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Virtually all currently known and commercially available
polymers are based on extended catenated structures con-
taining mainly carbon atoms together with a few other
elements such as oxygen and nitrogen. In contrast, the
development of extended structures based on atoms of other
elements has been much less successful, and their synthesis
still represents a substantial challenge.[' 2 Nevertheless, the
relatively few inorganic polymers such as poly(siloxanes)
(silicones) [R,Si—O],, polyphosphazenes [R,P=N],, polysi-
lanes [R,Si],, and more recently poly(silynes), poly(stan-
nanes), sulfur-containing polymers, poly(metallocenes), and
other metallopolymers illustrate the potential for accessing
materials with fascinating and unexpected properties as well
as significant applications.'">] As part of a continuing program
to develop novel extended chain structures based on main
group elements we have explored compounds with skeletons
comprising four-coordinate phosphorus and boron atoms. We
were encouraged by previous reports that known cyclic
compounds such as the six-membered ring [Me,P—BH,];
show considerable thermal and hydrolytic stability.[!
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Thermally induced dehydrocoupling of phosphane —borane
adducts R,PH-BHj; at elevated temperatures (150-200°C)
has been previously used to prepare cyclic phosphinoborane
species (mainly six-membered rings of the type
[R,P-BH,];).?! In addition, in a few cases low yields of
“polymeric” materials have been claimed, but none have been
convincingly structurally characterized (by present day stand-
ards) and, where reported, the molecular weights were very
low.[” 81 We have reinvestigated this “dehydrocoupling chem-
istry” (coupling with elimination of hydrogen) with the idea
that if lower temperatures could be used and more efficient
coupling reactions identified, then linear, high polymeric
structures might indeed result.l” 1!

The phosphane—borane adduct Ph,PH-BH; undergoes
dehydrocoupling at 180-190°C to exclusively and quantita-
tively yield the cyclic trimer [Ph,P—BH,];.'Jl However, on
addition of about 0.3 mol % of a Rh! catalyst such as [Rh(1,5-
cod),][OTf] or [{Rh(u-Cl)(1,5-cod)},] (1,5-cod =cycloocta-
1,5-diene) dehydrocoupling of the neat adduct is observed at
90°C over 14 h to form a white, crystalline, air-stable product
[Eq. (1)]. A 3P NMR spectrum of the new compound showed

Ph Ph
Rhl | |
Ph,PHeBH3 —_— H—P—BH,;—P—BH3 1)
90°C | |
-H, Ph Ph
1

the presence of two different phosphorus environments (6 =
—3.3 and —177). Additional characterization by "B and
"H NMR spectroscopy, mass spectrometry, and single-crystal
X-ray diffraction (Figure 1) identified the product as the

Figure 1. Molecular structure of 1 (thermal ellipsoids at the 30%
probability level). Selected bond lengths [A] and angles [°]: P(1)-B(2)
1.932(2), P(1)-B(1) 1.944(2), P(2)—H(1P) 1.349(19), P(2)—B(1) 1.923(2);
B(2)-P(1)-B(1) 113.01(11), H(1P)-P(2)-B(1) 112.6(8), P(2)-B(1)-P(1)
109.23(12).

novel linear dimer 1.> 13l Notably, the P-B bonds in 1 (1.92 -
1.94 A) are long compared to carbon-carbon bonds (ca.
1.54 A) and have lengths typical of single bonds between four-
coordinate phosphorus and boron centers.

Encouraged by this result and based on our view that the
prospective polymer [Ph,P—BH,], might be insoluble and that
the anticipated steric congestion at phosphorus in the case
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described above [Eq. (1)] could disfavor polymer formation,
we moved on to explore the dehydrocoupling of the analo-
gous primary phosphane —borane adduct PhPH,- BH,.['l In
this case, dehydrocoupling occurred in solution in refluxing
toluene (110°C, 14 h, ca. 0.3 mol % [Rh(1,5-cod),][OTf]). An
off-white polymeric product was isolated by precipitation into
hexanes and was subsequently identified as poly(phenylphos-
phinoborane) [2; Eq. (2)].

