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Synthesis and Properties of

Reactions of L1(CH3)2P(BH3)2 w1th tri-, and di-, and monomethylammomum chloride and ammonium chloride produce

hydrogen and the compounds-(amine)— BHZ—P(CHs)g—BHa

boron-11 and proton nmt, and mass spectra.
decomposition of the apptoptiate amine—borané.

A recent paper from this laboratory! described the
reactions (eq 1) of amine hiydrochlorides with Na(CHj),-
N(BH;); to form the previously known amine adducts
of u-(CH,;);NB,H;.? Tlie natural extension .of this

(amine)H* + (CHp)eN(BHy)y™ —>
 H; + (amine)-BH;~N(CH;):-BH; (1)
(amine = (CHa)aN, (CHa)zNH, CHaNHz, NHa)

work to the reactions of amine hydrochlorides With Li-
(CHa)gP(BH3)23 to forrh new compounds with N-B-P-B
backbones is the subject of this article.

Expenmental Sectlon

General Data.——Standard high-vacdum and inert-atmosphere
techniques* were used for all manipulations. Boron-11 and
proton nmir spectfa were obtained using a Varian HA-100
spectrometer operating at 82.1 and 100. MHz, respectively.
Boron chemical shifts are expressed in ppm relative to (C.H;).0-
BF;. Infrared spectra were obtained using Perkin:Elmer 137
and 337 spectrophotometers Mass spectrd were produced by a
Hitachi Perkin-Elmer RMU-6E double-focusing spectrometer.

The pure solvents monoglyme (1,2,—dime'thoxyethane), toluerie,
dioxane, and benzene were stored in evacuated ~bulbs ‘over
lithium aluminum hydride and, wher needed, were condensed
directly into the reaction vessel. The (CHa)aNHCl (CHg)e~
NH:Cl, CH;NH;Cl, and NH,Cl were réagent grade purchased
from commercial sources and were used withott fdrther purifi-
cation. The Ti(CH;)sP(BHs)yCiHsO; was prepared as pre-
viously described.?

. Analysis was accomplished by preliminary acid - hydrolysis;
hydrolytic hydrogen was collécted and measured with a Toepler
pump—gas .buret assembly. Phosphorus was determined by
recovery of dimethylphosphine on the vacuum line followmg
adjustment of the acidity of the hydrolysis solution to approxi-
mately pH 6:  Nitrogen was determined by a Kjeldahl-type
procedure and boron was estimated by titration of the b0r1c acid
‘D-mannitol complex with standard base.

General Preparatwe Method.—In a typical reaction a 100 ml
vessel was charged with 1-2 mmol of L1(CH3)2P(BH3)2 CiH;0,
and a 10-15% excess of the appropriaté amine hydrochloride.
About 5 ml of monoglyme was condensed into the vessel and the
solution was stirred magneticdlly and maintained at 60-65° for
12 hr. Hydrogen produced during this period usually amounted
to 100-105%, of that required for redction 2. Following removal

(amine)H+ + (CH;):P(BHg)s ™ —>

H, + (am1ne)—BHz—P(CH3)2—BHa 2)
of the solvent and dioxane on the vacuum line, the product was
isolated by sublimation at 50°. Yields wére generally on the

order of 709,. The monomethylamine and ammonia derivatives
weré often contaminated by a small quaiitity of an unidentified
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MecGraw-Hill, New Vork, N. Y., 1969,

The new materials Have been characterlzed by their mfrared '

Pyrolysis generates [(CH;).PBH,]; and prodiicts characteristic of the thermal

oil which: could be remdved by washing the product with cold,
dry #-heptane.

Pyrolysis reactions were carrled out in sealed Pyrex vessels at
temperatures ranging from 150 to 240°. After separation, the
products were identified by their infrared and mass spéctra.

