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The reaction between the group Va Lewis bases trimethylphosphine, trimethylarsine, and trimethylstibine and the boron

" Lewis acids boron trifluoride, boron trichloride, boron tribromide, diborane, and trimethylborane has been studied using
gas-phase calorimetry. The heat of reaction, AHmn, at 25°, is reported for the reactions (CH3)sM(g) + BXs(g) —
(CH3)3M-BX3(s) for 11 of the 15 possible adducts. Trimethylborane underwent no reaction with either trimethylarsine
or trimethylstibine, and trimethylstibine reacted anomalously with diborane and boron trifluoride. In general, the relative
base strengths were in the order trimethylphosphine > trimethylarsine > trimethylstibine and the relative acid strengths
were in the order boron tribromide > boron trichloride =~ borane > boron trifluoride > trimethylborane.

Introduction

1t is a generally accepted tenet that the Lewis basicity of
trivalent group Va compounds decreases with the heavier
congeners. Numerous studies have been concerned with the
Lewis base interaction of amines and phosphines with boron
Lewis acids;23 however, few daia are available for the arsines
and stibines. We have used gas-phase calorimetry to evaluate
the magnitude of the interaction between a set of boron Lewis
acids and trimethylarsine and trimethylstibine. As a reference
point, we have also examined by the same technique the
adducts of trimethylphosphine.

Experimental Section

Preparations. (a) Trimethylphosphine. Trimethylphosphine* was
prepared by the dropwise addition of 13.75 g (0.1 mol) of phosphorus
trichloride to an ethereal solution containing a slight excess of
methylmagnesium- iodide under inert atmosphere. The trimethyl-
phosphine and ether were distilled onto an aqueous solution containing
47.0 g (0.2 mol) of silver iodide, and the trimethylphosphine was
isolated as the trimethylphosphine-silver iodide complex.5 The
complex was decomposed by mild heating under vacuum and the
trimethylphosphine was purified via trap-to-trap distillation using an
ethyl acetate (—83.6°) slush bath to trap the trimethylphosphine. The
purity of the trimethylphosphine was confirmed by its vapor pressure$
and gas-phase ir7 and 'H nmr8 spectra.

(b) Trimethylarsine. Trimethylarsine? was prepared by the
dropwise addition of a solution of 18.15 g (0.1 mol) of arsenic tri-
chloride in 125 ml of xylene to a solution containing a slight excess
of methylmagnesium jodide in #-butyl ether under an inert atmosphere.
The temperature of the reaction was kept well below 50°. The
trimethylarsine was distilled into a three-necked flask fitted with

suitable stopcocks to allow direct transfer to a high-vacuum system. -

The trimethylarsine was purified using standard trap-to-trap dis-
tillation procedures with an ethyl acetate (~83.6°) slush bath used
to trap the purified product. The purity of the product was verified
by its vapor pressure® and gas-phase irl® and !H nmr spectra.
(¢) Trimethylstibine. Trimethylstibine!! was prepared by the
dropwise addition of an ethereal solution of 22.8 g (0.1 mol) of
antimony trichloride t0 a solution containing excess methylmagnesium
iodide in diethyl ether under inert atmosphere. The ether and tri-
methylstibine were distilled into a three-necked flask with maintenance
of the inert atmosphere. The trimethylstibine was converted to
trimethylantimony dibromide!?2 by the addition of a solution of el-
emental bromine in carbon tetrachloride to the ethereal solution of
trimethylstibine until the brown color of the bromine solution persisted.
The trimethylantimony dibromide which resulted was air stable and

was readily purified by filtration. The trimethylantimony dibromide
was reduced by the action of granular zinc and water to yield tri-
methylstibine which was collected on a vacuum line and purified by
trap-to-trap distillation. A chloroform slush bath (—63°) was used
to collect the trimethylstibine. Vapor pressure measurementsé and
gas-phase ir!3 and 'H nmr# spectra were used to verify the purity of
the trimethylstibine.

