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1-Alkypentaboranes are apparently thermodynam-
ically less stable than 2-alkylpentaboranes. This
conclusion is based on the recently reported evidence
that l-ethylpentaborane quantitatively isomerizes to
2-ethylpentaborane in the presence of 2,6-lutidine.'?
The heats of combustion of 1-sec-butylpentaborane
and 2-sec-butylpentaborane!® also indicate that the
apex-stibstituted derivative is less stable than the
base-substituted one by at least 3 kcal./mole.!* There-
fore, the position of attachment of carbon on the
pentaborane skeleton observed in the products must
be controlled by the mechanism of the reaction rather
than by the relative thermodynamic stabilities of the
possible isomers.

Under the conditions of the reaction strongly electro-
philic complexes of the Lewis acid and the olefin or alkyl
halide would be expected to form. Indeed the ob-

(14) E. A. Hasely, Ph.D. Dissertation, Ohio State University, 1956.
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served reactions involving the alkyl portion of the
system (polymerization, rearrangement by proton
migration, rearrangement of carbon skeleton) are those
typical of such complexes or of the carbonium ions
derived from these complexes. Attack of the electro-
philic carbon site of a polarized Lewis acid complex
or carbonium ion would then occur at that boron atom
in the pentaborane which has the highest electron
density. According to molecular orbital calculations
on pentaborane-9, this atom is the apex boron atom.%1
The predictions from the proposed mechanism are thus
in full agreement with the observed facts.
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The reaction of olefins with pentaborane-9 at 150° was shown to give alkyl derivatives of pentaborane-9, with substitution

at a base boron atom.

n-Butyl-, sec-butyl-, isobutyl-, and ethylpentaborane were prepared. The direction of addition

on the olefius, the position of substitutions on pentaborane-9, and the reactivity of the olefins are in accord with the expecta-
tions of the reaction involving nucleophilic attack of olefin on pentaborane-9.

Derivatives of pentaborane-9 with alkyl-substitution
at the base of the BsH, pyramid have been prepared
by the isomerization of l-alkylpentaboranes® and by
the pyrolysis of ethylene-diborane mixtures.”® In
the latter case, ethylpentaboranes of the type BsH,_,
(CoHs)n, » = 1-5, were reported as minor components
in the reaction mixture.?

We have prepared a number of pentaborane-9 de-
rivatives in which one alkyl group is attached to the
base of the pyramidal boron framework. This was
accomplished by the direct reaction of pentaborane-9
with olefins using 1-butene, 2-butene, 2-methylpropene,
and ethylene. Pentaborane-9-olefin mixtures were
heated for several hours in sealed glass vessels at 150°
and the products were separated in a vacuum line.
Yields, based on BsH, used, of monoalkyl derivatives
ranged from 30 to 809,; between 5 and 109, of the
initial B;H, was converted to alkyl derivative under
our reaction conditions. Other volatile products
included trialkylborane, boron—-carbon compounds of
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F. J. Gerhardt, Inovg. Chem., 1,742 (1862); (b) N. J. Blay, J. Williams, and
R. G. Williams, J. Chem. Soc., 424 (1960).
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low volatility, saturated hydrocarbons, and, in some
cases, hydrogen.

The reaction products not easily volatilized at room
temperature probably contained more extensively
alkylated pentaborane derivatives.

The alkylpentaboranes prepared here in a pure
state are colorless, mobile liquids with a characteristic
odor. They are very soluble in hydrocarbons, carbon
tetrachloride, and ethers. In homogeneous mixture
with water in ether solvents hydrolysis proceeds rapidly.
In contact with pure water, however, they hydrolyze
only slowly, presumably because of their low solubility
in this solvent. The bulk liquids are oxidized rapidly
in air and, when dispersed on glass wool or filter paper,
may ignite spontaneously, even at room temperature.
On heating under vacuum at 150° they slowly decom-
pose. The alkylpentaboranes, like pentaborane itself,
add aliphatic amines irreversibly. In view of the
toxicity of pentaborane the compounds, when inhaled,
might be toxic also.

Experimental

Materials.—Pentaborane-9 was kindly supplied by the Olin
Mathieson Chemical Corporation and was tensiometrically pure.
Olefins were Matheson C.p. grade products. The 2-butene used
was the c¢is—trans mixture.

