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ABSTRACT

Various techniqﬁes have been applied to the study
of boron-oxygen bonding in compounds such as (CH3)2BOCH3
and (CH '

BOB (CH A convenient synthesis and full

3)2 3)2'
characterization of the latter is reported.

The Lewis acid character of boron in these compounds
has been investigated using trimethylamine as the ref-
erence base. The enthalpies of dissociation of

(CH BOB(CH 'N(CH3)3 and (CH BOCH3°N(CH3)3 are

32 32 3)2 _
9.5 kcals. and 6.8 kcals., respectively. The Lewis
acidity decreases as the ratio of boron to okygen
decreases. These results indicate that boron-oxygen
m~bonding, rather than aﬂ inductive effect, is of pre-
dominant importance in determining the Lewis acid
character of these compounds. |

The Lewis base character of oxygen in these compounds
has been investigated by an nmr study of the chloroform
dilution shift. Values of this shift are a measure of
the availability of the oxygen lone pair electrons for
hydrogen bonding. The shifts decrease markedly as the
ratio of boron to oxygen increases; a result supporting
the above interpretation of boron-oxygen bonding.
A barrier to rotation about the boron-oxygen bond in

the region ca. 9.0 kcals. has been established for these

compounds using variable temperature nmr techniques.
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This barrier to rotation is considered to result from
the interaction of the lone pair electrons on oxygen
with the vacant pz:grbital on boron.

The degree of association of (CH3)ZBOH in solution
was observed to range from three to seven in the temp-'
erature region -36° to -63°C. 'Nmr and ir étudies est-
ablished that hydrogen bonding is the source of this
: assqciation. Correlation of these spectral results
with other systems suggest that the enthalpy of dis-
sociation of the hydrogen‘bond in this compournd is 4.7

kcals.
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INTRODUCTTION

Chapter 1

This chapter introduces the reader to the problems
investigated, the experimental techniques used in this

work, and the chemistry to which it is applied.

1. The Nature of the Trivalent Boron Compounds. The

field of boron chemistry is of such broad scope that only
specific aspects will be briefly discussed in this section.
The reader is referred to some excellent textbooks and
review articles for a more complete description of the
fundamentals of boron, its compouﬁds and éomplexes (1,2,3).
Boron, a first period, group III .element, is normally
trivalent in its stable compounds, despite the 2522p elec;-
ronic structﬁre. This is because the total energy re- :
leased in formation of three bonds in a BX3 compound exceeds
the energy of formation of one boﬁd in a BX compound by
more than ehough to provide‘fof promotion of boron to a
hybridized valence state of the sp2 type. Typical tri-
valent boron compounas, BX3, are planar moclecules with the
substituents aligned at 120° ahgles about the central
boron atom. In the case where substituents are not
equivalent, the bond angles will be somewhat modified to
suit the characteristics of the substituents. The B-X
o-bonding electrons are considered to occupy three equiva-

lent spz—hybridized orbitals, leaving a vacant 2p,, orbital



-2 -

on ﬁhe boron atom available for inﬁeraction with an app-

‘ropriate electron péir of a donor atom, Such as the nitro-~

gen atom of an amine. In such a manner are complexes

formed, and this donor-acceptor relationship is referred

to as an acid-base reaction in the Lewis definition. It

is, of course, recognized that guch complexing involves .

some degree of rehybridization of the boron 6fbitals, so

that the final result may approach sp3-hybridization‘of

the boron orbitals. An example of this type of complex

is H3N-BF 3, first prepared by Gay-Lussac (4), almost 160

years ago. In modern times, interest in the physico-

chemical studies of similar complexes has continued (1,2,3).
A second consequence of this vacant orbital on boron,

is the formation of "electron deficient" molecules (5),

such as BZHG’ whose structure is considered to contain

"three-center" bdnds, each of which encloses one of the

bridging hydrogen atoms, as well as fhe two boron atoms

(6) . Many higher hydrides, which also involve "three-

center" bonds, are well characterized (3).

Yet a third manner of filling the vacant boron P,
orbital exists: the formation of inter- or intramolecular
dative bonds. A classical example of the former is the
compound (CH3)2NBH2, which can form a dimer (I) via boron-

H
B2

I (CH,) N N (cHa)
372N\ 3’2

Hy



nitrogen.coordinative linkages (7). Intermolecular dative
bonds involving oxygen, rather than nitrogen, are known'also;
as for example in F,BOC H, which'is reported to form a
trimer in the liquid phase (8).

Intiamolecular dative bonding may arise when a filled
hybrid orbital, such as the sp3~hybridized lone pair of
eleétrons bn the nitrogen afom, interacts with the vacant
P, orbital of the boroh atom, as in aminoborane compounds
(IT & III). Seﬁeral examples of compounds containing this

\\~B———ii’/- — :::EF==5N

e ~
IT , III

system have been studied using nmr techniques to obsérve
and measure the barrier to internal rotation about the B-N
bond (9-16). This barrier to rotation is attributed to
boron-nitrogen m-bonding.

In this thesis we are concerned with intramolecular
dative bonding in the boron-oxygen bond. There has been
a good deal of evidence in the literature supporting the
same type interaction between oxygen and boron in com-
pounds containing a boron-oxygen bond. Lewis and Smyth
(13) have discussed the possibility of boron-oxygen m-
bonding in the trialkyl borates. The results of their
dipole moment studies on (n—C3H7O)3B, (i-C4ﬁ90)3B and

(s—C4H90)3B are inconclusive on this particular point,



since the results of experiments are compatable with
either the absencé or presence of restricted rotation
due to m-bonding. | -

Skinner and Smith (14), on the basis of thermo-
chemical experiments on ethoxy-chloroboranes, discuss the
results in terms of "m-conjugation" or "back donation" of
electrons from oxygen to boron. They report that the
"back donating" strength decreases in the series, N>0>>Cl,

Stone (15), in the discussion of HB(OR)2, inter-
prets'the non-existence of association in this compound

as due to resonance structures of the type (IV).

+
OR
_F
H—3 -
~
OR
IV

Coulson and Dingle (16), in an M.0. study of planar
boron-oxygen compounds find that the boron-oxygen bond
length is well explained in terms of a w bond.

Generally, the existence of this phenomenon is much

less firmly established than it is for the boron-nitrogen

bond.
2. The Compounds and Techniques. Dimethylboric anhyd-
ride, (CH3)2BOB(CH3)2, is particularly interesting when

viewed in terms of B-O interaction. The central skeleton

of the compound, B-0-B, lends itself well to a study of



B-O0 m-bonding, since it could conceivably exhibit both
Lewis acid or Lewis base character. In the former case,
both mono- and di-adducts might be possible. |

In this study, dimethylboric anhydride and its
derivatives, dimethylalkoxyboron compounds, dimethylboric .
acid and dimethylboron chloride have been prepared and
characterized when necessary. Sensitivity to air and high
volatility required standard high vacuum techniques (17)
for p;eparing and handling the compounds studied, while a
tensimeter (18) was used for vapor phase equilibrium
studies. Spectral methods, namelﬁ infrared, mass spectra
and nuclear magnetic resonance were used for identification
and characterization in this study. Variable temperature
proton nmr proved to be a powerful tool in the study of
dimethylboric anhydride, its complexes and its derivatives.
Several nmr studies involving rate processes, such as
exchange and hindered internal rotation, yielded a great

deal of information, some of it quite novel.

3. The Use of Nmr for Kinetic Studies. The shape and

width of nmr signals are affected by time dependent pro-
cesses when the lifetime 1, of each species is'of the
order of 1/6v, where 6v is the chemical shift between the
interchanging groups. Exchange of the hydroxyl proton

in alcohols, cis-trans isomerism in molecules with partial

double bond character, and restricted rotation about a



single bond are examples of some raté processes amenable
to nmr study. Several textbooks which describe tﬁe funda-
mental aspects and the applicatiqnsiof nmr are available
(19,20,21,22) . '

 To stﬁdy rate processes, it is essential that the
nuclei experience different magnetic environments in each
species, such that different chemical shifts are observ-
able for each when the interchange is sufficiently slow
with respect to the critical rate, 1/8v. For rapid pro-
’cesses; the signals then coalesce because of the time-
average environment of the nuclei.

It can be shown (21, pp.222-224) that for an inter-
mediate rate of exchange, the lifetime, T, of a speéies,
is related to the separation of signals under conditions
of slow exchange as compared to the separation of the
signals during conditions of intermediate exchange. A
convenient form of the relation is 1/t = /2n[(vA°-vB°)2-
(vA-vB)Z]%, where (vA°—vB°) represents the maximum -
separation of the signals under conditions of slow exchange
and (vA-vB) the separation at iptermediate exchange rates.
Thus from measurement of the separation of the signal maxima
during intermediate exchange rates, the lifetimes, 1, of
the species can be calculated.

The lifetime of a species is related to the rate

constant, k=1/21; therefore by measuring the temperature



dependence of the lifetime, T, one can apply the Eyring
equation (23)
" asT /R ot

In k = 1n ’ﬁe. +lnT-ﬁ—
where k is the rate constant, x is the Boltzmann constant,
h is Planck's constant, AS=|= is the entropy of activation
and AH+ is the enthaipy of activation. In practice, the
equation is used in the form |

log l/ZﬂT(vA—vB)T = 10.318/logﬂ(vi—vg) + AS+/2.3R—AH+/2.3RT,

from which the entropy and enthalpy of activation are

readily calculated.

4. Outline of Study. This thesis deals with the prepar-

. ation and characterization of dimethylboric anhydridé, as
well as complex formation and spectral studies, since the
only reported preparation and characterization (24) proved
to be unsatisfactory. Preparations of some derivativés of
the anhydride, such as dimethylalkoxyboron compounds,

(CH.) .BOR, and dimethylboric acid, (CH3)2BOH, are described

3)2
in detail, as the routes used are different to those reported
in the literature (25,26,27).

Experimental work was directed towards elucidating
the interaction of oxygen lone pair electrons with the
vacant p, orbital on the boron atom, and the results are
discussed in terms of this interaction, which, for conven-

ience, will be referred to as partial m-bonding or simply

"r-bonding" .
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APPARATUS, PREPARATIONS AND ANALYSES

Chapter II

This chapter describes the apparatus, the prepara-
tion of compounds, the spectroscopic methods and the
statistical analysis used to present the results of the

following chapter.

1. Description of Apparatus. All syntheses, purifi-

cations and characterizations were carried out using high
vacuum techniques. The high vacuum apparatus and techni-
cal methods used in this work were essentially the same

as those described by Stock (17), except for the tensimeter
and the gas-liquid chromatogiaphy system which shall be
described in full detail.

Various sections of the vacuum system, used for
measuring the volumes of gaseous samples, were calibrated
with chlorotrifluoroethylene, which was chosen for its
relatively high molecular weight (116.48) and the large
vapor pressure at 25°C (2.47 atm.). Calibration was effected
by weighing a quantity of this gas in a Pyrex vessel of accur-
ately known volume followed by introducing the gas into the
various sections of the system to be calibrated, then
measuring the pressure manometrically in each case.

Volume corrections for the variation of the mercury .level

in the manometer were made on the basis of the known



internal diameter of the manometer tubing.