(d) Trimethylborane, Trimethylborane!4 was prepared by the slow
dropwise addition of a solution of 26 ml (0.1 mol) of BF3 etherate
in 200 ml of ether to excess methylmagnesium iodide in ether at 0°.
The trimethylborane was collected in a trap at liquid nitrogen
temperature (-196°) using a dry nitrogen carrier gas system. A Dry
Ice—-acetone slush bath (-78°) was used to trap out the diethyl ether
in the product stream, The trimethylborane was transferred to a
high-vacuum system and purified by conventional trap-to-trap dis-
tillation techniques, using a carbon disulfide slush bath (-112°) to
trap the trimethylborane. Purity of the trimethylborane was confirmed
by vapor pressure measurements.s

(e) Diborane. Diborane!¢ was produced by the action of 1.6 g
(0.029 mol) of potassium borohydride on 30 ml of 85% phosphoric
acid (orthophosphoric acid) in an apparatus attached to a high-vacuum
system. Diborane was trapped in a liquid nitrogen trap (~196°) and
was purified by repeated passage through a trap held at —112° (carbon
disulfide slush) to remove any less volatile materials. Purity of the
diborane was verified via gas-phase ir spectroscopyl’? and vapor
pressure measurements,!6

(f) Boron Tribromide. Boron tribromide was obtained com-
mercially (Alfa) and was purified on a high-vacuum system by
trap-to-trap distillation using a chlorobenzene (-45°) slush bath to
trap the boron tribromide. The purity of the boron tribromide was
confirmed by vapor pressure measurements!3 and gas-phase ir
spectroscopy.!?

(g) Boron Trichloride. Boron trichloride was obtained com-
mercially (Matheson Gas Products) and purified on a high-vacuum
system by trap-to-trap distillation using a carbon disulfide (-112°)
slush bath to trap the pure boron trichloride. The purity of the boron
trichloride was checked by vapor pressure measurements2? and ir
spectroscopy.2!

(h) Boron Trifluoride. Boron trifluoride was obtained commercially
(Matheson Gas Products) and purified on a high-vacuum system by
trap-to-trap distillation using a trap at liquid nitrogen (~196°)
temperature 1o hold the purified boron trifluoride. The purity of the
boron trifluoride was confirmed by vapor pressure measurements2?
and gas-phase ir spectroscopy.2?

Calorimetry. (a) Calorimeter. The calorimeter used in these
experiments was of the constant-temperature environment type.24 All
reactions were run at 25.00°, The temperature of the bath surrounding
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Figure k. Gas-phase ca

the calorimeter was maintained at 24.95° using a Tronac PTC-1000
precision temperature controller. The calorimeter was electrically
calibrated by passing a $6-mA coustant current from an E. H. Sargent
coulometric current source, Model IV, through an 83-ohm heater for
a time measured by the timer in the current source. An Eppley cell
and an NBS siandard rvesistor were used as primary electrical
standards. The temperature in the calorimeter was monitored via
a Wheatstone bridge vusing a 10 K thermistor with the bridge un-
balance recorded on a Sargent recorder, Model SR, and driving an
attached ¥iethly Instruments 150B microvolt ammmeter. The bridge
was operated with 0.01° full scale, or &5 X 1073 sensitivity. The
calorimeter vessel was a 400-rml vacuum glass dewar containing the
sample cell, heaier, thermistor probe, magnet, stirrer, and the
calorimetric fluid, which was water in all experiments.

(b)Y Calovimetry Cell. The calorimetry cell (Figure 1) was
constructed of ]8 -mm Pyrex glass and measured 70 mm in length
when sealed. cell was connected to a high-vacuum system for
loading by standam taper joints attached to each end of the cell.
Fellowing connection to the high-vacuum line, the cell was evacuated
to a pressure of 1 3 1074 Torr or less. The sample of gas to undergo
reaction was then measured using a calibrated portion of the
high-vacuum line in conjunction with 2 mercury manometer and a
cathetometer. The vacunm line calibrations were made assuming ideal
gas behavior with manometer volume taken into account. (The
standard quantity of reactant used in each experiment was 0.100 mmol
exeept in those systems involving boron tribromide, where low volatility
forced a reduction to 0.029-mmol guantities.) The measured amount
of reactant gas was condensed into the cell using liquid nitrogen, and
the cell was scalcd at the constriction. The cell was theu carefully
turned over, the other end was connected to the vacuum line, and the
loading procedure for the other reactant was repeated.

