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Rates and the mechanism of exchange of free and com-
plexed boron trifluoride have been determined by fluorine
resonance spectroscopy on the system boron trifluoride-
methanol. With excess boron trifluoride exchange rates
of the hydroxyl proton were also measured. Excess
methanol causes rapid proton exchange, but chemical
shifts of the individual species were obtained.

Introduction

The boron trifluoride-methanol system is typical of
Friedel-Crafts catalysts. It has been used for polym-
erization of olefins, and studies have been made on the
mechanism of the polymerization.®~> Exchange of
boron trifluoride with its amine and ether complexes
has been reported to occur by displacement rather than
dissociation of the complex.® The exchange of com-
plexed boron trifluoride between different alcohols has
also been investigated.” It was thought that n.m.r.
techniques might give useful information on reactions
occurring when the system contains an excess of the
Lewis acid, as commonly occurs during catalysis of
Friedel-Crafts reactions. The exchange of the hy-
droxyl proton in buffered methanol solutions has been
measured, and mechanisms have been suggested for the
exchange.®® A similar procedure has been adopted
with the methanol-BF; complex.

Experimental

Preparation of Samples. Anhydrous grade sulfur
dioxide was used as solvent and kept over phosphorus
pentoxide in a storage bulb of the vacuum system.
Reagent grade methanol was distilled onto previously
dried calcium sulfate and after several hours was dis-
tilled at room temperature into a storage flask of the
vacuum system. All other reagents were distilled at
low temperature into storage bulbs. The samples
were prepared by condensing appropriate amounts of
the constituents into an n.m.r. tube by standard,
vacuum-line techniques. Concentrations are reported
as molalities.
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Spectral Measurements. A Varian spectrometer sys-
tem was used to obtain the spectra. The operating
frequencies were 56.4 and 94.1 Mc. for fluorine res-
onance spectra and 56.4 and 100.0 Mec. for proton
resonance spectra. The data obtained at the two field
strengths were in agreement. The spectrometer had
been modified to operate by a “time division pulse
scheme” and used a probe constructed in this labora-
tory.1® Details of the internal arrangement of the
probe are shown in Figure 1. Thin Dural plates
screwed to the sides of the probe had the sweep coils
cemented to them. The sweep coils, with a mean
diameter of 1.25 in., consist of 40 turns of No. 32 in-
sulated copper wire. They then match the electrical
and magnetic characteristics of the Varian HR60 probe
assembly. For operation at 56.4 Mc., the receiver coil
is four turns of No. 30 insulated copper wire and the
transmitter coil, which is wound concentric to the re-
ceiver coil, is one and a half turns of No. 30 wire. At
94.1 and 100.0 Mc. more satisfactory performance was
obtained when the receiver coil consisted of three turns
of wire. Since the transmitter and receiver coils are
concentric it was necessary to pulse the preamplifier
as well as the transmitter and receiver to completely
decouple the transmitter and receiver coils. Total
thickness of the probe assembly is 19 mm. It was
operated repeatedly between 4180 and —130° with no
ill effects. The temperature was obtained with a
copper—-constantan thermocouple located at the bend
of the probe dewar insert. A calibration chart was
obtained with a thermocouple in a dummy sample
tube.

Calculation of Lifetimes. Since there is a large
chemical shift between the two fluorine-containing
species the approximations of slow and rapid exchange
were used in the appropriate situations.!! The cal-
culation of rate constants for the exchange of free
and complexed boron trifluoride from the lifetimes re-
quires a knowledge of the concentration of free boron
trifluoride in solution. For a constant amount of un-
complexed BF; in the sample tube the concentration in
solution will increase with decreasing temperatures.
The fraction of BF; in solution at any given tempera-
ture was determined by measuring the areas of the
fluorine resonance peaks of BF; in solution and of
CFCl; in a sealed capillary in the sample tube. A
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Internal arrangement of the probe assembly.

Figure 1.

constant ratio of peak areas was obtained at the low-
est temperatures. Assuming that this implied essen-
tially complete solution of the BF; it was then possible
to calculate the fraction of BF; in solution at the higher
temperatures. This was done with methylene chloride
and sulfur dioxide as solvents. The solubility of boron
trifluoride in methylene chloride as a function of tem-
perature was also obtained by a manometric tech-
nique.'? The fraction of BF; in solution calculated
from the manometric data agreed with the results ob-
tained by the n.m.r. method.