The tensimeter and its uses have been described in
detail by Burg and Schlesingerv(lB). In this work, the
tensimeter was connected to the high vacuum system via
a mercury float valve. The volume of the tensimeter was
measured in the manner described previously. |

Low'temperature vapor pressure studies of various
systems involved the use of appropriate slush baths.
Temperatures above the ambient were attained by means
of an insulated water bath controlled with a Sargent
Thermonitor, Model T, with two 250 watt blade-type heat-
ing eiements, and a Sargent medium range thermistor,
S-81625, with a temperature range from +40° to +130°C.
The insulated water bath contained plate glass windows soO
that the levels of the mercury could be measured with
a cathetometer which could be read to 0.01 mm. Temper-
ature control was accurate to within +0.5°C between
+40° and +80°C, the limifs used in this work.

" The gas-liquid chromatography system comprised
a Gow-Mac stainless steel gas-density thermistor detector
Model #140, used in conjunction with a Gow-Mac power
supply #9999 and a Sargent recorder, model SR. The
sample introduction system, connected to the high vacuum
apparatus by means of a Fischer and Porter Teflon valve,
was operated by a pair of 3-way valves (Hoke, C-415K).

Nitrogen carrier gas was rerouted through the introduction
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system by simultaneously closing a by-pass 2-way valve
(Hoke,.C—4l3K) and opening both 3-way valves. Good separ-
ation characteristics were found for a 10-foot, 7-mm i.d.
column, packed with 30-60 mesh Celite and containing 20%
by weight of Fisher paraffin oil. Purified samples
were collected in two U-traps lightly packed with glass
wool, through which the effluent gases could be directed
by means of 3-way stopcocks, and frozen out at liquid
nitrogen temperatures. (See Figure 1) . The nitrogen
carrier gas flow rate was 80 ml/minute for the carrier
stream and 1od ml/minute for the reference stream, oper-
ating at 20 psi.

The use of the gas density balance for determining
molecular weights and % compositions of mixtures has been
adgquateiy described in the literature (28,29,30,31),

therefore no details on the use are offered.

2. Infrared Spectra. All infrared measurements were

done on a Perkin—Eimer Model 421 grating spectrophotometer
operating at ambient temperature. A 5-cm gas cell having
potassium bromide windows was used with pressures ranging
between 4 and 50 mm. For solution spectra, a standard 0.1

mm solution cell was used.

3. Mass Spectra. All mass spectra were recorded on AEI

MS-2 or MS-9 instruments operating at ionizing voltages of
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70 ev. Precise mass measurements were carried out at high
resolution on the MS-9 instrument. Since the compounds
studied are gaseous, or at least quite volatile, a room
temperature inlet was used, the samples having been pre-

pared in a sealed tube under vacuum.

4, Nmr Spectra. Three instruments, a Varian A-60, a

" Varian A-56/60 and a Varian HA-100 were used in this study;
the latter two instruments were equipped with variable
temperature probes.

| Samples were prépared under vacuum by distilling
measured gas volumes of the samplé, the reference, and the
solvent into nmr tubes, which were then sealed off. All
samples involved the use of 5 mm o.d. medium wall sample
tubes which were lightly flamed to remove water.

Due to difficulties involving solubilities, freezing
points! overlapping resonances and association of sample
and solvent, it was necessary to use a variety of solvents
and references in this study. However, all line positions
will be reported in parts per million (ppm), relative to
a specific internal standard, or when more convenient, in
cycles per second (cps), as in the case of peak separation
in exchange studies. |

The low temperature system on the 100 Mc instrument
comprised a V-4333 variable temperature probe used in con-

junction with a V-6040 controller. This system is designed
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to contrél the temperature variation at any given setting
to + 1°C (32). The temperature of the samples was moni-
tored by means of a capillary of methanol ehclosed in the
sample tube. The variation of the chemical shift differ-
ence between the OH resonance and the CH3 provided the‘
means of temperature measurement (33).

In low temperature studies used for calculating
activation data, all chemical shifts were measured with a
Hewlitt-Packard Electronic Counter, Model 3735 A.

The 60 Mc instrument was used for.ambient temper-
ature spectra because of the convenience of operation.
The HA system "locks" on to an external reference (water) ,
so that only one sweep is necessary for each spectrum.
The signal positions are then measured with respect to
the internal reference signal. All 60 Mc spectra were
run by the technical staff of the Department of Chemistry
with the exception of some which were run by Dr. M. G.
Hogben and Mr. Andrew J. Oliver.

Temperature studies were carried out on the 100
Mc instrument operating on HA frequency sweep mode. In
this case, the spectrawere scanned on fast sweep to locate
the signals, then the circuit was "]ocked" onto the in-
ternal reference signal. Best resolution was found by
"shimming" with the fine tune controls until a maximum
signal was observed. In variable temperature studies, it

was found that a fifteen minute interval was required
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for the instrument to stabilize after the temperature was
changed. Varying sweep widths and sweep times were util-
ized to obtain maximum accuracy. This instrument was

operated by the author.

5. Preparation of Compounds. Preliminary experiments

for the preparation of dimethylboron chloride involved
reacting tetramethyltin and boron trichloride, in varying
ratios, for two hours at 100°C in a 1000 cc Pyrex vessel.

On cooling, the gaseous products were distilled into the

(CH3)4Sn + BCl3 > (CH3)4_nSnCln +‘(CH3)nBC13_n

vacuum system and analyzed, using chromatographic techniques
(28,29,30,31). The tin—céntaining materials remaining in
the vessel were dissolved in carbon tetrachloride and anal-
yzed using nmr techniques. The results are listed in Table
I. As previous reports indicated (34,35), in no cases did
tin lose more than two methyl groups. Under more vigorous

conditions, e.g. 140°C for 12 hours, this was also found to

be the case.

Dimethylboron chloride, the basic starting material‘

for the compounds studied in this work, was prepared by re-
acting equimolar quantities of boron trichloride (Matheson
of cCanada, Ltd. C.P. grade) with tetramethyltin (M and T
Chemicals, Inc.) in a stainless steel Hoke cylinder at 140°C

for 12 to 15 hours. While this method of preparation of alkyl
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boron halides was first reported in 1960 by Brinckman and
Stone (34), there are no feports in the literature using
these reactioﬁ conditions which give improved yields.

The typical experiment was carried out in a 300 ml
stainless steel Hoke cylinder using quantities in the
order of 35 millimoles of each reactant. The products
were distilled into the vacuum‘system and analyzed, using
chromatography. The crude gaseous product contained, on
the average, 95% dimethylboron chloride with the remainder
being varying quantities of trimethylboron, methylboron
dichloride and some hydrogen chloride. Purification by
standard trap to trap distillation was not very effective
because of the similarity in vapor pressures of the three
boron-containing compounds. Chromatography and collection
of crude.dimethylboron chloride gave on the average a 75%
yield of chromatographically pure product which exhibited
a vapor pressure of 684 mm at 0°C. (Literature (36) 685 mm
at 0°C). The material was then kept in a 2-liter Pyrex
storage vessel until required. Dﬁe to the possibility of ex-
change, the purity was always checked chromatographically
before use and, if necessary the compound was purified again.

A similar preparation was used for trimethylboron; in

this case three moles of tetramethyltin reacted with two
moles of boron trichloride. The crude gaseous products

3(CH3)4Sn + 2BC13 > 3(CH3)ZSnCl2 + 2(CH3)3B
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contained more than 95% trimethylboron; the remainder was
dimethylboron chloride and small quantities of HC1l (= 1%).
Again, purification was carried out chromatoggaphically.
The purified material exhibited at vapor pressure of 85.5
mm at -63.5°C (Literature (37) 85.6 mm at -63.5°C).
Repeating McKennon's (24) preparation of dimethyl-

boric anhydride, which involved the dehydration of dimethyl-

boric acid with phosphorus pentoxide, yielded gaseous
Z(CH3)2BOH + P205 > (CH3)2BOB(CH3)2 + 2HPO3

products which exhibited vapor pressures ranging from 100

to 140 mm at 0°C. (McKennon, 118 mm at 0°C). 1In only one
experiment did the vapor pressure of the product, 119 mm

at 0°C, agree with McKennon's work. In all experiments,
chromatography showed two major products. Infrared spectra
revealed the presence of dimethylboric acid as the contam-
inant. A method used for the preparation of diphenylboric
anhydride (38) and di-n-butylboric anhydride (39) involving -

the limited hydrolysis of dimethylboron chloride,
2(CH3)2BC1 + H20 > (CH3)2BOB(CH3)2 + 2HC1

was successful and reproducible.

An appropriate quantity of water was placed in a
Pyrex reaction vessel using a syringe. The vessel was then
cooled to -196° with liquid nitrogen, and evacuated. Di-
methylboron chloride was distilled in, and upon warming,

the materials reacted. Repeated condensation and re-warming
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facilitated complete mixing of the two phases. Purifi-
cation was best carried out by initial trap to trap
distillation through a -78.5°C trap to remové hydrogen
chloride, followed by sublimation of the material from
a cold trap (allowed to warm from -196°C to room temper-
ature by simply removing the liquid nitrogen) into a
-78.5° trap, through which traces of more volatile
materials readily passed. This procedure yielded a gas-
eous product, of molecular weight 97.5 as determined by
the gas density method, having a vapor pressure of 150
mm at 0°C. The yield of both hydrogen chloride and
dimethylboric anhydride was essentially gquantitative; how-
ever, after rigorous purification, a yield of ca 83% was
realized. The material was identified by mass spectra,

nmr, ir and molecular weight determination.

Dimethylboric acid has been prepared by the hydroly-

sis of dimethyldiborane (40) and by the hydrolysis of tri-
methylboron at 200°C (27). Rather than use these elaborate
methods, dimethylboric acid was prepared by hydrolyzing

dimethylboron chloride, or dimethylboric anhydride. 1In

(CH BCl + H,O0 - (CH3)2BOH + HC1l

3)2 2

(CH BOB(CH3)2 + H20 - 2(CH3) 2BOH

3)2
either case, a stoichiometric quantity of water was placed

in a Pyrex vessel. The vessel was then cooled to -196°C
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and evacuated, after which the chloride or anhydride was
distilled in. Upon warming, the reaction went rapidly

to completion. In the first instance, the products were
hydrogen chloride and dimethylboric acid; in the second
instance, only the acid was present. Purification, in
both cases was effected by distillation through traps at
-45°, -78°‘and -196°C. The pure dimethylboric acid,_ ex-
hibiting a vapor pressure of 36 mm at 0°C (Literature

(41), 36 mm at 0.4°C), was retained at -78°C. The identity
of the compound was confirmed by the infrared spectra.