Characterization of (CHa)aN—BHz—P(CHa)z—BHa —FElemental
analyses were as follows. Anal. Caled: B, 14. 7; hydridic H,
3.40; N,9.51; P,21.1. Found: B, 14.9; hydrlcth 3.60; N,
9.39; P, 20.7. . The product was obtamed as air-stable color-
less crystals, mp 48~49°, whicli were soluble in benzene, mono-
glyme, acetone, dioxane, and ethanol and insoluble in water.
Boron-11 nmr (CeHs, Figure 1): quartet § 6.2 ppm (J = 86 Hz),
quartet of doublets § 35.2 ppm (Jeg = 93 Hz, Jep = 57 Hz);
proton nmr (CeHe): singlet 1 7.74 (1nten51ty 3), doublet r9.02
(Jpom = 4.8 Hz, intensity 2); monoisotopic mass spectrum (70
eV) [m/e (relative intensity)]: 147 (3), 146 (13), 145 (9), 144 (6),
141 (6), 134 (9), 133 (85), 132 .(19), 118 (3), 117 (8), 116 (1),
98 (3), 97 (1), 89-(8), 88 (4), 86 (6), 75-(5), 74 (3), 73 (10), 71
(100), 71 (11), 70 (42), 69 (10), 68 (4), 67 (3), 62 (6), 61 (3), 60
(2), 59 (19), 58 (37), 57 (8), 56 (20), 55(7), 54 (5), 46 (7), 45 (5),
44 (5), 43 (4), 42 (12), 41 (16), 40 (8), 39 (4), 30 (10), 29.(6),
28 (12);, 27 (16), 26 (7); ir (KBr) in cmi™* (relative intensity):
2950 (m), 2000 (sh; m), 2870 (vs), 2320 (vs), 2220 (sh, s), 2110
(sh, w), 1490 (sh, m), 1470 (s), 1430 (sh, m), 1410 (m), 1293 (w),
1275 (w), 1253 (sh, m); 1243 (m), 1150 (m), 1120 (s), 1080 (s),
1055 (s), 1008:(m), 975 (m), 945 (m), 917 (), 860 (s), 775 (w),
750 (m), 705 (m), 696 (sh, w), 660 (sh, w), 650 (m), 555 (m),
481 (m).

Products, of the complete pyroly51s at 240° for 15 hr were
(CH;);NBH;, . [(CHa)zPBHz]a, [CHSNBH] (trace), and non-
condensable gas, assumed to be methane.

Characterization of (CHa)zNH—BHz—P(CHa)Z‘BHa ——Elemental
analyses were as follows. = A#nal. Caled:" B, 16.2; hydridic H,
3.76; P, 23.4; mol wt 133. Found: B, 16 1; hydridic; H,
3.57; P, 23.8; mol wt (cryoscopic in CEHG) 131. The product
was obtamed as air-stable colorless crystals, mp 76-77°, which
were soluble in benzene, monoglyme, toluene, cyclohexane, and
trichloroethylene and insoluble in water. Boron-11 nmr (CeHs):
quartet § 9.2 ppm (J = 89 Hz), quartet of doublets § 36:2 ppmi
(Jm = 91 Hz, Jpp = 64 Hz); proton nmr (CsHs): broad singlet
r 4.88 (intensity 1), doublét = 7.09 {Junos = 2.5 Hz, intensity
6), doublet.7 8.94 (Jpcy = 5.0 Hz, intensity 6); monoisotopic
mass spectrum (70 eV) [m/e (relative intensity)}: 133 (5), 132
(24),131 (13), 130 (5), 129 (2), 128 (5), 127 (4); 121 (1), 120 (15),
119 (83), 118 (100), 117 (9), 116 (9), 115 (3), 114 (8), 113 (3),
104 (7), 103 (10), 102 (3); 89 (5), 88 (2), 87 (3), 86 (2), 85 (2),
84 (6), 83 (5), 82 (3), 75 (25), 74 (14), 73 (9), 72 (18), 71 (4), 70
(11), 69 (9), 68 (6), 67 (1), 66 (5), 63 (15), 62 (73}, 61 (9), 60 (2),
59 (17), .58 (61); 57-(62), 56 (18), 55 (31), 54 (9), 53 (4), 52 (6),
48 (4), 47 (6), 46 (37), 45 (42), 44 (60), 43 (6), 42 (35), 41 (32),
40 (17), 39 (8), 30 (19), 29 (10), 28 (22), 27 (26), 26 (14); ir
(KBr) in cm ™t (relative intensity): 3270 (s), 2995 (sh, w), 2950
(m), 2920 (sh, w), 2760 (w), 2340 (sh, s), 2315 (vs), 2270 (sh, s),
2125 (vw), 1450 (s), 1420 (s), 1310 (w), 1280 (vw), 1260 (m),
1160 (sh, m), 1140 (m), 1080 (s), 1060 (s}, 1015 (w), 955 (sh m),
945 (m), 925 (), 910 (sh, m), 855 (w), 755 (w), 735 (vw), 715
(m), 860 (w), 640 (vw), 570 (w).