Ph
Rh', A
PhPH,+BH; l P—BH, (2

_H2

Thus, the 3'P NMR spectrum of 2 showed a broad singlet at
0 ~—48.9, which split into a doublet (/g =360 Hz) in the 'H-
coupled spectrum and is characteristic of a single hydrogen
substituent at phosphorus (Figure 2). The 'H NMR spectrum
of 2 was also consistent with the assigned structure: It contains
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Figure 2. 3'P NMR spectra of polymer 2 (121 MHz) in CDCl;: a) 'H-
decoupled; b) 'H-coupled, Jpy; = 360 Hz.

broad peaks for the phenyl group (6 = 6.65-7.90) and the BH,
protons (0 =0.65-2.20) as well as a broad doublet at d =4.25
(Jp =360 Hz) for the PH group. The ''B NMR spectrum of 2
showed a single broad resonance at ¢ =—34.7, which is
characteristic for a four-coordinate boron center attached to
two phosphorus atoms.['”] Further characterization of 2, which
is air- and moisture-stable, was achieved by *C NMR and IR
spectroscopy as well as elemental analysis, which also
afforded data consistent with the assigned structure.

The absolute weight average molecular weight (M,,) of 2
prepared by this solution method was determined by static
light scattering in THF and was found to be relatively low
(M, =5600), corresponding to a weight average degree of
polymerization (DP,) of 46.'1 To obtain higher molecular
weights by increasing the extent of reaction, PhPH, - BH; and
a Rh! catalyst were heated in the absence of solvent at slightly
elevated temperatures (3 h at 90°C and 3 h at 130°C). This
yielded a polymeric product 2 which was spectroscopically
identical to that prepared in toluene. However, in this case the
high molecular weight nature of 2 was confirmed by static
light scattering, which afforded an absolute value of M, =
31000, corresponding to DP,, =254 (Figure 3).01°!
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¢/103 g mL1
Figure 3. Low-angle laser light scattering plot for 2 in THF at 22°C (K =
optical constant, ¢=concentration, Ry, =Rayleigh ratio). The absolute
molecular weight M, is determined as the inverse of the intercept on the y
axis.l'”]

In contrast to the situation for Ph,PH - BHj;, the dehydro-
coupling of PhPH, - BH; proceeds at a similar temperature in
the absence of added catalyst. However, the rate is substan-
tially slower and the observed molecular weights were
considerably lower, which indicates that P—B chain formation
is much less efficient than in the catalyzed process.!'*

In summary, novel and facile transition metal catalyzed
P—B bond formation reactions have been discovered and the
first, well-characterized, high molecular weight poly(phosphi-
noborane) (2) has been isolated as an air and moisture stable
solid. Future work will focus on the further development of
this new area of inorganic high polymer chemistry and on the
dehydrocoupling mechanism. In addition, detailed studies of
the physical properties of polymers such as 2, which can be
regarded as an analogue of polystyrene with a phosphorus—
boron backbone, should be very revealing from a fundamental
perspective, and useful properties such as flame retardancy
and oxidative stability may emerge.

Experimental Section

Reactions were performed under nitrogen using dry solvents. Workup of 2
was carried out in air. Light scattering experiments were carried out in THF
at 22°C and were performed as described in detail elsewhere.l'”) The
refractive index increment (dn/dc) for 2 was determined to be 0.24 mLg".
Low-angle laser light scattering experiments were performed on solutions
in THF that had been left undisturbed for 24 h.

Synthesis of 1: Neat Ph,PH-BH; (0.625¢g, 3.12mmol) and [Rh(1,5-
cod),][OTf] (ca. 4 mg, 0.3 mol%) were heated at 90°C for 14 h. The
reaction mixture became liquid upon heating and solidified when cooled to
room temperature. Recrystallization from diethyl ether (10 mL) gave
colorless crystals of air-stable 1. Yield 0.530 g (85%). '"H NMR (300 MHz,
CDCLy): 6=768-717 (m, 20H, aromatic), 6.71 (dm, 1H, Jpy =397 Hz,
PH), 2.24 (br, 2H, BH,), 1.01 (brq, 3H, Jpy =75 Hz, BH;); "B{'H} NMR
(160 MHz, CDCly): 6 =—33.2 (br, BH,), —37.3 (br, BH;); *P{'H} NMR
(121 MHz, CDCl;): 6=-3.3 (br, Ph,PH), —17.7 (br, Ph,P); MS (EIL
70 eV): mlz (%): 395 (16) [M*—3H], 384 (100) [M* — BH;].