Dimethylmethoxyboron has been prepared by several

routes (25,26 ,44). The method used in this study, the

methanolysis of dimethylboron chloride, has not been

(CH BC1l + CH,OH -~ (CH3)2BOCH + HC1

3)2 3 3

reported, although the method has been applied to diphenyl-
and di-n-butylboron chlorides (38,39). The techniéues

used in the preparation 6f dimethylmethoxyboron were

similar to those mentioned for hydrolysis of dimethylboron
chloride, except that methanol was substituted for water.
Chromatography showed the presence of two components in

the reaction products, identified as hydrogen chloride

and dimethylmethoxyboron, indicating completion of the
reaction. Purification was carried out by chromatography
affording a product exhibiting a vapor pressure of 90.8

mm at -22.4°C (Literature 89.0 mm at -22.4°C (42), 94.4 mm
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at—-22.4°C (43) in yields of ca 75%. The molecular weight
was determined to be 70.8 (calculéted, 71.91)'using the
gas density method. Identification’of the compound in-
volved mass spectra, nmr, vapor pressure measurement and

the molecular weight determination.

Dimethylpentafluorophenoxyboron was prepared by

reacting pentafluorophenol and dimethylboron chloride in

a Pyrex vessel. Pentafluorophenol (4.0 millimoles) was

BOC_F_ + HC1l

BCl + C_F 3)2 6F's

32 gfs0H > (CH

(CH

weighed, and transferred to a 50 ml heavy walled Pyrex
vessel. After cooling to -196°C, the vessel was evacuated
and dimethylboron chloride (4.0 millimoles) was added.

The vessel was closed and allowed to come to room
temperature, then warmed to 50°C for 5 minutes. The vessel
was then opehed to the vacuum system and the products
distilled through -78° into a -196°C trap, while a viscous
ligquid remained in the reaction vessel. The -196°C frac-
tion contained 4.0 millimoles of hydrogen chloride indi-
cating completion of the reaction. The -78°C fraction was
distilled into a -22°C trap where it was completely
retained. A mass spectrum of the compound showed molecular
ions at 223 and 224 m/e (Intensity 6.5 and 27.3% of base
peak at 41 m/e) whose ratio of intensities was close to

the ratio of abundances found at 10 and 11 m/e for B10

11 . . :
and B"". A microanalysis (A. Bernhardt 15522/67) of the
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compound showed 42.8% carbon and 3.10% hydrogen (calculated
for CgH FgBO: C, 42.91; H, 2.70). The yield of this reaction
is estimated td be in the order of 50 to 70%. The viscous

material remaining in the reaction vessel was not identified.

Dimethyl-t-butoxyboron was prepared by reacting the

dimethylboron chloride-trimethylamine adduct with t-butanol
_in the solvent =xylene. A Pyrex reaction vessel, capacity

, solvent
(CH3) ,C1B N(CHg) , + (CHj) jCOH == (CH) ,BOC (CH4) 5 +

(CH) JNH'C1™

56 ml containing ca 7 ml of Xylene and 11.7 nillimoles
(0.868 gns) of t-butanol was cooled to -196° and evacuated,
after which 11.7 millimoles of dimethylboron chloride and
the same quantity of trimethylamine were distilled in. Upon
warming, the dimethylboron chloride-trimethylamine

adduct formed, as evidenced by a white, lumpy, insoluble
powder on the walls of the vessel. On warming to 50° and
shaking, the appearance changed suddenly. The white,
lumpy powder on the walls became a very finely divided
suspension in the solvent. The vessel was then opened

to the vacuum system. A white powder was left behind in
the reaction vessel. The volatile products were dis-
tilled through a -22°C trap to remove the xylene solvent,
the more volatile materials being collected at ~196°C.
Chromatography showed the presence of four materials. The

products were separated chromatographically and identified

by ir, nmr and molecular weight determinations. The com-
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ponents were identified as isobutylene (M.W. Found, 56.8,
Calculated, 56.1), t-butyl chloride (M.W. Found, 92.8,
Calculated; 92.6), dimethylboric acid (identified by ir),

and dimethyl-E—butébeoron (identified by mass spectrum

and nmr). The separation of these components by chromato-
graphy was.ppor, therefore it was necessary to re-chromato-
graph the collected components to ensure purity, particularly
the dimethyl-t-butoxyboron. The final yield of pure di-
methyl-t-butoxyboron was ca 15%. Due to the small amount

obtained, no vapor pressure studies were carried out.

Trimethylphosphine was prepared and pﬁrified as

described by Thomas and Eriks (45). The purified compound
exhibited a vapor pressure of 158 mm at 0°C (Literature (45)
158.5 mm at 0°C). All commercially available compounds
used in this study were purified by either chromatography
or trap-to-trap distillation, where applicable. Aside from
chromatography, vapor pressure measurements were used as an
index of purity and the measured values agreed well with
values reported in the literature. As an indication of
purity of the compounds used in this work, the vapor pres-
sures at specific temperatures are listed, along with the
literature values: trimethylamine, 681 mm at 0°C (Liter-
ature (46) 681.7 at 0°C); dimethyl ether, 33.8 mm at -78.5°C
(Literature (47) 34.4 mm at -78.5°C); and dimethyl sulfide,

166.8 mm at 0°C (Literature (48) 167 mm at 0°C).
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6. Statistical Treatment of Data. The sets of data ob-
tained from experimental‘results were subjected to a simple
regression treatment using a computer program k49). The
program is.reproduced in Appendix A. This program treats
one variable as being determinable to so high a degree of
precision that its uncertainty can be ignored; in this

work that variable was taken to be the reciprocal of the
temperature, 1/T. The data are fitted to the straight

line y=A + Bx where A is the intercept and B is the siope,
or coéfficient of regression of y on x. The procedure fits
the best straight line to the data by the method of least
squares (50). The deviation from the line is measured in
the y-direction, since the error of x is insignificant. Three
guantities are reported for each least mean square analysis,

which determine, statistically, the validity of the data.

The “"coefficient of correlation", r, is defined by
Spiegel as "the ratio of the explained variation to the
total variation" (51). STATPACK 1 determines r from the

relation - _
Z (x-x) (y-y)

- - 2.%
[z (x-3) 22 (y-3) 17
which is known as the product-moment formula. As the

r =

standard texts in statistical analysis (50,51,52,53) show,
the correlation coefficient will range from plus or minus

unity, the value for a perfect straight line, to zero, the
value if there is no correlation whatsoever. In this work,

r2 will be quoted since departure from unity is then more



- 24 -

noticeable.

The correlation coefficient is useful since tables
are available (Appendix B) whereby for a given number of
observations, the probability can be calcﬁlated that this
cprrelation éoefficient could have been derived in a
random manner. If the probability is under 1%; then the
trend is highly significant.

The "standard error of estimate", s determined

y.x’

by the relation

4 5
. o) 2
Sy,x (N-Z) sy(l ro)
which is a modified version for small samples (54). The

standard error of estimate is sometimes referred to as a

confidence level (55), and has properties analogous to

those of the standard deviation. The standard error of
estimate is a value, in the same units as the y—-coordin-
ate (in this work), which describes the plus or minus
limits from the regression line, in which we would expect
to find 68% of the sample points, provided N, the sample
size, were large enough. Therefore, sy,x is indicative of
the amount of scatter in the observed points} which is
directly related to the precision.

In keeping with present literature the data will
be reported to a confidence level of 95%. To rephrase, we

are 95% confident that the values for AH° and AH+, which

are calculated from the regression coefficient B, lie
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within the reported limits.

The calculation involves the "Student t distribution"

(56) . By applying the relation

€, = i ¢ (sy'x)
b (N—Z)%, s

X

(where €, are the appropriate limits to be calculated, N
is the number of observations, sy,x is the standard error
of estimate, s, is the standard deviation of the independ-
enﬁ variable (1/T), and t is a coefficient dependent upon
the number of observations and the confidence limits
required) , we obtain values which represent the required 95%
confidence limits. Tables are available (Appendix C) where-
by for a given number of observations and a given confidence
level, the coefficient, t, can be found.

It is well to remind the reader that statistical
treatment can be applied only to random errors, those errors

which cause a lowering of reproducibility. These errors

are brought about by the effects of uncontrolled variables,
and are as likely to cause high results as low results.

Determinate errors, those assigned to definite causes,
are usually unidirectional; In this study, the most serious
source of a determinate error would arise from incomplete
equilibration of the sample -after a temperature change had
been carried out. To counteract this possibility, the

data were collected in two series, one with increasing and
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the other with decreasing temperature. Other sources
include the reading of manometers, measuring nmr signal
separations and in general, observational information.

These errors cause a loss of accuracy, therefore efforts

were made to avoid personal bias when undertaking measure-

ments.
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EXPERIMENTAL RESULTS

* Chapter TII

This chapter describes, in detail, the experiments
and the experimental results. The data compiled will be

discussed in the following chapter.

1. The Characterization of Dimethylboric Anhydride. Di-

methylboric anhydride as prepared and purified in this'
study was found to have a molecular weight of 97.5 using
the gas density method (calculated 97.72). The vapor pres-
sure of the liquid was measured a; several temperatures
between -20.2°C and +10.0°C, with results as given in
Table II. Values calculated using the least square eguation
log Pliq = 8.459 - 1718/T.are also given in Table II. From
the equation, the heat of vaporization is calculated as 7.86
keals., the boiling point +34;8°C, and the Trouton constant
25.5. The melting point is -21.2°C using the magnetic
plunger method of Stock (17). The vapor pressure of the
solid material was determined at three temperatures as
shown in Table II. These values determine the equation
log Poolid = 13.63 - 3028/T, from which the heat of sublim-
ation is calculated to be 13.9 kcals.

Mass spectral data are reported in Table III. While

the molecular ion is too weak for a mass determination at

high resolution, the fragment at 83 m/e was shown in this
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TABLE

I1J

Mass Spectrum of Dimethylboric Anhydridea

n/e Ion 1,8  m/e Ion 1,8°
10 pl0 0.3 40  c,uB" 27.0
11 't 1.1 41 ¢t 85.0
13 CH 1.3 42 CH4B100 31.3
15 CH, 5.8 43¢ CH4B110 100
25 ca, 't 1.1 44 - cPysllo 1.6
26 c,i,,5% 1.8 51 cugslfs% 0.3
26.5¢ cﬁ3nllsllo 0.2 52 cuet%Mo 0.5
27 81%m, 80, 2.8 53 cutletlo 1.1
28 sl lon 3.3 57. c,uB% - 0.4
29 C,He 4.0 58 c,uBlo 1.6
33e c, 1.8 %8 % 1.3 8l ¢85 %8% 3.0
33.5¢  c,uB 8o 4.0 82  cyueifstlo 21.3
34€ CZHGBllBllo 4.2 83¢ C3H9311B110- 42.3
3a.5¢  cBBen sMeMo 0.1 o84 ol 1.5
36 ¢, 1,80 1.2 9 c4H1231031°d =0
37 ¢, Bt 3.8 97  c,H,,B B0 =0
38 cs20, 2.5 98  c,H;,B B0 0.1
39 cello 8.3
@ peaks of less than 1% of the base peak are not listed unlesé.

considered pertinent.

b g intensity relative to the base peak.

€ Exact mass calcd, 43.0355; found, 43.0351

d Exact mass calcd, 83.0839; found, 83.0840.

e poubly charged ion.
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way to be C3H9B2110. The observed and calculated masses
differ by less than 1 ppm.

Infrared data are reported in Table.IV, where
tentative assignments have been made as discussed later.
Figure 2 is a reproduction of the spectrum.