2-Isobutylpentaborane-9.—Pentaborane-9 (54.00 mmoles) and
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isobutene (53.8 mmoles) were sealed into a 300-ml. Pyrex vessel
fitted with a break-off arm and condensation tip. The mixture
was heated for 7.5 hr. at 150°. (A liquid phase was present under
these conditions.) The yield of hydrogen (pumped off and col-
lected for measurement in the vacuum line) was 0.3 mmole.
The condensable components were repeatedly fractionated in the
vacuum line until the vapor pressures of the fractions became
constant; 49.3 mmoles of B;Hy and 42.5 mmoles of 7-C,Hs were
recovered. In addition, 1.44 mmoles of tributylborane and
2.90 mmoles of 2-isobutylpentaborane-9 were isolated.

Anal. Caled. for BsHsC:Hy: C, 40.25; B (total), 45.30; B (by
hydrolysis), 36.29; H (hydrolyzable), 6.75; mol. wt., 119.25.
Found: C, 39.3; B (total), 45.20; B (by hydrolysis), 36.9; H
(hydrolyzable), 6.54; mol. wt., 119.0.

Hydrogen peroxide oxidation gave isobutyl alcohol and no
teri-butyl alcohol. Blank experiments with known mixtures of
the two alcohols indicated that an impurity of tertiary alcohol
greater than 59, of the total alcohol content could have been
detected easily.

The compound has a vapor pressure of 5.7 mm. at 30° and a
normal boiling point of 152° (extrapolated).

The amount of the alkylpentaborane produced corresponded
to a conversion of 5.49, of the pentaborane charged toalkyl deriv-
ative with a yield of 619, based on the pentaborane used up in
the reaction. The material remaining in the reaction vessel was
a dark yellow viscous liquid of low volatility. The material
balance for the reaction indicated a carbon to boron atom ratio of
0.52 in this liquid. The liquid evolved hydrogen on heating with
water and had infrared absorption bands similar to the absorption
bands of pentaborane-9.

2-n-Butylpentaborane-9.—Pentaborane-9 (39.7 mmoles) and 1-
butene (46.1 mmoles) reacted in a 300-ml. vessel at 150° for 14.5
hr.; 2.19, of the pentaborane charged was converted to alkyl
derivative with a yield of 599, based on the pentaborane used
up. Hydrogen (0.18 mmole), n-butane (0.94 mmole), and a small
amount of tri-n-butylborane were the other volatile products.

Anal. Caled. for B;HsCHy: C, 40.25; B, 45.30; H (hydro~
Iyzable), 6.75; mol. wt., 119.25. Found: C, 40.1; B, 44.80;
H (hydrolyzable), 6.76; mol. wt., 117.4.

Hydrogen peroxide oxidation gave n-butyl alcohol only. The
compound has a vapor pressure of 4.1 mm. at 30° and a normal
boiling point of 154.5° (extrapolated).

2-sec-Butylpentaborane-9.—In the reaction of 99.8 mmoles of
pentaborane-9 with 111.9 mmoles of 2-butene in a 300-ml. Pyrex
vessel at 150° for 9 hr., 16.89, of the pentaborane charged was
converted to alkyl derivative. The yield of alkyl derivative was
579, based on the pentaborane used up. In addition, there were
produced 4.9 mmoles of #-butane and also tri-sec-butylborane.

Amnal. Caled. for BsHsC.He: C, 40.25; B, 45.30; H (hydro-
lyzable), 6.75; mol. wt., 119.25. Found: C, 39.62; B, 45.08;
H (hydrolyzable), 6.60; mol. wt., 130.

The compound has a vapor pressure of 5.8 mm. at 30° and a
normal boiling point of 150° (extrapolated).

Attempted Reaction of Pentaborane-9 with Trimethylborane —
Pentaborane-9 (51.2 mmoles) and trimethylborane (42.3 mmoles)
were heated in a 1-1. Pyrex bulb at 150° for 48 hr. On opening
to the vacuum line 999, of the pentaborane and the trimethyl-
borane were recovered pure and a trace of a material with a vapor
pressure of 5 mm. at —80° was isolated.