Pyrolysis at 150° for 1 hr resulted in only 209, decomposition
baséd on evolved hydrogen. The products were [(CH;):NBHa]s,
[(CH3):PBH,];, and hydrogen.
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Figure 1.—Boron-11 nmr spectrum of (CH;);N-BH-P(CHj).—
BH;; in CGHG.
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Characterization of CH;NH,-BH,-P(CH;),-BH;.—Elemental
analyses were as follows. A4nal. Caled. B, 18.5; hydridic H,
4.21; N, 11.8. Found: B, 18.1; hydridic H, 4.03; N, 11.2.
The colorless crystals survive only brief exposure to air and begin
to decompose slightly near the melting point giving a 60-65°
melting range. They are soluble in monoglyme, acetone, and
trichloroethylene but only slightly soluble in nonpolar solvents
like heptane, benzene, and carbon tetrachloride and show slow
solvolysis in ethanol. Boron-11 nmr (CsHs): quartet § 11.1
ppm (J = 108 Hz), quartet of doublets § 37.6 ppm (Jsg = 90 Hz,
Jap = 64 Hz); protonnmr (CsH;g): brodd singlet 7 6.12 (intensity
2), triplet 7 7.98 (Juxca = 3.0 Hz, intensity 3), doublet 7 8.95
(Jeor = 5.0 Hz, intensity 6); monoisotopic mass spectrum
(70 eV) [m/e (relative intensity)]: 119 (2), 118 (11), 117 (7),
116 (3), 106 (5), 105 (100), 104 (15), 103 (5), 102 (6), 90 (2),
89 (5), 88 (2), 75 (14), 74 (9), 73 (7), 72 (4), 71 (2), 70 (3), 69
(4), 68 (2), 67 (2), 66 (2), 63 (6), 62 (51), 61 (4), 60 (2), 59 (8),
58 (6), 57 (7), 56 (8), 55 (7), 54 (3), 47 (2), 46 (9), 45 (8), 44 (36),
43 (15), 42 (28), 41 (19), 40 (9), 39 (5), 32 (5), 31 (3), 30 (7), 29
(2), 28 (12), 27 (14), 26 (9); ir (KBr)in cm™! (relative intensity):
3220 (vs), 3150 (m), 3010 (w), 2950 (w), 2900 (w), 2380 (sh, vs),
2350 (sh, vs), 2330 (vs), 2280 (vs), 2100 (w), 1595 (m), 1460 (m),
1420 (m}), 1320 (m), 1290 (vw), 1275 (vw), 1150 (m), 1126 (s),
1080 (sh; w), 1070 (w), 1048 (m), 1002 (w), 963 (w), 941 (sh, w),
922 (s), 860 (w), 784 (vw), 752 (w), 730 (vw), 672 (vw), 640 (vw),
562 (w).

Complete pyrolysis at 240° for 15 hr produced [CHsNBH]s,
{(CH;):PBH;ls, and hydrogen.

Characterization of NH;~BH,-P(CH;):~BH;.-—Elemeéntal
analyses were as follows. Anal. Caled: B, 20.5; hydridic H,
4.80; N, 13.3; P, 29.5. Found: B, 20.8; hydridic H, 4.96; N,
11.4; P, 29.8. The colorless crystals decompose slowly on
exposure to air, mp 72° dec. They are soluble in monoglyme
and acetone, soluble with slow solvolysis in ethanol, methanol,
and water, and slightly soluble in benzene, n-heptane, and
toluene. Boron-11 nmr (C¢Hs): quartet § 9.3 ppm (J = 100
Hz), quartet of doublets 5 36.8 ppm (/g = 88 Hz, Jpp = 63
Hz); proton nmr (C¢Hs): broad singlet r 7.16 (intensity 1),
doublet 7 8.94 (Jpey = 5.0 Hz, intensity 2); monoisotopic mass
spectrum (70 eV) [m/e (relative intensity)]: 105 (1), 104 (8),
108 (5), 102 (3), 101 (3), 100 (3), 92 (3), 91 (100), 90 (10), 89 (3),
88 (3), 87 (3),86 (5),85 (4), 84 (2), 83 (3), 82 (4), 75 (15), 74 (22),
73 (15), 72 (10), 70 (38), 69 (3), 68 (3), 62 (94), 61 (7), 60 (2),
59 (119, 58 (5), 57 (8), 56 (7), 55 (10), 54 (3), 48 (8), 47 (4), 46
(2), 45 (12), 44 (10), 43 (3), 42 (18), 41 (28), 40 (13), 39 (4),
38 (3), 37 (4), 30 (32), 29 (12), 28 (41), 27 (12), 26 (11); ir (KBr)
in ecm™ (relative intensity): 3200 (s), 2960 (vw), 2910 (vw),
2330 (vs), 2290 (vs), 1575 (m), 1480 (s), 1290 (sh, w), 1280 (w),
1158 (s), 1110 (s), 1060 (s), 1020 (w), 942 (s), 922 (s), 863 (m),
758 (m), 742 (w), 712 (m), 678 (w), 628 (m), 541 (w).
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Pyrolysis at 170° for 24 hr produced B;N;H, (H.NBH,).,
[(CH3);PBH:];, and hydrogen.