Synthesis of low molecular weight 2: In a typical experiment PhPH, - BH;
(1.025 g, 8.27 mmol) and [Rh(1,5-cod),][OTf] (ca. 10 mg, 0.3 mol %) were
dissolved in toluene (15 mL), and the resulting solution was refluxed for
14 h. The reaction mixture was then concentrated under vacuum to ca.
SmL, filtered, and precipitated into 120 mL of hexanes. The off-white
polymeric product 2 was washed with hexanes, decanted, and dried in
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vacuo. Yield 0.678 g (67%). Static light scattering (THF): M, =5600,
DP,, = 46; the second virial coefficient A, was found to be zero. 'H NMR
(300 MHz, CDCl,): 0 =6.65-7.90 (br, Ph), 4.25 (brd, Jpy =360 Hz, PH),
0.65-2.20 (br, BH,); "B{'H} NMR (160 MHz, CDCl,): § = —34.7 (brs);
BC{!H} NMR (75 MHz, CDCl,): 6 = 132.5 (br, 0-Ph), 129.3 (br, p-Ph), 128.2
(br, m-Ph); 3P{!H} NMR (121 MHz, CDCl;) 6 =—48.9 (brs); 3P NMR
(121 MHz, CDCl,): 6 =—48.9 (brd, Jpy =360 Hz); IR (nujol): #(B—H) =
2417,2378 cm™!, #(P—H) = 2213 cm™!; elemental analysis calcd for C¢HgBP:
C 59.1, H 6.6; found: C 58.9, H 6.5.

Synthesis of high molecular weight 2: In a typical experiment, neat PhPH, -
BH; (1.22 g, 9.84 mmol) and [Rh(u-Cl)(1,5-cod)], (ca. 15 mg, 0.3 mol %)
were heated for 3 h at 90 °C and for a further 3 h at 130°C. After cooling to
room temperature, the yellow solid was dissolved in CH,Cl, (15 mL), and
the solution was filtered and precipitated into hexanes (250 mL). The off-
white polymeric product was washed with hexanes, decanted, and dried
under vacuum at 50°C for 48 h. Yield 0.90 g (75%). The 'H, !'B, and 3'P
NMR and IR spectra are as described above. Static light scattering (THF):
M,,=31000, DP,, =254.; the second virial coefficient A, was found to be
zero.

Received: February 19, 1999
Revised version: July 30, 1999 [Z130591E]
German version: Angew. Chem. 1999, 111, 3540-3543

Keywords: boron - homogeneous catalysis - phosphorus-
polymerizations - polymers

[1] Polymer Science and Engineering: The Shifting Research Frontiers,
National Research Council, National Academy Press, Washington
D.C., 1994, pp. 100-104.

[2] a) J. E. Mark, H. R. Allcock, R. West, Inorganic Polymers, Prentice-
Hall, Englewood, NJ, USA, 1992; b) I. Manners, Angew. Chem. 1996,
108, 1712; Angew. Chem. Int. Ed. Engl. 1996, 35, 1602.

[3] “Silicon-Based Polymer Science”: Adv. Chem. Ser. 1990, 224.

[4] See, for example, a) P. A. Bianconi, T. W. Weidman, J. Am. Chem. Soc.
1988, 110, 2342; b) T. Imori, T.D. Tilley, J. Chem. Soc. Chem.
Commun. 1993, 1607; c¢) 1. Manners, G. Renner, H. R. Allcock, O.
Nuyken, J. Am. Chem. Soc. 1989, 111, 5478; d) J. A. Dodge, 1.
Manners, G. Renner, H. R. Allcock, O. Nuyken, J. Am. Chem. Soc.
1990, 712, 1268; e) M. Liang, I. Manners, J. Am. Chem. Soc. 1991, 113,
4044; f) A.K. Roy, J. Am. Chem. Soc. 1992, 114, 1530; g) V.
Chunechom, T. E. Vidal, H. Adams, M. L. Turner, Angew. Chem.
1998, 110, 2031; Angew. Chem. Int. Ed. 1998, 37, 1928.

a) M. H. Chisholm, Angew. Chem. 1991, 103, 690; Angew. Chem. Int.
Ed. Engl. 1991, 30, 673; b) P. Nguyen, P. Gémez-Elipe, I. Manners,
Chem. Rev. 1999, 99, 1515.
The six-membered ring [Me,P—BH,]; is reported to be stable to acidic
hydrolysis up to 300°C: A. B. Burg, R. I. Wagner, J. Am. Chem. Soc.
1953, 75, 3872.
During the early pioneering work on boron—phosphorus compounds
in the 1950s and 1960s the low-yield formation of a range of partially
characterized, low molecular weight phosphinoborane polymers were
described in patents, technical reports, and, in some cases, in the open
literature. For example, pyrolysis of Me,P—PMe, - BH; or RMePH -
BH; (R=Me or Et) at 175-200°C in the presence of amines (which
were claimed to promote the formation of linear rather than cyclic
products) was reported to give polymers [RMeP—BH,], with molec-
ular weights of 1800-6000 (where determined): R. I. Wagner, F. F.
Caserio, J. Inorg. Nucl. Chem. 1959, 11,259; A. B. Burg, J. Inorg. Nucl.
Chem. 1959, 11, 258. In addition, partially characterized, insoluble
materials with three-coordinate boron and phosphorus atoms were
described: G. E. Coates, J. G. Livingstone, J. Chem. Soc. 1961, 5053.
For a general survey of results obtained during this period, see G. W.
Parshall in The Chemistry of Boron and its Compounds (Ed.: E. L.
Muetterties), Wiley, New York, 1967, chap. 9, pp. 617 —646.
For recent work on molecular boron-phosphorus compounds, see
P. P. Power, Angew. Chem. 1990, 102, 527; Angew. Chem. Int. Ed. Engl.
1990, 29, 449; R. T. Paine, H. N6th, Chem. Rev. 1995, 95, 343.
[9] For dehydrocoupling routes to bonds between inorganic elements
which has provided important pathways to Group 14 polymers, see F.