(¢) Calorimetry Proceduve. Once filled, the calorimetry cell was
placed in the calorimeter with the stainless steel ball held securely
in place by an Alnico IV magnet, and the system was brought to
24.98° and allowed to equilibrate. An electrical calibration was done
using an amount of heat estimated to be the same as the chemical
heat. After thermal equilibrium was reestablished, the magnet was
moved allowing the stainless steel ball to drop, breaking the break-seal
with resultant mixing and reaction of the gases. A second electrical
calibration was done after reestablishing thermal equilibrium. All
temperature rises were estimated by the method of Wadso. 24 The
smallest experimental heats observed were on the order of 1 cal, which
preduced a temperature rise of 0.0025°, with an uncertainty due to
temperature measurerment of 2%. The data presented in Table I
represent average values of at least four experiments. The greatest
source of error in ocur procedure was encountered in the measurement
of the small quantities 0.1 mmaol) of gasecus reactants used in each
experiraent. The experimental values fall within a 5% error range.

Instromentation. Proton nmr spectra were run on a Varian As-
sociates nmr spestrometer, Model X1.-100-15, or on a Varian As-
sociates A-60 nmr spectrometer. Ir spectra were recorded on a
Perkin-Elmer Medel 457 grating spectrophotometer using a gas-phase
ir cell fitted with CsI windows. Al purification and manipulation
of compounds were carried out on a Pyrcx glass high-vacuum system
of the type described by Shriver.?5 The tensimeter?6 used to determine
the Kp for the trimethylarsing-toron t» ulrﬂ ride system was consiructed

Menie, Mills, and Miichell

Table 1. Measured Enthalpies,® 4/, (keal/mol)

Base BF, BCL, BB, BH, B(CH,),
(CH,),P  —45.5 686 ~122.3 7995 410
(CH)As  —204° -462  -81.2 —49.6®  Noreacn
(CH,,%  -42% 268  -13.8  ~669  Noreacn

% For the reaction acid(g) + base(g) — adduci(s). b A%,
~17.78 keal/mol, € Corrcmed for dissociation of adduct (se‘e text).

Anomalous reaction; not simple adduct formation (see text).

seocks and couplings.
METCUIY mangsmeier

of Pyrex glass using greaseless Teoflon st
Pressure was measured using 2 capillary tu
in conjunction with a cathetometer.

=4

Results
Trimethylphospline in the gas phase reacted quantitatively
at TOOI Loy mtur ¢ with boron triftucride, horen trichloride,
boron tril wethylhorane diborane in the
gas-phase to form the solid Lewis acid-Lewis base adducts
of 1:1 stoichiometry as indicated by

Me, P(g) + BX,(2) - Mo, PBX, () @)

where X = F, Cl, Br, H, or Me.

’I‘rirp@thyla-sm@ reacied completely in an analogous manner
with boren trichloride, boron tribromide, and diborane and
reacted incompletely with boron trifluoride (vide infra) ai room
temperature. No discernible reaction occurred at room
temperature between trivasthylborane and trimethylarsine.