Reaction with Boron Trifluoride.—A toluene solution of (CHj)s-
NH-BH-P{CHs).-BH; was treated with a 109, excess of boron
trifluoride for 1 hr at 25°; work-up of the niixture produced only
starting materials, indicating no reaction had occurred.

Amine Exchange.—A monoglyme solution of NH;-BHy—
P(CH;);-BH; was allowed to iriteract with a threefold excess of
trimethylamine for 40 min at 25°. Examination of the infrared
spectra of the separated products revealed only the presence of
unreacted starting materials.

Results and Discussion

Amine hydrochlorides react smoothly with Li(CHs),-
P(BHj;); according to eq 2. This process parallels the
behavior of Na(CHj),N(BHj),! although no evidence
was found for chlorination side reactions noted in the
latter case. '

The spectroscopic properties of the products are fully
consisterit with the assigned N-B-P-B chain structure.
The infrared spectra compare favorably with the pub-
lished data for the amine adducts of u-(CHj).NB,H;.?
The boron-11 nmr spectra of all compounds resemble
Figure 1. The high-field quartet of doublets is assigned
to the terminal phosphorus-bonded BH; group. The
low-field quartet apparently arises from a case of simi-
lar BH and BP coupling constants for the middle BH;
group. Resolution of separate BH and BP coupling
may be lost owing to line broadening resulting from in-
teraction with the nitrogen-14 duadrupole moment.
All proton nmr spectra show a strong doublet near =
9.00 arising from the P-CHj; protons. At lower field,
N-CH; and NH signals appear with intensities con-
sistent with the assigned structure. = The mass spectra
show no peaks at higher m/e than the parent ion.

All N-B-P-B compounds dissolve in polar aprotic
solvents; with decreasing N-methyl substitution solu-
bility in nonpolar media drops off sharply, while solu-
bility in water, accompanied by slow hydrolysis, in-
creases. Very slow acid hydrolysis of the di- and tri-
methylamihe compounds may be attributed partly to
solubility effects.

Burg and Sandhu® found that Lewis base adducts of
w-(CH;),NB,H; underwent irreversible thermal de-
composition according to equation 3. The N-B-P-B

(baS&)—BHg—LT(CHa)z—BHsﬁ (base)——BHg + (CHa)zNBHQ (3)

compounds pyrolyze in a similar fashion; the recovered
products are [(CH;):PBH:]; and the thermal decomposi-
tion products of the appropriate amine-borane (eq
4-7). Resistance to thermal decomposition increases

240°
(CHa)gN—BHg—P(CHa Y»-BH; —>

(CH;):N-BHs + 1/3{(CH;3):PBH,|3 (4)
150°
(CH;):NH-BH;~P(CHj;):~-BH; —>

slow

H2 + (CHa)ZNBHZ + 1/3[(CH3)2PBH2]3 (5)

240°
CH;NH:~-BH,-P(CH;)-BH; —>

2H, + !/3[CHsNBH]; + /:[(CH:).PBH:]s (8)

170°
NH;-B Hz—P(CHa)g—BHa e

H, + B3NsHg + (H:NBH:), + [(CH;):PBH:]s (7)

with increasing N-methyl substitution.
Although the resemblance between NBNB and

(5) A. B. Burg and J. S. Sandhu, Inorg. Chem., 4, 1467 (1965).
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NBPB compounds is strong in some respects, a signifi-
cant difference appears in comparing reactions in-
volving free u-(CH;):NB;H;. Burg and Sandhu found
that adducts of u-(CHj)eNByH; dissociate reversibly in
the gas phase at 25° according to eq 8. For (CHj;)sP,

(base)-BH;~N(CH;);~BH; == base + u-(CH;):NB;H; (8)

(CHj3);N, and (CH;),PH the dissociation was estimated
to be 55, 76, and 1009, respectively. The cases of the
phosphine adducts are especially significant since the
complexes are isomers of the NBPB compounds.

