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The reaction of tharachnebis(trimethylphosphine)heptahydrotetraboron(1+) catighi;B2 RCHg)3 (1),
with trimethylphosphine paralleled with that of the isoelectramachnetrimethylphosphine-tetra-
borane(8), BHg . P(CH); (2). Thus, it first gave thlyphetris(trimethylphosphine)heptahydrotetraboron(1
cation, BH,. 3 RCHg)s (3), which further reacted with P(GH to finally give cleaved products, the
hyphotetrakis(trimethylphosphine)tetrahydrotriboron(1+) catiogHB. 4 RCHg)z (4), and trimethyl-
phosphine-borane(3), BH P(CH;);. The effect of the ionic charges upon the reaction rates was
parent. Thus, the second reaction fowas rapid at room temperature while the correspond
reaction for2 was slow and the negatively charged isoelectronic species,,thg. B{CHz); anion,
did not undergo the second reaction. The abovehypihopolyboron complex cationg and4, were
characterized by'B and®'P NMR spectroscopy. Like its isoelectronic counterparts, the catioas
highly fluxional; at room temperature the three B—P{Jzldroups were equivalent on the NMR tim
scale.

Key words: Tetraborane cation; Triborane cation; Polyborane complex cation.

The bis(trimethylphosphine)heptahydrotetraboron(1+) catigil;B 2 RCH,)3 , was
reported in 1985 as a new member of polyborane complex tafiba cation belongs
to thearachnoclass of borane compounds, having 14 (x 2 + 6) skeletal electrons
and is isoelectronic with trimethylphosphine-tetraborane(gjgB P(CH;), (ref?) and
nonahydrotetraborate(1-) anion,H3 (ref3). The NMR studies of these three speci
indicated that the structures are similar to each other, as illustrated in Fig. 1.
The treatment of BHg . P(CH;); and the BHg ion with trimethylphosphine, P(GH,
results in the formation of 1 : 1 adductsHg. 2 P(CH); (ref%) and the BHy. P(CH;)3
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ion®, respectively. The bis(trimethylphosphine) adduct further reacts with fp{@H
produce P(Ch); adducts of BH, B,H, and BHs fragment§, whereas the Bl . (CH,)3

anion does not undergo the further reaction with Rj¢H he reaction study of the
B,H;. 2 RCH,)$ cation, therefore, was undertaken to compare the results with t
found for the two isoelectronic counterparts. The results are described in this rep

EXPERIMENTAL

Equipment and Materials

A standard high-vacuum line equipped with Teflon valves was used throughout for the handl
the volatile compounds. Tetraborane(10HR, pentaborane(11) {Bl;;, and P(CH); were our
laboratory stock, and were purified by fractional condensation or distillation before use. Drie
distilled reagent grade dichloromethane and tetrahydrofuran had been stored over molecular s
glass flasks which were equipped with Teflon valves and o-ring joints, and were distilled di
into reaction vessels on the vacuum line as needed. NMR spectra were recorded on a Varian
NMR spectrometer, unless stated otherwise. ¥iBe and 3P chemical shift values are expresst
relative to the BE. O(C,Hs), and 85% orthophosphoric acid signals, respectively.

B,H; . 2 P(CH);" BF,: The sample of BH;. 2 RCHy)3 BF; salt was prepared for each exper
ment from BH;, by the following procedure: 4Bl;; was first converted into a 1 : 1 mixture ofHg . 2
P(CHy); and BH; . P(CHy); by the treatment with excess P(gi(ref.?), B,Hg . 2 P(CH); was iso-
lated by subliming out BH. P(CH;); from the mixture, and the jJBlg adduct was treated with
C(CgHs)} BF;4 to produce the B, . 2 RCHy)} BF, salt. Then, the product mixture was washed wi
toluene to isolate pure,B . 2 RCHg)3 salt. The salt thus obtained was washed with @} as quan-
titatively as possible, into an appropriate reaction tube. The above entire process was performet
high-vacuum line. The amount ofyB,. 2 RCH3)3 BF; that was finally delivered into the reactio
tube, therefore, was necessarily smaller than the initially measured amoucitgf Revertheless,
the amount of BH,; was used as the measure of the amount of the cation in the reaction tube
procedure was chosen in order to avoid thermal or hydrolytic decomposition of
B4H; . 2 RCHg)3 salt, which would have occurred if the samples were weighed in a convent
manner.