Reaction of Pentaborane-9 with Ethylene.—In a representative
experiment 35.8 mmoles of pentaborane-9 and 38.5 mmoles of
ethylene were heated in a 200-ml. stainless steel bomb at 150° for
66 hr.; 31.9 mmoles of pentaborane-9 and 32.4 mmoles of ethylene
were recovered ou fractionation in the vacuum line. After re-
peated vacuum line fractionation the volatile reaction products
were separated into three fractions, designated A (0.044 g.), B
(0.286 g.), and C (0.057 g.); 20 mg. of less volatile material re-
mained in the bomb.

Fraction A, with a vapor pressure of 6.0 mm. at 0°, proved to
be predominantly ethylpentaborane.

Anal. Caled. for B;HsC:Hs: C, 26.4; B, 59.3. Found: C,
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39.3; B, 54.4. A similar fraction from another experiment gave:
C, 30.8; B, 50.8.

The infrared spectrum of fraction A indicated the presence of
pentaborane derivative with triethylborane as impurity. The
ethylpentaborane content calculated from the elemental analysis
and assuming triethylborane as the only other impurity was about
85 mole 9. Fraction C (vapor pressure 13.0 mm., 0°) proved
to be impure triethylborane. Triethylborane has a vapor pres-
sure of 12.5 mm. at 0°. Fraction B (vapor pressure 10 mm., 0°)
was a mixture of fractions A and C. Further attempts at purifica-
tion of the ethylpentaborane sample in the vacuum line proved to
be fruitless since the vapor pressures of the components were too
close together.

Analytical Methods. Oxidation.—Weighed samples were con-
densed into bomb tubes containing a few ml, of fuming nitric acid
at —196° and the tubes were sealed and slowly warmed. Contact
with liquid nitric acid near room temperature produced, on oc-
casion, violent explosion. The samples were heated for about
24 hr. at 250°. The carbon dioxide produced in the oxidation was
purified in a vacuum train and measured as a gas.* The boric
acid remaining in the bomb tube was titrated as the mannitol
complex.

Hydrolysis.—Weighed samples were heated with water for 20
hr. at 150° in sealed tubes. The hydrogen evolved was pumped
off at —196° and measured as gas. Weight per cents of hydro-
lyzable hydrogen in the samples were then calculated according
to the equation

BsHsR -+ 14H,0 —> 4B(OH); + RB(OH); + 11H;;
R = alkyl

Boric acid in the hydrolyzed mixture was titrated with standard
NaOH in the presence of mannitol to the end point of the man-
nitol complex. The alkylboric acids which are also present in the
mixture do not interfere with this titration.

Oxidation with Hydrogen Peroxide.—Partial oxidation? of the
alkylpentaboranes, leaving the carbon skeleton of the alkyl
groups intact, was accomplished by treating samples with 109
hydrogen peroxide in alkaline solution. The alcohol thus pro-
duced was extracted with chloroform and identified by the in-
frared spectrum of the solution. In each instance only one aleohol
was found to be present.

Vapor Pressure and Molecular Weight.—Vapor pressures
were determined statically in a tensimeter similar to the one de-
scribed by Sanderson.! Molecular weights were determined by
gas density in an apparatus similar to the tensimeter. During
these measurements reaction to form products with high volatil-
ity occurred in several instances. Reproducible results were ob-
tained only after the apparatus was degassed for several days at
elevated temperature. Even then, prolonged heating of the
samples at 150° led to slow decomposition. Table I lists the
values of the constants derived by fitting the equation log 2
(mm.) = —A4/T + B tothe vapor pressure data. The enthalpies
of vaporization and the entropies of vaporization at the boiling
point were calculated from the vapor pressure equation and are
also listed.

Spectra.—Infrared spectra were determined from the pure
liquids with a Perkin-Elmer Model 21 double beam instrument.

TaABLE I
COoNSTANTS IN VAPOR PRESSURE EqQuarionN LoG p = —A/T +
B, HEAT OF VAPORIZATION, AND ENTROPY OF VAPORIZATION
FOR SOME BUTYLPENTABORANES

Alkyl A X

group 10-s B AHy ASy
n-CyHy 2.34 8.34 10.71 25.0
sec-CyH, 2.26 8.23 10.35 24.5
1-CyH 2.25 8.17 10.29 24.2

(4) H. I, Schlesinger and A. O. Walker, J. Am. Chem. Soc., 87, 621
(1935).