Trirasthylstibine form dducts with boron irichloride
and boron tribromid ted anoraicusly with boron
irifluoride znd diborane. No reaction occurred between
trimethylstibine and t wiborane,

The heats ¢ f T a, Observed fo all of the boren
acids, excludin ed the sum of the heats for
eq 2 and 3, A P AHsun. The reactions where

acid {g) + base (g} ~-adduct (8} AT 5000t @)
adduct (g) — adduct {s) AH g 3
the acid was borane involved an additional step, that of
symmetric cleavage of diborane inte borane

YoB,H, - BY, AH = 1775 keal/mol?’ @)

The calorimetric data for reactions involving diborane have
been correcied accordingly. The measuved heats of reaction
are summarized in Table I

The adducts MeaP- W 3, MeisPBCls, Me3P-BBrs,
MesP-BH3, MesP-BMe:, Me3As-BCl3, MesAs-BBRrs3,
MesAs BH3, Me3Sh-BCls, and MeiSb-BBr3 had small sat-
uration vapor pressures at room femperatuvre, indicating
negligible dissociation of the adduets inio their respective free
acids and free bases, as well as negligible quantities of adduct
in the vapor phase. As a typical example, the adduct
MesAs-BH3 had one of the highest pressures, 1.5 Torr at room
temperature.2® In the caiorim@tf’y cell this corresponded to
less than 1% of the species being in the gas phase, which is
well within cur calorimetric accuracy. However, the adduct
Meihs-BFs3 exhibited a considerable dissociation vapor pressure
at room temperasure. The AHixn for this systers has been
corrected for incomplete reaction in the ampoule. The cor-
rection in each ¢xperiment was calculated from the ther-
modynamic & = 855 (standard state is gas at 1 atm) obtained
in a separate tensiometric sxperiment, where

Ky = 501id adsnes 1 (s)

Ma

(l acid X’ bacﬂ)

This equilibrivan constant neglects any adduct in the gas phase,
which, under the cor nditions of the experiment, is negligible.

Except as 1 1, ally ’aacémrss were (uantitative and of 1:1
stoig:l’iﬁmnﬁtry Uwe' : {mm 5 cf the e}:p“nments no
interaction or reaction is acid-Lewis

(‘7 gas-phase acid /¥ gas-phag “Eo.)sc)
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base adduct formation was observed. The reactions were
monitored and the adducts characterized by ir-Raman and
nmr spectroscopy, mass spectrometry, tensiometric titration,
gas-phase displacement reactions, and melting points, The
chemistry of these adducts and their characterization will be
communicated separately.

Discussion

While there are numerous ways to evaluate the strength of
a bond formed between a Lewis acid and a Lewis base, the
most direct method is calorimetry. We have examined the
reactions between the Lewis bases trimethylphosphine, tri-
methylarsine, and trimethylstibine with the Lewis acids boron
trifluoride, boron trichloride, boron tribromide, trimethyl-
borane, and diborane by gas-phase calorimetry.

The data in Table I represent the sum of the enthalpies for
both the gas-phase acid—base reaction and the heat of sub-
limation of the adduct. In order to evaluate properly the
relative strength of the methylated phosphine, arsine, and
stibine Lewis bases toward the boron Lewis acids, it would
be desirable to separate those two thermodynamic quantities.
However, in a series of closely related compounds such as these,
the heats of sublimation should not vary greatly and, in all
probability, are related primarily to molecular weights. For
the reactions of a particular boron Lewis acid with the series
of bases, the variation between reaction enthalpies is at least
20 kcal/mol; therefore, small variations in heats of sublimation
could not change the relative order of base strengths.

The method we employed allows at least a semiquantitative
determination of acid-base interactions. It has the decided
advantage that it requires an extremely simple, disposable
calorimetry cell, and the data can be gathered rather quickly
once the starting compounds are purified. Admittedly, the
thermodynamic data are of relatively low accuracy (5%). The
elegant thermodynamic data obtained by Brown and
coworkers2® by the use of gas-phase dissociation techniques
yield highly accurate results (AH to £0.1 kcal/mol) and also
gives the heat of formation of the adduct, AHadduct, directly.
The difference between the heats measured for a particular
acid-base system by our gas-phase calorimetry and the heats
calculated by gas-phase dissociation methods should be the
heat of sublimation of the adduct. However, the gas-phase
dissociation method is very tedious and, more importantly, is
limited to the study of compounds that are appreciably, but
not completely, dissociated in the range 0—~160° and that are
sufficiently volatile to provide significant pressure in the
reaction vessel at temperatures for which the dissociation is
not complete. This means that compounds which are highly
dissociated (such as Me3As-BF3)30 and weakly dissociated
(such as Me3As-BCl3, Me3As-BBr3, Me3P-BCl3, and
Me3P-BBr3) cannot be studied by this technique. The
gas-phase calorimetry also excludes all heats of solution.
Solution calorimetry would be difficult to use on many of the
systems studied because of high volatility and great reactivity
of the free acids and bases and because of very limited so-
lubility of the adducts.