The ambient temperature proton nmr spectrum of
dimethylboric anhydride in CS,, CHCl,, CFCl, and C7Dl4
consisted of a single broad resonance (half width ca 3.5
cps) 9443 ppm downfield from TMS. Varying the concent-
ration between 2 and 20 mole % did not affect the chemical

shift.

2. Results of Other Preparations. Dimethylmethoxyboron

was identified using vacuum and spectral techniques. A
gas density molecular weight determination yielded a value
of 70.8 gms/mole (theoretical, 71.34). The vapor pressure
at -22.4°C was 90.8 mm (Literature (42,43), 89.0 mm at
-22.4°C; 94.4 mm at -22.4°C). The ambient temperature nmr
spectrum consisted of two resonances at 3.65 and 0.34 ppm
downfield from TMS which integrated in a 1:2 ratio and are
assigned to OCH3'and B(CH3)2 respectively. Mass spectral -
data were consistent with that expected for dimethylmethoxy-
boron, as shown in Table V.
Dimethylpentafluorophenoxyboron was identified by

microanalysis, mass spectrum and nmr.
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TABLE Iv

vibrational Frequencies and Suggested

Assignments for Dimethylboric Anhydridea‘

-1

cm . suggested assignments

2990 m }
ba 2920 sh

~ CH3
1405 vsbb B-0
B-0

1320 vs CH,
1165 sh CH,
1135 s B-C
940 m CHg

730 w B-C

C-H sym. and asym.

def. asym.
asym.

sym.

def. sym.
rock

asym.

rock

sym.

a . g .
Abbreviations: w = weak, m = medium,

s = strong, v = very,

b

broad, sh = shoulder

Spectra taken in the gas phase at 4 mm

and 16 mm pressure in a 5 cm cell.

b Approximate half-width at 16 mm is 200 cm

1
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TABLE V

Abbreviated Mass Spectral Data

_ for Dimethylmethoxyboron

m/e Ion 2 I, % b

15 CH, 53.3

28 s1lox 5.6

29 C,H, 13.3

31 OCH, 4.3
10

a .

A0 C,HB 2.9
11 -

41 C,H B 6.0

42 CH431°o 5.3

43 CH4B110 14.0
10

56 c,u,80% 25.5

57 c.u. sllo 100

/ 2Hg

10 N

71 RS =0
11 10

72 ¢y to,c,u,80%,  <1.0

| 11
73 c,u8Mo, 3.0

aSuggested assignments.

bIntensity relative to the base peak.

cExact mass calcd, 43.0355; found, 43.0351.

dExact mass caled, 57.0512; found, 57.0516.

CExact mass calcd, 73.0459; found, 73.0460.
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Anal. Calcd for C8H6BOF5: Cc, 42.91; H, 2.70 .

Found: C, 42.08; H, 3;10:

The mass spectrum exhibited fragments appropriate to
(CH3)2BOC6F5 as shown in Table VI, while the ambient temp-
erature nmr spectrum exhibited a single proton resonance
0.55 ppm downfield from TMS.

Dimethyl-t-butoxyboron was characterized by mass
spectral results which are listed in Table VII and are con-
sistent with the compound. The nmr spectrum consisted of
two resonances at 1.36 and 0.37 ppm downfield from TMS
which ihtegrated in a 3:2 ratio and which are assigned to

C(CH3)3 and B(CH3)2 respectively.

3. Complex Formation with Diemthvlboric Anhydride

Dimethylboric Anhydride-trimethylamine. A 9.7 ccl

sample of dimethylboric anhydride, when treated with a
carefully matched volume of trimethylamine, resulted in
the formation of liquid, presumably the result of complex

formation by the equilibrium

(CH BOB(CH3)2'N(CH3)3 ; (CH3)ZBOB(CH3)2 + N(CH3)3.

3)2

1. The abbreviation cc in this section refers to gas
volumes at S.T.P. Pressures were measured using
a cathetometer reading to 0.01 mm and errors in the
calculated volumes are considered to be about 1%.
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TABLE VI

Abbreviated Mass Speétral Data for

Dimethylpentafluorophenoxyborcn

m/e Ion® I, %b m/e Ion? I, %b

15 CH, 15.5 93 C,F, 14.2

31 CF,0CH, 25.2 113 C.F,CH, 28.5

38 copl? 5.7 117 c.F, 39,2
11

39 C,HB 18.8 136 C,F, 18.4
10 _

40 C,H B 33.1 145 CF,0 11.0
11

41 C,H B 100 163  C.F,CH, 44.3

42 CH4BloO 22.7 184 .C.F.HO 12,7

43 cu sllo 70.5 208 cu.80c p_ 3.6

4 . 3 65 .

44 i 25,6 | 209 ci 8 toc,F, 14.5
11 10

45 cu,BllE 84.1 223 (cHy B'%c.F, 6.5

\ 11
63 C,F,H 18.1 224 - (cHy) BHloc,r,  27.3
69 cF, 10.1

aSuggested assignments.

bIntensity relative tc base peak.
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TABLE VII

Abbreviated® Mass Spectrum of

Dimethyl—t-butoxyboroh

m/e Ionb I, €
15 CH, 9.3
27 s'lo,cu, B 7.4
28 C,H, 8.7
29 C,H, 19.5
38 81%c 3.2
39 sMloc 12.8
40 c, 18 14.9
41 c2H6511,C3H5 85.9
42 c3H6,cﬁ4sl°o 15.4
43 c i, cH,B 0 | 10.7
57 C,Hg 100
59 C,H.C 37.1
98 cg, 8% 5.1
99 coH,,B 10 20.5
113 ~0
molecular ions
114 =0

%peaks of greater than 5% of the base peak.
bSuggested assignments.

cIntensity relative to the base peak.
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The saturation pressures in Table VIII correspond to the
equétion log Pmm = 10.43 - 2816/T, implying a "boiling
point":of 99.5°C énd a Trouton constant of 34.6.

The 1:1 adduct (4.5 cc) was treated with an addition-
al 4.5 cc of trimethylamine. After standing fifteen hours
at -78.5°C, 4.5 cc of trimethylamine were recovered by
distillation into a -196° trap, while the sample was kept
" at -78.5°C; this indicates that a 2:1 complex, if it
does exist at this temperature, is very weak.

The above equilibrium was studied in the gas phase
using a sample prepared by treating 2.7 cc of dimethyl-
boric anhydride with a matched volume of trimethylamine.

In the temperature range 47 to 72°C, dissociation ranged
from 72 to 85%. The variation of pressure with temperature,
and derived data are recorded in Table IX and illustrated
in<Figure 3. A check of the dissociation pressures as

the sample was cooled showed that no decomposition had
taken place. Variation of the equilibrium constant with
temperature is represented by the equatioh log Kp(atm) =
5.007 - 2073/T; values for the standard error of estimate,
Sy,x' and r2, aré 0.0121 and 0.994 respectively. Therefore,
for the above reaction, the enthalpy and entropy of dis-
sociation are calculated to be: AH°-=.9.5 + 0.6 kcals and

AS°® = +22.9 e.u.
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T °A
FIGURE 3. The variation of the equilibrium constant

with temperature for the gas phase dis-
sociation of the dimethylboric anhydride-
trimethylamine adduct.



- 41 -

Trimethylphosphine~dimethylboric anhydride. The

addition compound was formed in the tensimeter by bring-
ing together 18.8 cc of dimethylboric anhydride and a
matched volume of trimethylphosphine. 1In the gas phase

at room temperature, the complex was found to be 98%
dissociated. The saturation pressures of the liquid re-
ported in Table X determine the equation log Pﬁm = 9,077 -
2019/T, from which one calculates a "boiling point" of

52.6°C and the Trouton constant as 28.4.

Dimethyl ether-dimethylboric anhydridé. Dimethyl

ether was treated with a matchéd volume of dimethylboric
anhydride. The volumes in the gas phase at room temper-
ature were found to be additive. Furthermore when the
mixture was cooled to -78.5°C the pressure above the liquid
was slightly greater (6%) than ?hat calculated using
Raoult's law. It may be concluded that an adduct does not
form down-to -78.5°C. It should be noted that pure di-
methylboric anhydride has a negligible vapor pressure

at -78.5°.

Dimethyl sulfide-dimethylboric anhydride. Dimethyl

sulfide was treated with a matched volume of dimethylboric
anhydride. The volumes in the gas phase at room tempér—

ature were found to be additive. At temperatures below
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-45.2°C, the pressures observed were only 10% below those‘
expected for pure dimethyl éulfide. This presumably in-
dicates some degree of insolubility of dimethylboric an- -
hydride in dimethyl sulfide at these temperétures and it

may be concluded that a complex does not form.

Trimethylboron-dimethylboric anhydride. A 49.6 cc

sample of trimethylboron was treated with an equivalent
amount of dimeﬁhylboric anhydride in the tensimeter.
Below -78.5°C, the observed pressures were within 5% of
those expected for pure trimethylboron. These data would
suggest that dimethylboric anhydride is quite insoluble
in trimethylboron at these temperatures and it may be

concluded that a complex does not form.

Dimethylboron chloride-dimethylboric anhydride. A

24.1 cc sample of dimethylboron chloride was treated with
a'matching volume of dimethylboric anhydride in the tensi-
meter. After standing six hours at -78.5°C, the observed
pressure was 7.7 mm, essentially the same as that of pure
dimethylboron chloride at -78.5°C. We conclude that no
complex is formed and that dimethylboric anhydride is
insoluble in dimethylboron chloride in this temperature

region.

4, " Ambient Temperature NMR Analyses of the Complexes,

The complexes of dimethylboric anhydride were also
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examined by nmr. The results are listed in Table XI.
Chemical shifts of the protons on dimethylboric anhydride
show shifts to high field when complexed to a Lewis base,
while the Lewis base protons are shifted to lowef field.
Comparing these data to the tensimetric data shows that the
magnitude of the chemical shift increases as the strength
of the complex increases, in agreement with the results of
" other workers (57,58,59). The single resonance observed
fof the dimethylboron chloride-dimethylboric anhydride

system will be discussed in a later section.

5. . Variable Temperature NMR Studies of Some Dimethyl-

boric Anhydride Systems.

Dimethylboric anhydride. The room temperature proton

nmr spectrum of dimethylboric anhydride (5 mole % in CFCl3)

comprised a single broad (ca 3.5 cps) resonance at 0.52 ppm

2

upfield from (CH As the temperature was decreased,

3) 4Cu
the resonance broadened and eventually separated into two
equal resonances (coalescence temperature -69°C) at 0.389
and 0.775 ppm upfield from (CH3)4C (see Figure 4, A and B).