(5) A, R, Snyder, J. A. Kuck, and J. R. Johnson, bid., 60, 106 (1938).

(6) R. T. Sanderson, ‘“Vacuum Manipulation of Volatile Compounds,”
John Wiley and Sons, Inc., New York, N. Y., 1948, p. 84,
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All compounds had absorption bands in the same region where
pentaborane-9 absorbs (3.95, 5.5, 7.0, and 11.3 u). Superim-
posed on these bands were the absorptions characteristic of the
alkyl groups. In the 5.5 u region only a single strong band was
observed. In contrast, a number of pentaborane derivatives
substituted at the apex boron atom show two strong bands in
this region.”?

The B nuclear magnetic resonance spectra of the compounds?®
showed two doublet peaks, as in pentaborane-9.2%: The high
field peak, associated with the apex boron atom, was of lowest
intensity.

Discussion

The experiments reported here leave little doubt of
the structure of the derivatives. Elemental analysis,
hydrolysis data, molecular weight, and the character-
istics of the infrared spectra indicate the presence of a
singly-substituted pentaborane-9. The production, on
peroxide oxidation, of alcohol with only one OH func-
tion shows the presence of only one horon—carbon per
alkyl unit and the position of the OH group on the
carbon skeleton indicates the place of original attach-
ment of a pentaborane unit® The fact that the B!
magnetic resonance spectrum contains a doublet, witha
chemical shift and intensity appropriate to the unique
boron atom in pentaborane-9 (the apex boron position),
shows that the apex boron atom is still bonded tc hy-
drogen and that, therefore, the alkyl group must be
attached at one of the boron atoms at the base of the
molecule (position 2). This conclusion is supported by
the observation that the sec-butylpentaborane from the
reaction of 2-butene with pentaborane-9 reported here
differs from the isomeric sec-butyl derivative which has
been prepared by the AlICl-catalyzed addition of 1-
butene to pentaborane-9. The latter reaction has been

shown to lead to substitution at the 1 position in penta- |

borane, the apex atom.®!* Lastly, the existence of poly-
alkylated derivatives implies that at least one position
on the base of the B; pyramid must be alkylated. The
over-all reaction must then be capable of effecting sub-
stitution at the 2-position of pentaborane-9.
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Trimethylborane does not react with pentaborane-9
under conditions where alkylation with olefins occurred.
This leads one to believe that the alkylboranes found as
reaction products are not the important alkylating
agents but are produced subsequent to alkylation of the
pentaborane structure. Instead, consideration of the
electronic structure of pentaborane-9 suggests that di-
rect attack of olefin on pentaborane occurs.

A simple molecular orbital treatment of pentaborane-
9 in terms of three-center bonds predicts a small posi-
tive formal charge on each of the boron atoms and a
small negative formal charge on the apex boron atom.1%13

Nucleophilic attack by the olefinic system would be

expected to occur at the point of lowest electron density
in the boron framework, that is, at a base boron atom.
In harmony with this view, only one alkyl isomer was
produced from either 1-butene or Z2-methylpropene,
where two different alkyl isomers could have been
formed by addition to either side of the double bond.
Since in the reaction with 2-butene no #-butyl deriva-
tive was found, isomerization, which changes the point
of attachment of boron on the carbon skeleton, and
which occurs in alkylboranes at elevated temperatures,
must be ruled out. The position of the observed attach-
ment of boron on the carbon skeleton in the pentabo-
rane derivative which was finally isolated thus represents
the position of initial attack and this position is indeed
the one with highest electron density in the olefin.
The relative reactivities of the various olefins toward
reaction with pentaborane, as judged by the amounts
of pentaborane-9 consumed, also are in accord with a
mechanism of nucleophilic attack by the olefin. Ethyl-
ene is the least reactive one and, as alkyl groups are
substituted for hydrogen adjacent to the double bond,
reactivity increases in the series ethylene, 1-butene, 2-
butene or 2-methylpropene. (The latter two olefins
are quite similar in reactivity.)
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