B;Hs . 3 P(CH)5: This compound was prepared by the reaction g, Bwith a large excess of
P(CHy); (ref®). The resulting mixture of 4. 3 P(CH)3, B,H,. 2 P(CH); and BH,. P(CH); was
pumped under a dynamic high vacuum &€adn order to sublime outBl,. 2 P(CH);and BH;. P(CH)s.
The sample employed for this study was still contaminated with a fair amountgf. B P(CH,)3.

P(CHs)s . H P(CH;)s
B
\ ,P(CH3)3 H \ H \ H
H \ H \ H H \ “H
H—B—H H—B—H H—B—H
B4H7 .2 P(CHy)} B4Hg . P(CHg)s B4H9

Fe. 1
The three isolelctronic tetraborane species
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Procedure

Generally, the reaction mixture was prepared in a 10 mm o.d. Pyrex tube, and the tube was |
into the 16 mm diameter probe of the NMR instrument to monitor the reaction progress. Det:
the procedure were described elsewhére

Reactions of BH; . 2 P(CH)3;* with P(CH;);: For the reactions in 1 : 1 and 1 : 2 molar ratic
0.46 and 0.50 mmol samples, respectively, gfi B were used to prepare the samples of thid,B
2 RCHg)} BF;, and they were treated with 0.45 and 1.00 mmol samples, respectively, of) Fi(Ct
CH,ClI,. For the reaction in which an excess of Pgzi/as employed, a sample of8,. 2 P(CH)Z
salt was prepared from a 0.45 mmol sample gfi;B The salt sample was first treated with 0.
mmol of P(CH);in CH,Cl,, and the volatile components (g1, and BH; . P(CH;)3) were removed
from the reaction vessel at —2@€. Then, the residue was redissolved in,ClH, and was further
treated with a 0.70 mmol of P(GH. Finally, the volatiles were pumped out of the reaction tube
—10°C, and the residue was washed with cold toluene to remoye B{CH;);. The white solid thus
obtained was dissolved in GOI, for the final spectral investigation.

Reaction of BHs . 3 P(CH); with ByH;o: A 0.53 mmol quantity of the 15 . 3 P(CH); sample
was dissolved in C§Cl, (2 ml) in a reaction tube, and a 0.53 mmol sample #f;Bwas condensed
into the tube at —19C. The tube was gently shaken in a 280bath to prepare a uniform solutior
and then it was placed in the 12 mm diameter probe of a Varian XL-100-15 NMR spectromet
—80 °C the signal of the fg ion was detected at —30.2 ppm. At 4D the reaction was fast, an
as the probe temperature was increased @€ @he BH,, signals disappeared completely. TH8
spectrum of the resulting solution at’Q contained, in addition to the;Bg signal, two overlapped,
strong signals; one at —37.0 ppm and another less strong signal at —39.4 ppm. A broad hum
range from O to —15 ppm was noticeable. Thus, the sample was judged to be a mixturesbfgth
salts of BH;. 3 RCHg); and BHg. 2 P(CH)3, the contaminant 4, . 2 P(CH); being responsible
for the formation of the latter cation!'B shifts for BHg . 2 P(CH)3: ref8 -10.5 (br) and —-39.0
ppm.]

RESULTS

Reaction of BH7 . 2 P(CH)3™ with P(CHs)3

The tetrafluoroborate salt of the,#8,. 2 RCH,) cation reacted with P(CH} in
dichloromethane at —9%C. The reaction was instantaneous upon mixing the two
gents. A series of variable temperatdtB NMR spectra of a reaction mixture ar
shown in Fig. 2a. This particular reaction mixture contained e B2 RCH,)} cation
and P(CH);in a 1 : 2 molar ratio. As the probe temperature was increased ttC+-4
a broad signal centered around —7 ppm became noticeable, and at ab@tith&@wo
signals at —36 and —41 ppm merged together at —37.5 ppm. This coalescence |
was reversible with respect to the temperature change. When the temperature w
ther increased to near°Q, the signal of BK. P(CH;); began to show in the spectrun
At 20 °C, the progress of this second reaction was fast; the. B¥ICH;)5 signal and
three signals at —32.3, —35.3 and —-40.9 ppm rapidly developed while the signal:
the first reaction product at —6.6 and —37.5 ppm became weak. When the re
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ceased to proceed at room temperature, the signals from the first product wel
present in the spectrum.