This phenomenon has been interpreted as due to the stabil-

2. The chemical shift of (CH3),C is reported to be at
9.06 1, or 0.94 ppm downfie%d from tetramethyl-
silane (TMS): G.V.D. Tiers, Characteristic Nuclear
Magnetic Resonance (NMR) "Shielding Values" (Spectral
Positions) for Hydrogen in Organic Structures,
Central Research Dept., Minnesota Mining and Manu-
facturing Co., St. Paul, Minn., Project 737602.
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TABLE XI

60 Mc. N.M.R. Chemical éhifts of

Some Acid-Base Systems

Proton Chemiéal
Shifts (ppm
relative to TMS)@
System Me,B,0 Other
Me4B20 0.43
Me3N 2.23
4B20 NMe3 0.03 2.45
Me ;P ' ' 1.02P
c
4B20 Me3P | 0.38 1.13
Mezo . 3.30
Me4B20:Me20 0.43 3.30
Mezs : 2.12
.Me4B20:Me2S 0.43 2.12
Me3B | 0.77
4B20 Me3B 0.43 0.77
MeéBCl 0.97
a a
4B20 MezBCl 0.62 0.62

a. All samples 10% in chloroform.

b. Doublet Jp_c-yg = 8-0 cps

c. Doublet JP —c-g = 6.7 cps.

d. Single peak indicating rapid exchange
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A 4
(CH;), BOB(CHj3),
+30°C

-
(CHs), BOB(C Hs), .
||

(CHy),BOB(CH,);+ N(CH,),
+30°C

(CHy),BOB(CH,), +N(CHy),
- 55°( l I

E 2(CH,),BOB(CH,),+ N(CHy),
| +30%C

2 (CH;), BOB(CHy)y+ N(CHy)s
| 85 |

G :

2 (CH;), BOB(CH,), + N(CH,),

L oo N
1.0 0 1.0
ppm from (CH3)4C, H —

FIGURE 4. Schematic representations of nmr spectra

of dimethylboric anhydride and dimethyl-

boric anhydride-trimethylamine systems

at various temperatures. -
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jization of a particular conformation (see Figure 5) by
boroh—oxygen m-bonding. Applying the Eyring equation, in
the form log 1/27m(v_-v,)TT = 10.318/7(v,=vp) + asT/2.3m -
AH+/2.3RT (the transmission éoefficient is assumed to be
unity), to the data listed in Table XII and illustrated in
Figure 6, results in the relation log k/T = 7.472 - 2014/T,
where r2 = 0.993 and Sy,x = 0.0216. From this relation, the
" enthalpy and entropy of activation are calculated to be

9.2 + 0.7 kcals. and -3.5 e.u. respectively.

Di~-isopropyl ether, the most sterically similar
carbon analogue of dimethylboric anhydride, was examined
undér similar conditions. The nmr spectrum of a 5% solution
in CFCl3 remained unchanged between +30 and -90°C. Since
m-interaction is not a factor in this compound, any change
in the spectrum would be attributed to steric factors.

Since these factors give rise to no observable effect, it is

concluded that the non-equivalence observed in dimethylboric

anhydride is caused by boron-oxygen m-bonding.

Dimethylboric anhydride-Trimethylamine, 1:1. At room

temperature, the nmr spectrum consisted of two resonances
1.49 ppm downfield and 0.93 ppm upfield‘from (CH3)4C, which
integrated in a 3:4 ratio. These were assigned to (CH3)3N
and (CH3)2BOB(CH3)2 respectively. Upon lowering the sample
temperature, the B-methyl resonance was observed to broaden

and then separate into two resonances.. This occurred at a
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TABLE XIT

Results of the Variable Temperature Study on

Dimethylboric Anhydride

Temp. °C (vA—vB) cps.
~68 collapsed
~70.5 226

=72 27.8

-75 . 33.1

=77 34.7

-78 35.1

-79 | 36.4

-80 . 37.0

-84 38.0

-86 38.6

-89 38.6

-92 38.6

a(\)A-\)B) represents the separation between the

maxima of the two resonances which are due to
the non-equivalent B(CH3)2 groups. Recorded at

100 Mc/s.
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muéh higher tempgraturelthan previously observedlwith
only dimethylboric anhydride present. In this case the
coalescence temperature was found to be -41°C; whiie in
the latter case it was -69°C. The resonanceé were .found
at 0.766 and 1.198 ppm upfield from (CH3)4C (see Figure
4, D). The N-methyl resonance was essentially unchanged
except for a slight downfield shift of 4 to 5 cps. This
phenomenon is interpreted as due to the slowing down of
the exchange reaction:

(CH3) ,BOB (CH3) ,*N(CH3) 3 7 (CH3) ,BOB(CHj), + N(CHsg) 4
The two resonances observed for the B-methyls are attri-
buted to the adducted B(CH3)2 group and the non-adducted

B(CH3)2 group of the same molecule. Using the Eyring

equation, the data listed in Table XIII and illustrated in
Figure 7, give rise to the relation log k/T = 8.340 - 2513/T,
where r? = 0.982 and ser = 0.0320. From this relation the
enthalpy and entropy of activation are calculated to be

11.5 + 1.1 kcals. and 0.7 e.u. respectively.

Dimethylboric anhydride-trimethylamine, 2:1. Studies

on this system yielded results which are consistent with
the previous in£erpretations. The room temperature spectrum
(see Figure 4E), consisted of two resonances at 1.51 ppm
downfield and 0.725 ppm upfield from (CH3)4C, whiéh inte-
grated in a 3:8 ratio. The low field resonance was assigned

to (CH;)3N and the upfield to (CH3) ,BOB(CH3) ,. The position
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TABLE XIII

Results of Variable Temperature Study on the N

Dimethylboric Anhydride - Trimethylamine System

l:1 ratio.

Temp. °C (vA—vB) cps.a
-42 collapsed
-43 17.9
-44 27.2
-45 30.8
-46 35.0
-47 37.0
-48 38.2
-50 40.0
-52 41.1
-53 41.4
=57 42.0
-60 43.0 |
-70 43.2
-80 ' 43.2
a(vA—vB) represents the separation between the

maxima of the two resonances which are due to the
adducted B(CH3)2 group and the non-adducted B(CH3)2

group. Recorded at 100 Mc/s.
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FIGURE 7. Temperature dependence of the rate con--

stant (1/21) for the exchange reaction
between dimethylboric anhydride and tri-

methylamine.
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of the B-methyl resonance is half-way between the position
observed for free dimethylboric anhydride (Figure 4 A) and
that observed for dimethYlbofic anhydride-triméthylamine,
1:1 (Figure 4 C). Lowering the temperature of the sample
causes the B-methyl resonance to broaden; and'initiallx,
to separate into three resonances. Integration showed the
peak areas to be in a 2:1:1 ratio, numbering from low to
high field. The coalescence temperature for this process
is -41°C, while the chemical shifts are 0.52, 0.71 and
1.15 ppm upfield from (CH3),C. The reader is reminded
that the chemical shifts are the same as those observed
for the resonance of unadducted dimethylboric anhydride
(Figure 4 A), and the two .resonances observed for dimethyl-
boric anhydride adduct at low temperature (Figure 4 D).
Furthermore, the coalescence temperature is the same as

that observed for the 1l:1 sample described in the previous

section.

As the temperature is decreased further, the low

field resonance attributed to unadducted dimethylboric

anhydride begins to broaden and eventually separates into
two resonances. The COalescence temperature for this pro-‘
cess is -69°C. However, the spectrum observed at temper-
atures where this process is slow does not exhibit four
resonances of equal area, because the high field resonance

of the latter process coincides with the low field reson-
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ance of the former process giving rise to three resonances
which were shown by integration to be in a 1:2:1 ratio.
The maximum separations of'the ?esonances for these phen-
~omena are 44 cps for the higher temperature process and
39 cps for the lower temperature process. These are the

same values as observed in the previous two sections.

Dimethylboric anhydride-trimethylamine, 1:2. This

system exhibited single resonances for both the N-methyl and

the B-methyl signals throughout the temperature range, +50

to 490°C.:(Table XIV). While these results could be inter-

preted in terms of rapid exchange throughout the entire

.. temperature range studied, the formation of a di-adduct of
_dimethylboric anhydride with trimethylamine would be expected

to give a similar spectrum. The fact that the chemical

shift of the trimethylamine resonance is very close to the

expected average value of the free trimethylamine and adducted

trimethylamine chemical shifts, favors the former interpre-

tation.

Dimethylboric anhydride-trimethylamine, 1:4. 1In order

to clarify the above system, a study was carried out on a
sample containing four equivalents of trimethylamine and one
equivalent of dimethylboric anhydride. The spectrum exhibited
two resonances throughout the temperature region +50 to -90°C.
Integration showed the low field resonance, attributed to

trimethylamine, to contain twice the area of the upfleld
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resonance, attributed to dimethylboric anhydride. The
chemical shift of the N-methyl resonance is the same
value as that expected for the average of three non-adducted

and one adducted species.

Dimethylboric anhydride-dimethylboron chloride. As

mentioned eariier, this systeﬁ exhibited a single reson-
ance at ambient temperature. A low temperature study was
carried out.on a sample composed of 5 mole % dimethylboron
~ chloride and 2.5 mole % dimethylboric anhydride in CFCl3.
As the temperature was lowered, the single reson-
ance broadened and separated into two broéd peaks (-59°C)
which were shown to be of egual area by integration. The
low field resonance was assigned to dimethylboron chloride
and the high field resonance to dimethylboric aphydride.~
As the sample_cooled further, the high field resonance was
observed to broaden and separate (-69°C) into two reson-
ances, which were shown to be of equal area. As shown
‘previously this lattér process is expected for free di-
methylboric anhydride. At —91°C,-the spectrum consisted
of three resonancés; the two equal resonances at high field
'separated by ca 39 cps, as in the case of pure dimethyl-
boric anhydride, and the low field resonance of free di-
methylboron chloride, located ca 51 cps downfield from the
lower of the two dimethylboric anhydride resonances..

In order to analyse this system and determine the
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activation energies involved in the exchange process,
(CH3)2BOB*(CH3)2 + (CH3)2BC1 2+ (CH,) ,BOB(CH,) , + (CH3)2B*C1
thé following methbd was used.. In thé region whéré‘two
resonances existed for the dimethylborié anhydride (< -69°C),
the separation, measured in cps between the mid-point of
these‘resonances, and the resonance due to dimethylboron
chloride, was used to calculate (va-vb). In the region where
a single resonance exiséed for dimethylboric anhydride, the
separatioh, measured_in cps, between this resonance and the
resonance due to dimethylboron chloride, was used for

(va-v ). The data are listed in Table XV, and illustrated
in Figure 8. From these data the équation log k/T - 3.144 -
1220/T was calculated, where r’ = 0.993 and Sy,x = 0-0247.

The enthalpy and entropy of activation are 5.6 + 0.4 kcals

and -24.4 e.u. respectively.