The lifetime of the hydroxylic proton in the meth-
anol-boron trifluoride complex was determined from
the proton resonance signal of the methyl group.
Ratios of peak to trough of the doublet were used for
slow exchange and line widths were used for more rapid
exchange. The equation relating line shape to exchange
rate was used to calculate these parameters, and the
results are shown in Figures 2 and 3. Since the spin
coupling constant between the CH; and OH protons in
CH;OH-BF; is only 4.11 c.p.s., it was necessary to
extend the available tables for situations corresponding
to lower resolution.!*1 Measurements are in radians/
second. It was found that tables of line shapes were
not adequate due to errors inherent in interpolation.
A computer was programed to give line widths and
peak ratios directly.’® It can be seen from Figures
2 and 3 that 7 (defined in Figure 2) has a large in-
fluence on the apparent rate. This appears to be the
principal error in the rate determinations. Quantum
corrections are not included since they will depend upon
the chemical shift between the spin-coupled protons.!?
In the present work this correction would be a maximum
of 297 at the fastest exchange rates measured and was
therefore not included in the calculations.

All lines were fitted by least-square techniques and the
errors listed are standard deviations.
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Figure 2. Exchange rates for collapsed doublet.
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Figure 3. Exchange rates for a broadened doublet M/M, = HJ/L.

Results

Sulfur dioxide was the only adequate solvent found
for methanol-boron trifluoride which did not itself
complex with boron trifluoride. The concentration
dependence of the exchange of free and complexed
boron trifluoride is in better agreement with a dis-
placement mechanism than one of dissociation.® This
is shown in Table I where rate constants, calculated for

Table I. Concentration and Temperature Dependence of the
Rate Constants for Exchange of BF; with CH;OH-BF;

[Free
BF3]/
[com~
plexed —200°K.—  —250°K.—  —297°K.—
BF;] logk, logki logk:, loghks logk, logh

1.0 2.31 2.22 3.45 3.26 4.34 3.92
0.62 2.40 2.04 3.59 2.98 4.44 3.61
0.34 2.24 1.74 3.56 2.86 4.50 3.61
0.25 2.30 1.72 3.38 2.62 4.28 3.32

both exchange mechanisms, are listed for three rep-
resentative temperatures. It can be seen that k,
the rate constant for exchange by dissociation, is
concentration dependent while k,, the rate constant for
exchange by displacement, is not. There is a linear
dependence of log k; with the reciprocal of the absolute
temperature. From this, the enthalpy of activation
for boron trifluoride exchange was calculated to be 5.3

3594 Journal of the American Chemical Society | 87:16 | August 20, 1965



50{7

40~ *

30
109 kg

20—

0 i ! 1 !
“30 35 W0 45 50 55
T

Figure 4. Temperature dependence of k..

o]
35 40

4,5 50
il

T
Figure 3.
exchange.

Temperature dependence of the lifetime for proton

#+ 0.2 kcal./mole and the logarithm of the pre-expo-
nential term was 8.1 £ 0.2, The results are plotted in
Figure 4.

With an excess of boron trifluoride all the methanol
is present as the 1:1 complex. At low temperatures
spin coupling of 4.11 c.p.s. may be observed between
the methyl and hydroxyl protons. This collapses at
higher temperatures due to exchange of the hydroxyl
proton. The lifetime for this exchange as a function of
temperature is shown in Figure 5. The slopes of the
lines for higher and lower concentrations are —1.7 =%
0.1 and —1.5 %= 0.1. This is not sufficient accuracy
to calculate the reaction order with the concentration
range experimentally available. For the expression
1/r = kK[CH;OH-BF;J* it is possible to set limits of 0.5
and 1.0 for x. The enthalpy of activation for proton
exchange is 7.3 £ 0.5 kcal./mole.

In the presence of an excess of methanol to boron
trifluoride only one peak attributable to the hydroxyl
proton is observed in the proton resonance spectrum.
At low temperatures two peaks attributed to methyl
groups may be observed. As the temperature is raised,
these merge to a single peak. The positions of the
individual methyl peaks are independent of temperature
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Figure 6. Chemical shift of the methyl group protons: a, [CH;0H]
= 0.83 mand [BF;] = 0.48 m, b, [CH;OH] = 0.69 m and [BF;] =
0.29 m,; and ¢, [CH;OH] = 0.70 m and [BF;] = 0.11 m.

but vary with sample composition. This is shown in
Figure 6 for some of the samples investigated. The
relative areas of the separate methyl peaks were also
determined and were found to be essentially independent
of temperature.

Discussion

The concentration dependence of the lifetime of ex-
changing species is related to the conventional chemical
rate constant, k, by the equation

1 = k[A]"!