Likewise, when the two reactants were mixed in a 1 : 1 molar ratio, the reactior
complete upon mixing at —98C. However, when the temperature was increased,
products of second reaction were formed only in very small amounts. On the
hand, when an excess of P(gHwas used, the signals from the first reaction prod
disappeared completely as the reaction mixture was allowed to warm %G. Zthe
BF; signal was present throughout. A white, non-volatile solid was obtained from
reaction mixture. Thé'B NMR spectrum of the solid in CEl, is shown in Fig. 2b.

The observation described above indicated that tit¢, B2 RCH,); cation under-
went two sequential reactions with P(gk and suggested that the following two equ
tions [Eqgs 1) and @)] were appropriate for the reactions.

B,H;. 2 RCHy)3 + A(CHg); —~ ByH; . 3 RCHy); (D

B,H;.3RCHy)? + 2 RCHy); - BsH,.4 HCHy)% + BH;. RCH;), (2

The!B and®'P NMR spectra of the product cations, which are described below in
section, are consistent with the formulas given in the above equations.

The formulation of the first product as,, . 3 RCHy)} received further suppor
from the reaction study of tris(trimethylphosphine)-triborane(5HEB 3 P(CH),].
When BHs. 3 P(CH); was treated with B, in dichloromethane, a rapid reactio
occurred above —4%C. Thel’B NMR spectrum of the resulting solution contained t
signals that were assigned to thg¢HdB. 3 RCH,)3 cation, as well as the signal from tF

—95 °C
A AN Fic. 2

a MB{H} (96.2 MHz) NMR spectra of the fBi, .

N\ 2P(CHy)% + P(CH), reaction mixture in ChCl,,

LM_//\\" showing the reaction progress with the temperati

0 increase.b B{1H} (96.2 MHz) NMR spectrum
of the final product residue B, . 4P (CH)3BF,

20°C Footnote:a) The spectra ira are aligned to the

signal of the B ion. The Bl signal was at —1.2
20 °C ppm above °C. b) The extraordinarily low in-
tensity of the BF signals in the above spectra i

T T T T T T T iciti 1
10 0 10 20 30 40 50 60 due to the use of short aquisition time and ze
ppm pulse delay time

LU
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B;Hg ion. Thus, the following equation [E®){ is appropriate for the 1. 3 P(CH);
reaction.

B3Hs . 3RCHy); + BHyg — ByH;. 3RCHy)3 + BHg 3

This reaction is reminiscent of the well-established reaction of bis(trimethylphospt
diborane(4) [BH, . 2 P(CH),] with B,H;, (ref8), in which the BH unit from B,H,,
combined with BH, . 2 P(CH)5 to form the BH, . 2 RCH,)$ cation [see Eq.4)].

B,H,.2 RCHy); + BH;y - BgHg. 2 RCHg)i + BsHg (4

The formulation for the cationic product in EQ) &s BH, . 4 RCH,) also receives
support from a separate experinteimt which another triborane complex catio
B,H, . 3 RCH,)%, was found to combine with P(GH to produce the B, . 4 RCHy)3
cation. The!'B NMR spectra of the two ionic products were identical with each ot

NMR Studies of the New Tetra- and Triborane Cations

B,H; . 3 P(CH);" cation The NMR spectral data for theB, . 3 RCH,); cation are
summarized in Table I. In Fig. 3, two possible valence bond structures are shov
the low temperature configuration of the cation. As indicated in struttucé the
figure, one of the bridge hydrogen bonds is assumed to be changing its positic
tween B1-B4 and B1-B2 rapidly even at the low temperatures to render the B2 a
atoms equivalent. The shift value of —6.6 ppm for the B1 signal and its extreme
ness, particularly at low temperatures, are reminiscent of thesighlal observed for
the B;Hg . 2 RCH,)3 catiorf. Knowing that the Bligroup is bonded to JBi, . 2 P(CH),
through two B—H-B bridge bonds in the triborane cé&tf8nstructurel and 1l are
thought to be favorable over other possible structures for the tetraborane cation.

H P(CHs P(CHa);

Bg H—~pg
- \ H
P(CHy). / \ P(CH
B/ 373 \B 7 ( 3)3

H\B
A R e A
T
H-— B

fa H—
H P(CHs)s

H

Fic. 3
Possible valence bond structures for th¢lB. 3 P(CH)3 cation
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The highly fluxional behavior of the cation at higher temperatures suggests th
effect, the B1 atom is tumbling around above (or even on both sides of) a non
trigonal plane formed by the three B—P(gHunits while rapidly exchanging the hy
drogen atoms, as illustrated in Fig. 4. This fluxional behavior of the cation is comj
with those of the isoelectronic counterparts in the Discussion.