6. Studies of Dimethylmethoxyboron.

Tensimetric Study. Dimethylmethoxyboron was treated

with matched volume of trimethylamine in the tensimeter. In
the gas phase at room temperature, the complex was found

be completely dissociated. The saturation pressures 6f the
liquid reported in Table XVI determine the equation

log P = 12.92 - 2860/T from which one calculates a "boil-
int point" of 12°C and the Trouton constant of 46 e.u. The

very high value of the Trouton constant is indicative that
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TABLE XV

Results of the Variable Temperature Study on the Di-

'methylboric Anhydride-Dimethylboron Chloride’ System

Temp. °C (vA-vB) cps 2 (vA-vB) cps b
~57 collapsed ..collapsed
-59 collapsed 39.0
-61 : _collapsed 50.0
-66 collapsed _ 60.0
-68.5  27.4 63.2 €
-71.5 32.4 . - 65.7 €
-74 34.8 67.3 ©
-76 37.4 68.4 ©
-81 38.5 69.8 ©
-86 38.7 . 70.2 ©
-91 38.9 70,6 °©
-95 38.9 . 70.6 €

a(vA—vB) represents the separation between the maxima of -
the two resonances which are due to the non-equivalent B(CH3)2
groups of dimethylboric anhydride. Recorded at 100 Mc/s.
b(vA-vB) represents the separation between the maxima of the
two resonances which are due to the collapsed resonance of
dimethylboric anhydr%de and that due to dimethylboron chloride.
“These separations are measured between the mid-point of the
two dimethylboric anhydride resonances and the dimethylboron

chloride resonance.
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FIGURE 8.
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Temperature dependence of the rate con-
stant (1/2t) for the exchange reaction
between dimethylboric anhydride and di-

methylboron chloride.
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TABLE XVI

Saturation Pressures of

Dimethylmethoxyboron~Trimethylamine

Temgp. °C -45.2 -35.0 -22.9 -14.2
P, (cbsd.) 2.4 8.2 34.0 75.8
P %(calcd.)| 2.4 8.1 33.1 75.9
mm

8calculated from lcg P, = 12.92 - 2860/T
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vaporization of the addition compound is accompanied by

an increase in dissociation (60).

' variable temperature mmr studies. The nmr spectrum

of pure dimethylmethoxybéron exhibited temperature depend-
ent phenomena. As the temperature was decreased, thé B-
methyl resonance was observed to bioaden and then separate
_into two resonances while the O-methyl resonance remained
unaffected.

Two studies of the system were undertaken; a 15%'
solution in CFCl,, and a 30% solution in C.Dj,. Table XVII
lic s the data obtained from measurements of peak separa-
ﬁion versus temperature. From these data, values of T, the
lifetime of the species, were calculated. These results
were then used in the Eyring equation.

For the 15% solution in CFC13, the data lead to the
equation log k/T - 5.076 - 1739/T where r’ = 0.987 and
sy'x = 0.0241. From this relation, the enthalpy and entropy
of activation are calculated as 8.0 + 0.8 kcals. and -17.4
e.u. respectively. The coalescence temperature was -44°C.

The study of the 30% solution in C7Dl4 was complicateé
by the small maximum separation of the B-methyl signals under
conditions of slow exchange. Correction for overlap, using a
relation described by Gutowsky and Holm (61), was necessary
for calculating the true (rather than observed) maximum

separation. The data then lead to the. equation log k/T =
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TABLE XVII

Effect of Temperature upon the B-Methyl Resonance

of Dimethyimethoxyboron

15% in CFCl, 308 in C,Dy,

Temp. °C (vA-vB) cps a Temp. °C. (vA—vB) cps a

-43 collapsed -43 éollapsed
-44 <2 -44 1.4

-45 3.6 -45 2.1

-46 5.5 -46 2.8

-47 5.7 -47 | 43.1

-48 . 6.4 -48 3.5

-50 7.0 -50 4.1

-52 7.5 -53 4.1

-53 7.8 -54 4.3

-55 8.2 - -58 4.4

-61 8.7 | -60 4.53

-66. 8.8° 70 4.5°

-76 8.8°

-89 8.8
a(vA—vB) represents the separation between the maxima of the

two resonances which are due to the non-equivalent CH3 groups

~on the boron atom. ‘Recorded at_100 Mc/s.
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5.671 - 1880/T where r> = 0.985 and s,

’

= 0,0255. 1In
this case, the enthalpy and entropy of ac£ivation are cal-
culatéd to be'8.6 £ 1.1 kcals and -16.0 e.u. respectively,
while the coalescehce teméerature is agaih —-44°C,

The combined resu;ts are illustrated in Figure 9.
The least mean square treatment 6f the combined data leads
to the equation log k/T - 5.180 - 1766/T where r> = 0.977
and sy'x = 0.0302.

From this relation, the enthalpy and entropy of
activation are calculated to be 8.1 + 0.7 kcals and -17.4
e.u. respectiVely.

The data indicate little or no effects due to

solvent and concentration, as may be seen in Figure 9, and,

this fact appears to justify combining the two sets of data.

Effect of amine. In the course of this study, it

was found that the presence of small quantities of tri-
methylamine lowered the activation energy and the coalescence
temperature of the process described above. When 0.1
equivalent of trimethylamine was present in the sample,

the spectrum no longer showed two B-methyl resonances,

even as low as -100°C.

Equilibrium study. It was observed that the chemi-

cal shifts of each proton resonance of 1l:1 trimethylamine-

dimethylmethoxyboron samples, at room temperature, were
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ation rate constant (1/2t1) for dimethyl-
methoxyboron showing combined results
of two studies. Circles describe data
obtained from a 15% solution in CFCl3 and

triangles in 30% solution in CD3C6Dll;
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very close (1-2 cps) to the chemical shifts for the free
compounds, indicating almost complete dissociation. As
the temperature was lowered, the B-methyl and O-methyl
resonances shifted upfield, whiie the N-methyl resonance
shifted downfield. Furthermore, below -80°C, the changes
in chemical shift per unit change in temperature decreased,
approaching zero near -100°C, the lowest accessable temp-
erature in these studies. This indicates an observable
range of the equilibrium for the reaction (CH3)ZBOCH3'
(CH3)3N pa (CH3)2BOCH3 + (CH3)3N, from essentially complete
dissociation to essentially complete association.

' A sample containing 0.61 millimoles of (CH3)ZBOCH3,
0.61 millimoles of (CH3)3N, 0.31 millimoles of (CH3)4C as
‘reference, and 2.30 millimoles of CFCl3 as solvent was
studied from_+60 to -98°C. The variation of the chemical
shifts with temperature is illustrated in Figure 10. Since
the B-methyl resonance exhibits the greatest change in
chemical shift with temperature, these values were used
for calculations. The maximum upfield shift (low tempera-
ture) Qas obtained by fitting the six low temperature
points to a three constant equation in temperature:

v =41.99 - (6.696 x 10 )T - (2.827 x 10~3)T2,

Differentiation showed the maximum shift to be at -118°C.
Substitution yielded a value of 44.6 éps for v at -118°c.

The maximum downfield shift (high temperatures) is the



Ds

- 67 -

50 — v i i i ] i i
o Onmax=44.6 c.p.s. at =112°C
401 -
O =B -Moethyl
JA =0- ‘AOnn‘/I
O =N-Methyl
30 - .
20
10
0
-10
-20 | s 1 1 L 1 ! !
-100 -80 -60 40 =20 0 20 40 60
| T °C
FIGURE 10. Temperature dependence of the chemical

shifts for the proton resonances in the
dimethylmethoxyboron—'trimethylamine
system in CFC13 solution.
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value observed.for the free dﬁnethylmethoxyboron. To

calculate the equilibrium constant for the above dissoci-

ation reaction, the data was used in the following manner.
If, ihitially, there are c moles of complex and

s moles of solvent (incluéing reference) , at ary temper- .

ature, x moles of acid and x moles of base wili bé formed

by dissociation,

(CH BOCH3'N(CH3)3 > (CH3) ZBOCH3 + N(CH3) 3

“

3)2

At equilibrium, we have the following:

Moles Mole fraction
Complex c-X c-x/ct+x+s = n,
Acid=Base X X/ct+x+s = n, = n,
Solvent s s/c+x+s = n

After substitution and simplification, K__ in

eq
mole fraction units becomes:
X 2
K - Acid Base _ X
eqd Complex (c~x) (c+x+s)

If o is the degree of dissociation of the complex, then
x = oc millimoles; or, using the numerical values of c

and s in the previous equation,

. d2
K =
eq

5.28 - 4.28a - a2
As the system is rapidly exchanging, only a single
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averaged resonance is observed which is related to the
relative quantities of free and adducted compound present,
Vobs® = *Va f (1-a)v where v is the observed fre-
quency, Vv, is the frequency of the free acid and Vg is

the fréquency of the complexed acid. It follows, then,

that

_Vobs. " Ve

va—vc

Employing these relations, the equation lqg Keq‘= 4.966 -
1481/T was obtained from the data listed in Table XVIII,
and illustrated in Figure 11, where r2 = 0.999 and Sy,x =
0.0358. The following thérmodynamic constants were cal-

culated for the equilibrium reaction:

AH® = 6.80 + 0.20 kcals., AS° = +22.7 e.u. and

AF°,. ., = 0.014 kcals.

25

7. Other Systems.

DimethylpentafluorophenoxXyboron. Variable temperature

nmr studies of this system proved interesting, because unlike
dimethylmethoxyboron, the B-methyl resonance remained unchang-
ed from +40 to -90°C. The chemical shift remained constant
throughout the temperature range studied, while the peak
width ét half height was similarly unaffected. The fluor-
ine nmr spectra showed the chemical shift of the ortho

fluorine atoms to be -4.2 ppm relative to C6F6' while the
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chemical shifts of the meta and para fluorine atoms were
‘both’+l.3.ppm, No change in the_F19 spectrﬁm was observed

throughout the temperature range studied.

Dimethyl-t-butoxyboron. As in the case of dimethyl-

methoxyboron, the B-methyl resonance of dimethyl—gfbutoxy-
boron was observed to broaden ana separate into two resoﬂ—
ances at low temperature. However, the coalescence
temperature, in this case, was in the region of -90°C.

No kinetic studies were carried out on this compound since
‘the limit of the variable temperature probe did not

allow the maximum separation (vA°-vB°) to be measured.

Trimethylboron-Trimethylamine. In order to test the

validity of the techniques used in obtaining the results
feporteé in this study, the well-characterized (62) tri-
methylboron—trimethyiamine system was studied using
identical techniques. The sample comprised 2.5 mole %
trimethylboron, 1.25 mole % trimethylamine, the solvent
Abeing CFC13.
The ambient temperature spectrum was composed of
two resonances which integrated in a 1l:2 ratio. (As the
"lock" was the CH3 resonance of the CH3OH capillary, no
meaningful line posifions are available.) As the sample

was cooled, the B-methyl resonance was observed to broaden

and separate into two resonances, which, in the region of
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slow exchange, were fqund to be separated by 119 cps.
Intégration showed £he peaks to be of equal area.

The data from this study are listed.in Table XIX
and illustrated in Figure 12. Treatment of this data
yielded the equation log k/T = 12.06 - 3745/T where
r2 = 0.974 and-sy,x = 0.0417. - From this équation,'the
enthalpy and entropy of activation are calculated to be
17.1 + 1.8 kcals and +8.0 e.u. respectively. The coal-
escence temperature was -16°C. As discussed later the
similarity of these results with those of Brown et al

(62) , imply that the techniques and analysis are reason-

ably accurate.