5

—

[6

—

[7

—

8

—_

Angew. Chem. Int. Ed. 1999, 38, No. 22

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Gauvin, J. F. Harrod, H. G. Woo, Adv. Organomet. Chem. 1998, 42,
363. Dehydrocoupling has been used to form oligomers and polymers
with B—N bonds between borazine rings: P. J. Fazen, J. S. Beck, A. T.
Lynch, E.E. Remsen, L. G. Sneddon, Chem. Mater. 1990, 2, 96.
Coordinate bonds between B and N have recently been used in the
preparation of metallopolymers: M. Fontani, F. Peters, W. Scherer, W.
Wachter, M. Wagner, P. Zanello, Eur. J. Inorg. Chem. 1998, 1453.

[10] Molecular weights of greater than ca. 10000 are generally required for
access to the valuable mechanical and processability characteristics
associated with polymeric materials. See refs. [2a, b].

[11] W. Gee, J. B. Holden, R. A. Shaw, B. C. Smith, J. Chem. Soc. 1965,
3171.

[12] A significant but much less dramatic catalytic effect was noted with
[Ru;3(CO)y,): a) J.M. Nelson, H. Dorn, I. Manners, unpublished
results; b) J. M. Nelson, PhD thesis, University of Toronto, 1995.

[13] Crystal data for 1: C,4H,¢B,P,, orthorhombic, space group P2,2,2,,a =

10.247(2), b=13.616(3), c=15.684(3) A, V=21883(7) A3, Z=4, u =

0206 mm~, Moy, (A=0.71073A), pPuea=1208Mgm=S, T=

150.0(1) K, Nonius Kappa CCD with graphite monochromator,

colorless crystal (0.28 x 0.17 x 0.12 mm). Of 16513 reflections collect-

ed (4.18° <0< 26.36%), 4455 were independent (R;,, =0.061) and 3849

were observed with F, =40(F,). Structure solution by direct methods

and refinement on F? with SHELXTL-PC V5.1 (G.M. Sheldrick,

Bruker AXS Inc., Madison, Wisconsin, USA, 1997). Hydrogen atoms

attached to C atoms and B(2) were included in calculated positions

and treated as riding atoms, hydrogen atoms attached to B(1) and

P(2) were refined with isotropic thermal parameters; R1=0.0342,

wR2=0.0820 (R1=3X(F,—F,)/ZF, for observed data, wR2=

{(Z[w(F2— F2)?/Z[w(F2)’]}'# for all data), GOF=1.059, N,/N,=

16.56 and Ay, = 0.283 e A=3. Crystallographic data (excluding struc-

ture factors) for the structure reported in this paper have been

deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-114009. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union

Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:

deposit@ccdc.cam.ac.uk).

For an early report of polymeric products of molecular weight 1480 —

2630 from the thermolysis of PhPH,-BH; at 150-250°C in the

absence of catalysts, see V.V. Korshak, V.A. Zamyatina, A.I

Solomatina, Izv. Akad. Nauk. SSSR Ser. Khim. 1964, 1541.

[15] H. Noth, B. Wrackmeyer, Nuclear Magnetic Resonance Spectroscopy
of Boron Compounds, Springer, New York, 1978.

[16] Attempts to analyze the molecular weight distribution of samples of 2
by gel permeation chromatography in THF with styragel columns and
polystyrene standards for column calibration were frustrated by
column adsorption and/or aggregation problems. Reproducible values
of M,, and M, could not be obtained.

[17] T.J. Peckham, J. A. Massey, M. Edwards, D. A. Foucher, I. Manners,
Macromolecules 1996, 29, 2396.

[14

1433-7851/99/3822-3323 $ 17.50+.50/0 3323



