = 1 Hz). (4):
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2.42%; found: C, 47.22; H, 2.90%. '"H NMR (C¢Dg): 0.30 (m, 4H,
CH,CH3), 0.51 (t, *Jyy = 8 Hz, 6H, CH,CH3), 3.83 (d, 2Jp_yy =
29 Hz, 1H, Si-H), 4.73 (d, 'Jp.y = 357 Hz, 1H, P-H), 6.55
(td, 3Jyu = 8 Hz, *Jp.y = 2 Hz, 2H, m-Cg¢Hs), 6.69 (m, 3H,
0-C¢Hs, p-CeHs). "F NMR (Ce¢Dg) 6: —129.8 (br s, 0-CgFs),
—156.2 (t, *Jpp = 21 Hz, p-C¢Fs), —163.5 (td, *Jp ¢ = 21 Hz,
Urr = 5 Hz, m-CgFs). >'P{'"H} NMR (C¢Dy): —53.7 (br s); ''B
NMR (C¢Dg): —12.8 (br s); *C{'H} NMR (C¢Ds) partial: 2.5
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(d,J =4Hz),3.3(d,J = 6Hz),7.3(d,J = 3Hz),7.7(d,J = 3Hz),
129.7 (d, J = 10 Hz), 131.1 (d, J = 3 Hz), 133.4(d, J = 7 Hz). (5):
yield: 147 mg (94%). Anal. calcd for C3¢H7BFsPSi: C, 53.75; H,
2.31%; found: C, 54.20; H, 2.81%. '"H NMR (C¢D¢): 5.46
(dd, 2Jpy = 27 Hz, *Jyw = 5 Hz, 1H, SiH), 5.63 (1H, dd,
Yp_n = 363Hz, Jyy = 5Hz 1H,PH), 681 (td,J = 8 Hz, J = 2
Hz, 2H), 6.95 (m, 2H), 7.09 (t, J = 7 Hz, 2H),7.29 (m, 8H), 7.70
(dd, J = 8 Hz, J = 2 Hz, 2H), 7.75 (1H, dd, J = 8 Hz, J/ = 2 Hz,
1H), 7.82 (dd, J = 8 Hz, J = 2 Hz, I1H). "’F NMR (C¢Dy): —129.4
(d, *Je_r = 21 Hz, 0-CgFs), —156.4 (br s, p-CeFs), —163.3 (br s,
m-CgFs). *'P{'"H} NMR (C¢Dg): —47.1 (br s); ''B NMR (C¢Dy):
—12.8 (br s); *C{'H} NMR (CD,CL) partial: 128.9 (d, J = 10 Hz),
131.1 (d, J = 3 Hz), 133.8 (d, J = 7 Hz), 135.5(d, J = 17 Hz),
135.5 (d, J = 17 Hz). (6): yield: 64 mg (96%). Anal. calcd for
C;HsBFsPSi: C, 50.16; H, 2.04%; found: C, 50.18; H, 2.26%.
'"H NMR (CDCl;): 0.50 (dd, *Jp_yy = 7 Hz, *Jyu = 4 Hz, 3H,
CH3 mujor)a 0.67 (dd, 3JP—H =6 HZ, 2JH—H =4 H27 3H7 CH3 minor)a
4.86 (d, °Jp_i1 = 29 Hz, 1H, Si-H), 5.03 (d, 'Jp_y = 357 Hz, 1H,
P-—Hoinor) 513 (d, 'Jp i = 363 Hz, P-Hjor), 6.92 (dd, *Jp 11 =
11Hz, J = 8 Hz, 1H, 0-PC¢Hs), 7.07 (dd, *Jp_yy = 11 Hz, J = 8 Hz,
1H), 7.12-7.48 (m, 8 H). ""F NMR (CDCls): —130.0 (br s), —156.6
(t, J =27 st p'CbFS minor)’ —156.7 (t, J =127 HZ’ p'CbFSminor)a
—163.5 (m, m-CeFs). *'P{'H} NMR (C¢Dg): —40.9minors —41.6imajors
"B NMR (CDCls): —13.1 (br s); >*C{'H} NMR (CDCl5) partial:
128.9 (d, J = 21 Hz), 129.1 (d, J = 10 Hz), 129.5 (d, / = 10 Hz),
131.3(d,J = 3Hz), 131.6 (d,J = 3Hz), 131.7(d, J = 1 Hz), 131.9
(d,J = 1 Hz), 135.0(d, J = 10 Hz). (7): yield: 134 mg (96%). Anal.
caled for CsgHogBF | 5P,Sis: C, 48.56; H, 1.97%; found: C, 48.46; H,
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