8. Chloroform Dilution Shift Study.

| The purpose of this study was to measure the rela-
tive base strength (63) of the oXygen atom(s) in wvarious
boron-oxygen containing compounds. The method relies
upoﬁ the fact that the chloroform proton can form hydrogen
bonds with appropriaté 'electron donating' atoms. The
degree of hydrogen bonding is refiected in the chemical
shift of the chloroform resonancé, when éhloroform is
dissolved in the appropriate "solvents". Since chloroform
itself is hydrogen bonded, it is necessary to use solutions
of chloroform in cyclohexane, extrapolated to infinite
dilution, as a reference; cyclohexane is assumed to exhibit

no basicity towards chloroform. The extrapolated infinite
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TABLE XIX

" Results of the Variable Temperature Study

of the Trimethylboron-Trimethylamine System

Temp. °C . (VA-VB) cps a
-16 . : . collapséd
-17 ' 35
-18 54
-19 | 79
-20 90
-21 96
-22 103
-24 110
-25 ‘ 112
=27 : 117
-33 118
-41 - 119
-44 : 120
-48 120

a@ﬁ-vB) represents the separation between the
maxima of the two resonances which are due to -
the free trimethylboron and the adducted tri-

methylboron. Recorded at 100 Mc/s.
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FIGURE 12. Temperature dependence of the rate con-

x 10°

stant (1/21) for the exchange reaction
between trimethylboron and trimethylamine.
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dilution chemical shifts of chloroform when dissolved in
the compounds to be studied, are then compared to this
value; Since'the chemical shift of the chloroform is
measured relative to pure chloroform contéined in a cap-
illary, it is necessary to correct the infinite dilution
shifts for bulk susceptibility differences. The final
corrected values are a measure of the relative base strength
of the compounds under study.

The chemicél shifts of the chloroform proton, at six
different concentrations in the "solvents" (CH3)ZBOB(CH3)2,
‘and C_H , were measured

~3)2 3 3)2 3)3 612
relative to the chemical shift of pure chloroform contained

(CH;) ,BOCH;, CH,B(OCH,),, B(OCH
in a capillary in the nmr sample tube. The results are
shown in Figure 13. Corrections for the bulk sﬁsceptibil—
ity errors were made only for the extrapolated infinite
dilution values, using the relation 8 = 85 + (2/3)(|<CHC13 -
Kbase) (reference 21, p.8l). The bulk susceptibility
values for the compounds were determined using the method
described by Li et al (64). In this method, concentric
sample tubes are used with benzene in the annular space,
with the material under study in the central tube. When

~ the tubes are stationary, the benzene resonance is observed
as two broad maxima; the separation of these maxima is

determined (with geometry held constant) by the magnetic

susceptibility of the substance in the inner tube. The
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‘apparatus is calibrated using solvents of known suscepti-

bility. The following are results of these measurements:
: ' -6, - -6

3) 9 3)2, 0.483 x 10 ; (CHjy), 37 0.491 x 10 75

6 6

CH3B(OCH3)2, 0.496 x 10 ~; (CH3O)3B, 0.501 x 10 ~.

BOB (CH BOCH

(CH

The bulk susceptibility corrected shifts, as measured
relative to the corrected shift feor the chloroform proton

in cyclohexane, are listed in Table XX.

9. Study of Dimethylboric Acid.

Association of dimethylboric acid. The vapor pressure

lowering in n-butane solutions of dimethylboric acid was
investigated over a range of temperature and concentration.
The results summarized in Table XXI establish that the
system is complex, with an average degree of association
higher than two or three. While the calculated values are
subject to some uncertainty, particularly at low concen-
trations where the vapor pressure lowering is small, they
permit a simple dimeric or trimeric system to be ruled

out. As expected, the degree of association becomes

smaller as the temperature increases.

Nmr studies. The proton nmr spectrum of dimethyl-

boric acid shows the expected two peaks. At 36°C, we
find the OH and CH, peaks-at 1.28 1 and 9.64 T, respect-
ively, for the neat liquid containing 1 mole % cyclohexane

as internal standard. The shift of the CH3 protons is
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TABLE XX

List of Bulk. Susceptibility Corrected Shifts

‘for the Chloroform Proton Relative to the

Corrected Shift of this Proton in Cyclohexane

Base ' Shift (cps)a-
Cyclohexane Ob(standard)
(CH,) ,BOB (CH,) g.3P
(CHy) ,BOCH, 22.0°
CH,B (OCH,) , | 34, 4P

B(OCH,) , 29.9°
(CH4) ,HCOCH (CH,) , 46.3°
(CH3) 3COCH,CH, 44,5°

8Recorded at 60 Mc/s .
bProbe operating at 41°C.

. w. Abel, D. A. Armitage and S. P.
Tyfield, J. Chem. Soc. (A), 554 (1967).
Probe operating at 37°C.
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TABLE XXI

Association of Dimathylboric Acid in gfbutanea

d
Temp. °C (cH,) BoH, P cc n-C,H,.,¢ cc P . Degree of
LA I 4,10 solution Association
2.6 63.2 28.62 7.1
7.0 63.2 28.38 7.8
~63.5 : '
' 12.9  63.4 . 27.90 6.5
23.8 63.6 27.23 6.6
2.5 48.0 92.02 3.4
7.1 1 48.4 90.66 4.7
-45.3 .
- 11.8 48.8 -88.91 4.7
24.0 50.0 84.08 4.3
2.5 33.3 155.49 4.0
7.1 34.7 149.80 3.6
-36.0
' 11.8 35.8 145.40 3.7
24.0 _ " 38.4 134.98 3.6

@ The abbreviation "cc" in this Table refers to gas volume at

standard conditions.

b Refers to monomeric species measured in the gas phase.

€ Refers to quantity in the solﬁtion, after correction for gaseous

n-C,Hjpin the tensimeter over the solution.

Vapor pressures of pure E}butane at -63.5°, -45.3°, and -36.0° are

28.78 mm, 93.45 mm, and 158.38 mm, respectively.




- 81 -

Aessgntially independent of concentration and temperature,
in contrast to the OH shift, as discussed below. An
earliér repor£ (65) on the nmr spéctrum of neat liquid
dimethylboric acid gave values of 6.65 1 énd 9.97 1, using
a substitution method for calibration. The latter value is
in reasonable agreement with our'measurements.when the
difference in standardization is considered, but the 6.65 1
value for the OH proton is incompatible with the present
work.

The concentration dependence of the chemical shift
of the hydroxyl proton was studied over the range 1-99
mole % in cyclohexane solution. The shift varied markedly
from 3.48 - 7.28 ppm downfield from cyclohexane, as shown
graphically in Figure 14.

fhe temperature dependence of the hydroxyl proton
resonance was studied.between -100° and 60°, using a 1
mole % solution of dimethylboric acid in methylcyclohexane,
with results as shown in Figure 15. The limiting shift
at high temperature was approached but not achieved, since
further heating caused the sample to reflux, even under
nitrogen, and the signal was lost; however, a value near
4.1 ppm downfield from tetramethylsilane would be a close

estimate of the shift of pure monomer.

" Infrared spectra. The gas phase infrared spectrum

of dimethylboric acid has been reported by Ulmschneider
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FIGURE 15. Chemical shift of the OH proton reson-

ance versus temperature for a 1 mole %
solution of dimethylbbric acid in methyl-
cyclohexane. Shifts relative to cyclo-
hexane are calculated by subtracting 1.44
ppm from the chemical shift relative to

tetramethylsilane (TMS).
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and Goubeau (66) and by De Moor and Vander Kelen (67).
The OH stretch previously reported at 3675 resolves into
a triplet at 3682, 3672 and 3662 when run on an expanded
scalé with the higher resolution our grating instrument
affords (Figure 16). The overall half-width of this tri-
piet absorption is ca. 25 cm_l. The shape of the multi-
plet strongly resembles incompletely resolved P, Q and R
bonds. This absorption is attributed to the monomeric
species.

. A 5 - 10% solution of the acid in carbon tetra-
"chloride exhibited characteristic hydrogen bond effects.
Two absorptions occur for the OH stretch; a sharp high

1 (half-width 27 cm Y) and

1

frequency absorption at 3635 cm
a broad absorption centered at 3375 cm -~ (half-width ca.
250 cm—l, see Figure 16).. The létter, a smooth curve
exhibiting no fine structure, is attributed to the hydrogen

bonded species.
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"DISCUSSION

Chapter IV

This chapter will interpret and discuss the results
deScribed in Chapter III. The discussion will center
around the interaction of the sp3-hybridized lone pair
electrons of oxygen with the vacant P, orbital of boron

in the B-0 bond.

1. The Characterization of Dimethylboric Anhydride.

The original synthesis of dimethylboric anhydride
involved dehydration of dimethylboric acid using phosphorus

pentoxide (24):
2(CH3)2BOH + P205 g 2HP03 + (CH3}2BOB(CH3)2.

This method proved to be guite unsatisfactory. The pro-
ducts.obtained were highly variaﬁle; and a pure compound
exhibifing the reported vapor pressure of 118 mm at 0°C
(24) , could not be isolated. An alternative route was
deemed necessary, and a convenienf, reproducible method
involving partial hydrolysis of dimethylboron chloride,which

gives rise to easily separable products is reported here:

2(CH3)2BCl + HZO > (CH3)2BOB(CH3)2 + 2HC1

A similar reaction has been used to prepare diphenylboric
anhydride (38) and.di—n-butylboric anhydride (39).

Although an elemental analysis of dimethylboric
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anhydride was not carried out, the preparative method, the
~gas density molecular weight, and the accumulated épectro—
scopic data establish the identity of the compound beyond

all reasonable doubt.

Mass Spectrum (Table III). While mass spectral
data concerning alkylalkbxyboron- compounds is rather
limited, it has been reported (68), that the parent ions
are of markedly lower abundance than in the case of borates.
Furthermore, itvis.stated that most of the prominent peaks
are characteristic of alkoxyboron compounds and one finds
peaks due to (p—R)+, (é—OR)+, Oﬁ+ and R'. Rearrangement
ions ROBOH' (and presumably RBOH+) are also notable.

Although dimethylboric anhydride is not an alkyl-
alkoxyboron compound, similar features were evident (Table
III). For example, the very 1ow.abundance of the parent
ion, the prominent (p—CH3)+ and CH3+ peaks and the rearrange-
ment ion CH3BOH+ are the most obvious features of the |
spectrum.

it is evident from the spectrum that rearrange-
ments are taking place. For example, the base peék at 43
m/e was shown by its exact mass to be CH4B110. Only one
ﬁetastable peak at 20.3 m/e was observed, corresponding to
3)éBlloBll 1+, (CH3)B110. Suggested

assignments of other peaks are listed in Table III. The

+ 1
(cH (CH3) > (CH3)2B

presence of only one observable metastable peak, coupled
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with.occurrence of rearrangement, allows little interpre-
tation of the fragmentation pattern. The isotopes of
boron simplify identification of boron'containiné ions.

The region of 33, 33.5 and 34 m/e is of some
1nterest The peak at 33.5 must be due to a double charged

ion, and (CH3)B10 11

(CH )Tt is the assignment. The peak
at 34 has a C13 isotope peak at 34.5, indicating it is aiso
a doubly charged ion, assigned to be (CH3)Bll ll(CH ),
Any C13 isotope peak of the peak at 33 is masked by the
33.5 peak mentioned. The removal of two electfons from a
.molecuie is facilitated by the presence of m-electron
deﬁsity (69) . The presence of these peaks, and also a

small peak at 26.5 attributed to CH3BllBllO++, lend sup-

porting evidence for B-O 7 interaction.