B;H, . 4 P(CH),* cation The!'B and3'P NMR spectral data for the;B, . 4 RCH,)3
cation are summarized in Table Il, and the spectra are shown in Fig. %'Brahift
values for BHs . 3 RCH,), (ref®) are also included in the table for comparison. The
signal of BHs . 3 P(CH); at —40.5 ppm remains essentially unchanged in the ca
and the B1,3 signal at —34.5 ppm is split into two signals at —32.3 and —35.3
which are assigned to B1 and B3, respectively, for the following reasondHsaift
values for BH. P(CHy); and BH,. 2 RCH,)} are —37.1 (ret!) and —33.9 (ref?), re-
spectively. This low-field shift upon replacement of H for Pglzldompares favorably
with the assignment of the B1 signal, and the value of —35.3 ppm assigned to B3|
within the range of —35.3 0.6 ppm, which was found for the —BP{CH;); group
among the diborane complex catibhs

TasLE |
1B and3P NMR chemical shift data for the,B, . 3 P(CH)} cation

Nuclide T, °C 3, ppm (intensity)
g -50 -6.8 (1) [BHy]; —35.5Y(1); —40.7 (2)
0 -6.6 (1) [BH]; -37.5 (3)
3lp -90 1.19 (1); -1.64 (2)
—40 -1.07

& These values are relative to the,Bfignal which was taken as —1.2 ppm, since the position of
BF; . O(GHs), signal at the lower temperatures were not recorded. Abd\@ the BF signal ap-
peared at —1.2 ppm relative to the;BP(CGHs), signal.

FiG. 4
Migration of the BH group in the BH, . 3 P(CH)%
cation
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Although the3!P signal at —3.6 ppm can readily be assigned to P1 for its rel:
intensity 2, the assignment for the other two signals is tentative!'BhdMR spectra
in Fig. 5 show that the sample containegHB. 2 RCH,); and a small quantity of re:
maining BH;. P(CHy);. The origin of the diborane(4) complex will be discussed I
in the Discussion.

DISCUSSION

A summary diagram is presented in Fig. 6, indicating the formation routes for th

and tetraborane complex cations relevant to this study*. The reactions of the thre

lectronic species, B, . 2 RCH,)3, B,Hg . ACH;); and BHg are compared in Table [lI. A

feature common to the three species is the facile addition of {@Hform hypho
TasLE Il

1B and*'P NMR shift data for the §, . 4 P(CH)} cation
{[P(CH3)3].HB(1) . B(2)H[P(CHg)s] - B(3)H,[P(CHg)l}

Cation Nuclide T, °C 3, ppm (intensity)
B;H, . 4 RCHy)3 -] 26 —-32.3 (1) [B1]; -35.3 (1) [B3]; -40.9 (1) [B2]
BsHs . 3 P(CH), 20 —34.5 (2) [B1,3]; —40.5 (1) [B2]
BsH, . 4 RCHy)3 31p 10 2.8 (1) [P2]; 0.0 (1) [P3]; =3.5 (2) [P1]
llB o

-25 -30 -35 -40 —45 -50

31P
Fic. 5

The MB{'H} (128.3 MHz) and®'P{H} (121.4

MHz) NMR spectra of the §H, . 4P(CHy)} cation

in CD,Cl, at 20°C. The counter-ion was the BF

anion, and its''B signal was at —1.2 ppm. Im- 0 5 0 -5 10 -5

purities: 0 BH; . P(CH;)5; @ B,H, . 2P(CH)5 ppm

* In an earlier review presentation, the cleavage products of #He. B P(CH);" cation by P(CH);
were described to be theH,. 3 P(CH),;" cation and BH . P(CH); (ref2%). It is now clear that the
description was in error.
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tetraborane complexes. The second reaction that cleaves the tetraborane frar
proceeds with different reaction rates. As expected, the charge on the species
overwhelming effect on the reaction rates. Thus, the reaction of jtie. B RCHy)3
cation proceeds rapidly at room temperature, whereas the corresponding react
the BHg . 2 RCH,); is very slow under comparable conditibn¥he reaction of the
B,Hg anion stops at the formation ofHg, . {CHy)3 (ref.>).