This work has produced no evidence for a dissociative
process like reaction 8. Attempts to trap free base
with boron trifluoride and to exchange amine bases were
unsuccessful. The main cause of the inhibition of a
dissociative reaction is probably severe steric strain in
free u-(CH;):PB,H;. With dissociation the BPB angle
must adjust to accommodate formation of a B-H-B
hydrogen bridge bond. A B-P distance of 1.92 A

Inorganic Chemistry, Vol. 11, No. 8, 1972 1933
(found in [(CH;),PBH,};*) and a B---B distance of
1.93 A (found in u-(CH;),NB,Hs and longer than the
1.74-1.86-A range of hydrogen-bridged B - - B distances
found in boron hydrides®) result in an equilateral tri-
angular PB, configuration and an extremely acute 60°
BPB angle. Earlier attempts to prepare u-(CHj),-
PB2H5 from [(CH3)2PBH2 ]29 or from LI(CH;;)QP (BH3)23
were also unsuccessful.
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The sfepwise hydrolysis of hydroborate has been studied in cold 88:12 vol. 9% methanol-water solutions in the hydrogen
ion concentration range 0.1-1.1 M. At —78°, BH, rapidly hydrolyzes to H;OBHj, which, in turn, hydrolyzes to BH,-

(Hy0),* according to the rate equation —d In [HsOBH;]/dt = 0.0015 sec™! + 0.0016[H*] sec™! M~

The rate data for

the hydrolysis of BH:(H;O0)* solutions at —36° are consistent with the following rapid equilibrium (K = 6.4); H+ +

H,OBH,OH = BH,(H,0).*.

The BH:(H:O);* ion is stable toward hydrolysis, whereas its conjugate base hydrolyzes to
H,0OBH(OH); according to the rate equation —d In [H:OBH,OH]/d¢ = 0.017 sec™L
to B(OH); according to the rate equation —d In [H;OBH(OH)] /dt = 3.3 X 10~*sec™ 1.

At —36°, H,OBH(OH). hydrolyzes
The species HyOBH;, BH.(H;0),*,

and H,OBH(OH), are converted to the anions BH;OH~, BH,(OH).~, and BH(OH);™, respectively, by the addition of

hydroxide.

These anions undergo hydrolysis in nonbuffered, strongly alkaline solutions according to the rate equations

—dIn [BH;OH"]/df = 1.8 X 10~4sec~tat 20°; —dIn [BHy(OH),"]/df = 2.2 X 1075 sec~tand —d In [BH(OH);"]/df =

1.1 X 10-% sec™! at 0°.
12 ppm upfield from the borate singlet.

Introduction
The hydroborate ion (otherwise known as borohy-
dride, tetrahydroborate, and tetrahydridoborate) un-
dergoes hydrolysis in aqueous solutions to give boric
acid below pH 9 and borate above pH 9.

BH:~ + H* 4+ 3H:0 — B(OH); + 4H.
BH;~ + 4H.O — B(OH);~ 4+ 4H,

A variety of experimental data have shown that the
hydrolysis proceeds in four steps, with the intermediate
formation of trihydro-, dihydro-, and monohydroboron
species.

The trihydroboron intermediate has been detected in
decomposing hydroborate solutions by polarography,’?
by nmr,? and by trapping with trimethylamine.* In
each of these studies, the solution under study was
alkaline and the intermediate was probably present
principally as the anion BH;OH—.
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The boron-11 nmr spectrum of BH,;OH™ is a 1:3:3:1 quartet, with Ja-g = 87 Hz, centered

The dihydroboron intermediate has been prepared
in essentially quantitative yields by the acid hydrolysis
of hydroborate in cold (<—60°) aqueous or water—
alcohol solutions.®® This intermediate is relatively
stable in cold acidic solutions, where it is believed to
exist as BH,(H.0),%, but it is unstable toward further
hydrolysis is neutral solutions, where it is assumed to
exist as HHOBH,OH.”

The monohydroboron intermediate has been pre-
pared quantitatively by the reaction of diborane with
water—alcohol solutions® at —75° and with ice® at —&0°.
The assumed formula of the product of these reactions
is H,OBH(OH),.” Alkaline solutions of the monohy-
droboron intermediate, presumably containing the ion
BH(OH);™, have been prepared by the addition of KOH
to water—alcohol solutions of BH,(H,O),* and H,O-
BH(OH),.>¢
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