In 1951 Hewitt and Holliday3! made a study of the melting
points of the borane adducts of trimethy! group Va bases:
Me3P-BH3, 100°; Me3N-BH3, 94°; MesAs-BH3, 72°;
Me3Sb-BH3, not formed at 25°. Using only melting points
as a criterion for coordinate bond strength, they established
that the order of decreasing basicity is Me3P > Me3As >
MesSb. Qur calorimetric data support their conclusion, and,
in fact, we find the same trend obtains for all of the boron
acids used. Unlike Hewitt and Holliday, we found a reaction
did occur between trimethylstibine and diborane; however, the
reaction was not of simple adduct formation but appeared to
be a condensation—polymerization reaction with the release
of noncondensable gas.
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The only trimethylborane adduct formed was MesP-BMes.
Brown and coworkers32 previously found from gas-phase
dissociation experiments a AHadduct of —16.47 kcal/mol at
100°, while more recently Drago33 reported a value of —16.24
kcal/mol at 25°, The difference between our AHrxn value of
-41.0 kcal/mol and their values yields a heat of sublimation
of approximately —24.6 kcal/mol. Also recently the reaction
between Me3P-BMe3 and excess trimethylphosphine in toluene
was studied by nmr spectroscopy.34 The reaction was found
to proceed by a dissociative mechanism, with a AH of ~15
kcal/mol. A very weak interaction between trimethylborane
and trimethylarsine has been reported3° to occur at 0° (Kp
= 1.6). Calorimetrically we found no reaction at 25°.

Brown3S and Drago33 both reported gas-phase AHadduct
values for Me3P-BF; of —18.9 kcal/mol. By subtraction from
our AHrxn of —45.5 kcal/mol, a heat of sublimation of ~26.6
kcal/mol is obtained. The gas-phase dissociation method is
unsuitable for study of the highly dissociated Me3As-BF3
complex,30 so we have no data with which to compare our value
of —20.4 kcal/mol. The reaction of BF3 with trimethylstibine
was anomalous. A value of —4.2 kcal/mol was obtained in the
calorimeter. Although this value was independent of stoi-
chiometry, the products included both liquid- and gas-phase
material, demonstrating that the measured AHxn does not
correspond to simple adduct formation.

Relatively little information exists on the boron trichloride
and boron tribromide adducts of these bases. Only two
references to Me3As-BCls appear in the literature,31,3¢ with
the only physical property given being the melting point.
Apparently Me3Sb-BCl3 has not previously been reported, and
only a very recent reference3’ exists to Me3As-BBr3 and
Me3sSb-BBr3. As can be seen in Table I, very strong adducts
are formed between the methylated bases with boron tri-
bromide and boron trichloride.

Several trends can be noted from the data in Table I. We
find that, as expected, the base strength toward a particular
boron acid generally decreases as the group Va base becomes
heavier. The relative strengths of the boron acids toward each
base are listed in order of decreasing strength: BBr3 > BCls3
~ BH3 > BF3 > BMe3. This trend is well established by the
data and is consistent with the results previously found for the
relative boron halide acid strengths toward pyridine and
nitrobenzene38 and with the previous results concerning the
position of BH3 as an electron acceptor with respect to boron
halides.394! While hard-soft-acid-base theory42 can be used
with reasonable success to predict the trends which were
observed, some difficulty arises at several points. The most
serious problem occurs with the adducts Me3Sb-BCl3 and
Me3Sb-BBr3. The soft base Me3Sb should form a stronger
adduct with the softer acid BBr3. In fact the stronger adduct
is Me3Sb-BCl3. Perhaps Drago’s four-parameter method33
using electrostatic (E) and covalent (C) terms would be useful.
However, presently a lack of C and E values for the systems
under investigation precludes such a comparison.
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The J=2— 3 and J = 3 — 4 transitions for eight isotopic species of trimethylamine—-borans were measured. The nitrogen
coordinates in the principal axes systems of Me3!4N.11BH3 and Me34IN-11BD2 were determined by the double-substitution