The second reaction for,Bg . RCH,); proceeded in two different manners as int
cated in Table Il (ref). If the same should have occurred for the cation, the follow
reaction [Eq. $)] would have been observed in addition to the one given in the tal

TasLE Il
The P(CH); reactions of BH, . 2 P(CH)3, B,Hg . 2 P(CH); and BHg . P(CHy)3

Reaction Reactan: BsH7 .2 RCH3)3  BaHs . P(CHa)s BsHg
1st Addition of P(CH)z Fast below —80C Fast below —80C Moderate at —38C
to A
Product,B: BsH7.3 ACH3)3 BsHs.2 P(CHs)s  B4Ho. P(CH3)3
Isolable at room Stable at room Stable below 0C
temperaturd temperature in THF
2nd Cleavage oB by Fast at room Slow at room No reaction at room
P(CHg)3 temperature temperature temperature
Product,C: BsH, . 4 ACHy:  BgHs.3P(CH);  N.A
+ BH3 . P(CHy); + BH3 . P(CHy),
and

2 BH, . 2 P(CHy)g

& Stability depends on the nature of the counter anion.

B3Hs . 3 P(CHg)s B,H, - 2 P(CHg)s
B,H +BH, + -
CeHgaC™ 4 wl (+BH) (CeHg)aC J -H)
or BCly
ByHg . 2P(CHg)y — > & +
4Hg (CHg3)3 o B4H, . 2 P(CHy)3 BgH, - 3 P(CHy)}
P(CHs)sl P(CHa); J
P(CHa)s
B4H; . 3 P(CHg)3 - BgH, . 4 P(CH);

(-BH3 . P(CH3)s

Fic. 6
Formation of the relevant tetra- and triborane complex cations
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B,H; .3 RCHy)3i + 2 RCHg); » B,H;.3 RCHy)?% + B,H, .2 RCHy), (5)

Indeed, as mentioned earlier, the signal ¢fiB 2 RCH,); was seen in the spectrum
the B;H, .4 RCH,)5 sample (Fig. 5). It has not been determined yet whether
B,H, . 2 RCH,;); was produced from the tetraborane cation according to 9.0«
from other impurity sources. Trimethylphosphine-triborane(7H[B RCH,);] is a
common contaminant in the,B, . 2 RCH,)3 salt due to the very high hydrolytic sens
tivity of the catior, and it will produce BH, . 2 RCH;); when treated with P(CH; at
room temperature The signals of the yet unknownHs, . 3 RCHy)} cation, if present
in the sample, would be difficult to be identified due to their oberlap with
B,H, . 4 RCH,)% signals.

TaBLE IV
Isoelectronic series for theyphetriborane anchyphotetraborane complexes

IsoelectronichypheB; complex IsoelectronibypheB, complex
BHE
BsH7 . (CH3)3~ BiH70
BHs . 2 RCHz3)3 BsHg . (CH3)3
B3Hs . 3 {CHa3)3 B4Hs . 2 {CH3)3
BsH4 . 4 RCH3)3 B4H7 . 3RCH3)3
BHs . 5 RCHa)3" BHs . 4 RCHa)3"

2_
B4H1o

50 ppm

F

B4Hg . P(CH3)3

ByHg . 2 P(CH3)3

N I E |
B,H, . 3 P(CHy); ]

Fic. 7 i
"B NMR chemical shift positions at high tem- B,Hg.4P(CHy3" T~ T T 1 T
perature for the series of tetraborane complexes 0 203 0 PPM
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Isoelectronic series of trimethylphosphine complexes of tri- and tetraborane sy
are listed in Table IV. Those species that are shown in bold face have been is
The knowledge of the stabilities and trends for the known species would be usef
estimating the properties of the unknowns in the series. For example,Hige @hion
would have a reasonable stability to be isolated at a lower temperature. Not to
ago, the BHZ anion was isolated at room temperatéiréts stability was in line with
its isoelectronic counterpartsg®,, . (CH,); (ref1% and BHy . 2 RCH,), (refl’).

Earlier in the Results, a remarkable fluxional behavior of thté,B3 RCH,); ion
was mentioned. Knowing that its isoelectronic counterpartblg B2 RCH,); (ref?)
and BH, . RCH,); (ref), are also highly fluxional, the Biz; and BHg. 4 RCH,)3*
ions too are likely to be fluxional. In Fig. 7, th8 NMR signal positions are indicate:
schematically for the series of tetraborane species. Interestingly, the weighted av
of the shift values are -29.8, -29.4 and -28.8 ppm fqi,B3 RCH,)3,
B,Hg . 2 RCH,), (ref?) and BH, . ACH,); (ref), respectively, and are all within 0.
ppm of the averaged value (-29.3 ppm). It is yet to be seen if the coalesced sig!
the two unknown ions, Bi?; and BHy .4 RCH,)%', appear close to the weighte
values.
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