TA

where m is the order of the reaction.'® Therefore the

exchange of the hydroxylic proton in the methanol-
boron trifluoride complex is between three halves and
second order in complex. Such a concentration de-
pendence could be explained by exchange of two mole-
cules of methanol-BF; (eq. A), or by exchange of a
molecule with an ion formed by dissociation of the
methanol-BF; complex (eq. B and C). Solvation of the
ions in eq. B and C is assumed, but not specifically

CH;*OH* .BF; + CH;OH BF; —>=
CH*OH-BF; + CH;OH* -BF; (A)

CH;OH - BF; === CH;OBF;~ 4+ H* B)
H* 4+ CH,0*H.BF, === *H* + CH;OH:BF; (@)

shown. If the exchange occurs as in eq. A, a second-
order dependence on concentration is expected. The
order will be 3/, if the exchange occurs as shown in
eq. Band C. However it is unlikely that exchange could
occur as in B and C. If there is sufficient dissociation,
as in eq. B, recombination with ions originating from
other molecules provides another mechanism for ex-
change. The rate of this exchange would be first order
in methanol-boron fluoride, which is contrary to the
experimental results. Therefore eq. A represents the
most probable pathway for exchange of the hydroxylic
protons.

The rate of exchange of the hydroxylic protons and
the rate of exchange between free and complex boron
trifluoride may be independently varied by appropriate

(18) A. Loewenstein and T. M. Connor, Ber. Bunsenges physik.
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Table II. Calculated Equilibrium Constants and Chemical Shifts

Relative ———Chemical shift—— Chemical
Sample areas, K of averaged 1:1 peak shift (2:1)
composition® 2:1/1:1 2:1 Obsd. Calcd. Calcd.
[CH;OH] = 0.83 0.68 & 0.05 1.5 3.64 3.68 4.50
[BF;] = 0.48
[CH:OH] = 1.16 4.9+0.3 6.9 3.40 3.50 3.76
[BF;] = 0.46
[CH:OH] = 0.69 1.54 £ 0.15 3.0 3.56 3.54 4.39
[BF;] = 0.29
[CH;0H] = 0.70 6.80.9 2.3 3.40 3.38 Concentration
[BF;] = 0.11 too low
@ Concentration given in molalities.
choice of reagent concentrations. With conditions  action. Several assignments are possible for the species

such that the rate of BF; exchange is about 1000 sec.™!
the individual multiplets arising from proton spin
coupling may be observed. Therefore the process of
exchanging one BF; for another in the methanol-boron
fluoride complex does not seem to appreciably affect
the proton-proton spin coupling.
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Figure 7. Chemical shift of the hydroxyl protons. These results

may be summarized by the equations sOH free = —0.0134T +

6.06 and OH 1:1 = —0.0046T + 7.78.

With an excess of methanol over boron fluoride the
three species CH;0H, BF;- CH;0H and BF;-2CH;OH
are present.'® At most only two peaks, attributable to
the methyl groups of these species, are observed in the
proton resonance spectra. Since the position of these
peaks depends upon sample composition, but not upon
temperature, the peaks must arise from an averaging of
each of two species with the third, via arapid exchangere-
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causing these peaks. From therelative areas of the peaks
and the stoichiometry of the samples only two assign-
ments give a consistent equilibrium constant for the re-
action

CHaOH . BFa + CHaOH ":— BFa . 2CH30H

The independent requirement that the position of the
averaged peaks be consistent with the chemical shifts
of the pure components and the composition of the
samples leaves only one possible assignment. The
methyl peak at lower field is assigned as an average of the
1:1 complex and free methanol. The peak at higher
field then arises from the averaged shift of the 2:1
complex and free methanol. In Table II are shown the
results for calculations based on this assignment.
The chemical shift of the methyl groups in the 2:1
complex appears as a difference between two larger
numbers and is therefore not too accurate. The tem-
perature at which the two methyl peaks merge, due to
rapid exchange, is greater for a smaller concentration
of boron trifluoride. However the complexity of a
variety of exchange reactions and the narrow tempera-
ture interval in which line broadening and merging
occurs prevents a discussion of this exchange.

Only a single peak attributable to the hydroxyl proton
is observed at all temperatures when an excess of
methanol is present. The chemical shift of this peak
will be the weighted average of those for CH,;OH,
BF;-CH;OH, and BF;-2CH;OH. Since all the con-
centrations and the chemical shifts of the hydroxyl
proton in CH;OH and BF;-CH;OH are available, the
chemical shift for the hydroxyl protons in BFj;:
2CH;0OH may be calculated. This is shown as a
function of temperature in Figure 7. It is interesting
to note that the chemical shift for the 2:1 complex is at
lowest field rather than between the 1:1 complex and
free methanol.
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