method. In combination with previous studies this gave the following structural parameters:
= 1,483 £ 001 A, ZCNB = 109.9 £ 1°. The dative bond lengths and stabilities of

d(CN)

(BN) = 1.638 % 0.01 4,
3N-BH3 and Me3N-BF3

were discussed. A dipole moment of 4.84 = 0.1 D was determined for MesN-BH3.

Introduction

The dative bond distance in compounds of the type X3A-BY3
(A = group V, B = group III elements) is ordinarily expected
to decrease as the stability to dissociation of the complex
increases. A test of this assumption has been recently made
for the series (CH3)3P.-BH3,22 CH3PH2-BH3,2a H3P-BH3,20
F3P-BH3,3 and F2PH-BH3.4 While the relationship seems to
hold for the first three compounds, FaP-BHa is an exception.
Although it is less stable than the methylated phosphine
addncts, its P-B bond distance is about 0.07 shorter.
Gas-phase structural data have heretofore not been precise
enough te permit careful tests of the bond length-stability
retationship for similar boron—nitrogen adducts. Three tri-
methylamine adducts have been studied in the gas phase. For
{CH3)3N-B(CH3)3, which is readily dissociated, the N-B
distance appears to be long (> 1.65 1{) 5 ¥or (CH3)3N-BF3,
which is undissociated at room temperature, a value of 1.636
& 0.004 A is reported.6 For (CH3)3N-BH3, which is also
undissociated but more stable than (CH3)3N-BF3 (see Dis-
cussion), there have been three gas-phase structure studies.
An early electron diffraction report gave 1.62 3 0.05 A.7 More
recent investigations by microwave spectroscopy reported 1.65
40,02 A and 1.609 A, or 1.637 A9 with preference expressed
for the 1.605 A value.

The purpose of our investigation was to determine a more
accurate value for the B-IN distance in (CH3)3N-BH3 in order
to compare it with that in (CH3)3sN-BF3 and to examine the

bond length--stability ionship for the two adducts. The
previous MW investigations differed in their estimates of this
distance because (1) no spectra from nitrogen-15 species were
observed, 10 (2) the nitrogen atom lies very near the center of
mass, and {3} vibration—rotation interaction effects which cccur
upon isotopic substitution are apparently quite large for several
of the denterated species that were employed in the structure
deductions. These factors make it difficult to locate the ni-
trogen atom accurately. We have obtained a more accurate
B-M bond length by measuring the spectra of four 15SN-
enriched species and by using the double-substitution procedure
to analyze the data. !l This procedure (previously applied to
a small number of linear and asyroimetric-top molecules) is
prescribed 1o minimize isotopic vibration—rotation effects and
to locate atoms near priacipal rotational axes accurately.
Experimental Section

Samples. The samples were prepared by using standard
vacuum-line procedures.1? The J = 3 — 4 transition of MesIN-11EH;
and the transitions of Me3!4N-108H3 were measured from a sample
containing 93% 'OB-7% !B, The J = 2 —> 3 transition of
Me3l4N-11BH3 was obtained from a sample containing a mixture of
BH3, BD3, ete., but the normally occurring abundances of boron-10
and -11. The Me3!SIN-BH; transitions were measured with a sample
containing about 99% 15N and 90% 08B-10% 11B. A sample.con-
taining the same enrichments for nitrogen and boron but >95%
deuterium was employed for MeaiSH-BD3. The transitions for
Me3l4M-BD3 were measured with a sarople containing >95% deu-
terium and the normal 81:1% ratio of beron-10:boron 11,