Infrared Spectrum (Table IV and Figure 2). The

C-H stretching frequencies requiré ho comment. In accord
with Lehmann et al., (70), who place all B-C asymmetric
stretching frequencies in the range from 1116 to 1138 cm-l,
we assign the 1135 cm-l absorption to the B-C astmetric
stretch. The B-C symmetric stretch is assigned to the
weak absorption at 730'cm—l, following Ulmschneider and
Goubeau (66), who have similarly assigned absorptions at
718 and 738 cm T in dimethylboric acid. From the work of
Lehmann ‘et al. on trimethylboron (70) and tetramethyldi-

borane (71), it is clear that the absorptions at 1165 and
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940 cm t may be assigned to CH, rocking modes.

There is general agreement that in methylboron com-
péunds the asymmetric methyl deformation occurs in the
region of 1450 cm—l, while the symmetric mode occurs in
the region 1350 - 1300 cm * (reference (2) p.226). On this
basis, the absorption at 1320 em™ T is assigned to the symmet-
rical methyl deformation, while the band due io asymmetric
methyl deformation presumably lieé. within the very broad
absorption centered at 1405 cm T.

The B-O stretching frequencies are somewhat diffi-
cult to assign. Ulmschneider and: Goubeau (65) assign a weak
shoulder at 1276 cm'_l in the spectrum of dimethylboric acid
to the B-O stretch. No equivalent exists in the spectrum
of the anhydride. Abel et al. (72) report two B-O stretch-
ing frequencies 3 for diphenylboric anhydride at 1262 and
1378 cm-l. It is conceivable that both symmetric and asym-
metric modes of the B-0-B group, as well as the symmetric
CHq deformation mentioned previously, are contained in the

broad band at 1405 cm L.

2, Other Compounds Pregaréd. Dimethylmethoxyboron has

been prepared and characterized previously (25,26) and pre-

3. Diphenylboric anhydride, as synthesized in this
laboratory, exhibited a strong absorption at 1262
em~1, although there was no appreciable absorption
at 1378 cm~1l.
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sents no special interest excépt for the new preparation
which has been described in Chapter II, and the mass
spectrum (Table V), which haélapparéntly not been pre-
viously reported. As expected for alkylalkoxyboron com~
pounds (68), the parent ion is weék; in this case it is
covered by an impurity, of which more will be said later.
It was also found that the (p-CH3)+, (p-OCH3)+, OCH3+ and
CH3+ peaks were quite prominent. Furthermore, the re-
arraﬁgement ion, CH3BOH+, was strong.
The presence of a single metastable peak at 14.7

m/e corresponds to the transition'CH3BOCH3+ > CH3CH2+ + BOH.
The assumption that the ion at 57 m/e is CH3BOCH3+ rather
than (CH3)2BO+ is based upon bond energy data (73), which
shows the B-C bond to be somewhat weaker than the 0-C
bond. As in the case of dimethyiboric anhydride, the
presence of rearrangement, coupled with only a single meta-
stable peak, allows little interpretation of the fragment-
ation pattern. |

| An accurate mass determination identified the peak

at 73 m/e as being (CH3O)2Bll

« As recombination is unlikely,
it would appear that the compound CH3B(OCH3)2 was present .
as an impurity. Since this (p-CH3)+ peak at 73 m/e is only
3% of the (p-—CH3)+ peak of (CH3)2BOCH3, it may be concluded

that the amount of impurity is small. Gerrard (74) reports

that in the preparation of alkylalkoxyboron compounds, there
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has been little success in obtaining pure specimens be-
cause of exchange reactions. Therefore, the CH3B(OCH3)2

may have originated from the exchange reaction

2(CH,) ,BOCH, = (CH

3 B + CH3B(OCH

3)2'

10 or CBllOZ, of

3)2 3)3
A peak at 55 m/e, attributable to (CH3)3B

similar abundance (3%) supports this suggestion.

Diﬁethylpentaf1uorophenoxyboron is a new compound,

the preparation of which presented no problems. The re-
sulté of the microanalysis, nmr, and mass spectrum (Table
VI) leave no doubt concerning the identity of the compound.
The parent ions at 223 and 224 m/e are strong in
contrast to the methoxy derivative, and exhibit ﬁhe ratio
10,511

of intensities of B in natural abundance. The

(p—CH3)+ ions are also strong, and again exhibit the same
ratio of intensities; The base peak at 41 m/e is attri-
buted to (CH3)2B11+. A good deal of fragmentation is

evident, as well as some rearrangement. No fragmentation

pattern is suggested because of the lack of metastable

peaks.

Dimethyl-t-butoxyboron, a compound not previously

reported, was prepared but not without some difficulty.
Abel et al. (75) reported poor yields in the reaction

. solvent
(CgHg) ,BCL + t-BuOH ———) (CgHg) ,BO-t-Bu + HC1
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presumably caused by dealkylation of the ester by hydrogen
chloride and secondly, by the reaction of hydrogen chloride

with t-BuOH.

(C¢Hg) ,BO-t-Bu + HCL > (Cg BOH + t~-BuCl

Hg),

" t-BuOH + HC1l - t-BuCl + H20

The first attempt to produce dimethyl-t-butoxyboron
involved the reaction of t-butanol with dimethylboron chlor-
ide in a closed Pyrex vessel. The exclusive products were
" t-butyl chloride and dimethylboric acid, no doubt due to
the side reactions involving hydrogen chloride which is
formed in situ. When the reaction was repeated, using
an appropriate quantity of trimethylamine to remove free
hydrogen chloride, a fair yield of dimethyl-t-butoxyboron
was obtained, lending strong support to Abel's hypothesis:

While the mass spectrum (Table VII) fails to show
peaks for the molecular ions at 113 and 114 m/e, strong
peaks corresponding to the (p-CH3)+, (p—OC(CH3)3)+, and
C(CH3)3+ ions are present. The (p—CH3)+ ions at 98 and
99 m/e exhibited the ratio of intensities expected for
boron containing compounds. However, the (p—OC(CH3)3)+
ions at 40 and 41 m/e do not. The presence of a single
metastable peak at 29.5 corresponds to the transition
(CH3)3C+ - CH3C+CH + CH,. The presence of CH

2 4 3
account for the unexpectedly high intensity of the peak

C+CH2 may
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at 41 m/e. The strong peak at 59 m/e is attributed to

(cH.) .cton.

302

These data, coupled with the nmr spectrum, which
shows two resonances in the regions eXpected for (CH3)2BO
and (CH3)3C in the correct intensity ratio, leave no.

doubt concerning the identity of the compound.

3. Studies on Dimethylboric Anhydride.

Complex formation. The results of the tensimetric

studies (Chapter III, Section 3), provide interesting in-
formation about the donor strength of the okygen atom
towards acceptor molecules, and the acceptor strength of
the boron atoms toward strong Lewis bases, such as tri-
methylamine. This information, when examined with refer-
ence to other acceptor-donor systems, provides some in-
sight into the B-0 bond, and the effects of m-bonding in.
this bond. |

Examining first the data on oxygen base strength, it
is evident that dimethylboric anhydride does not behave
as a Lewis base towards trimethylboron; this is not
unexpected, since no complex is formed between dimetﬁyl
ether and trimethylboron under equivalent conditions (76).
Unfortunately, the boron trihalides, which are stronger
Lewis acids, cannot be used since the following cleavage
reaction occurs (77):
0

3(CH3)2BOB(CH3)2 + 2BX, ~ 6(CH3)ZBX + B

273

3
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However, if a dimethylboron halide were used as the ref-

erence Lewis acid, the products would be identical to the

reactants:

BC1

(CH3)2BOB(CH + (CH,) ,B*Cl pe (CH B*0OB(CH + (CH

3)2 3)2 3)2 3)2 3)2
In fact, the éingle resonance observed invthe.room temper-
ature spectrum of'this system (Table XI) is consistent
with a rapidly exchanging system of this nature. Dimethyl-
boron chloride, a stronger acceptor than trimethylboron,
shows no indication of'complex formation, and it may be
concluded that the basicity éf oxygen in dimethylboric
anhydfide is rather low.

The results of the study of the Lewis acid charact-
eristics of dimethylboric anhydride show that it is con-
siderably weaker than trimefhylboron. The enthalpies of
dissociation of (CH3)2BOB(CH3)2'N(CH3)3 and (_CH3)3B-N(CH3)3
are 9.5 kcals. and 17.62 kcals. (62), respectively; The
trimethylphosphine adduct of dimethylboric anhydride is
completeiy dissociated in the gas phase, while
(CH,) jB*P(CH3) ; is not (78). Finally, dimethyl sulfide
forms a recognizable adduct at -78.5°C with trimethylboron

(76) but not with dimethylboric anhydride.

Constant temperature nmr. (Chapter III, Section 4).
The nmr data support the tensimetric results fully. Tensi-

metric studies show that only trimethylamine, of the bases
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studied, was strong enough to form a measurable complex
in'the.gas phase. The large upfield shift of the B-methyl
resoﬁance in the 1:1 (CH3)4320-N(CH3)3 sample, as cémpared
to the B-methyl resonance in the free (CH3)4B20, is con- |
sistept with formation of a strong complex (57). The
large downfield shift of the N-methyl resonance in the 1l:1
(CH3)4B20-N(CH3)3, as compared to the N-methyl resonance
of free N(CH3)3 is also to be expected (58,59). The lack
of any change of chemical shift for all resonances in the
samples involving dimethyl ether, dimethyl sulfide and tri-
.methylboron indicate little or no complex formation, in
acéord with the results of the tensimetric studies. In
the case of trimethylphosphine the small shifts of the
P-methyl and B-methyl resonance are in accord with the
weak complexing found in tensimetric work.
It is feasible to discuss these results in terms

of the boron-oxygen bond, presuming that two competitive
. effects are involved. Purely indﬁctive effects would be
expected to increase the acceptor strengfh of the boron
atoms relative to trimethylboron, oxygen being more
electronegative than CH3; this effect would also increase
the donor strength of the oxygen atom relative to di-
methyl ether, since B(CH3)2 is more électropositive than.
CH3. On the other hand, the effect .of m-bonding involving
oxXygen lone pairs and the vacant boron 2p orbitals would

be to weaken both the Lewis acidity of boron and the Lewis
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basicity of oxygen.

It is therefore reasonable to attribute the lower
-Lewis acidity of dimethylboric anhydride to this effect.
The lack of eﬁidénce for a 2:1 complex between trimethyl-
amine and dimethylboric anhydride is not inconsistent with
this interpretation. When oﬁe'of the two boron atoms is
"electronically saturated" due to complexing with tri-
methylamine, the vacant p orbital is no longer available
to an oxygen lone pair. Therefore the decreased delocal-
ization of oxygen lone-pair electrons should increase the
double bond character between oxygen and the remaining
uncomplexed boron afom, thereby lowering the Lewis acidity

towards excess trimethylamine.

Variable temperature nmr studies. (Chapter III,

Section 5). To account for the unexpected splitting of
the resonance for dimethylboric anhydride into two 1:1
resonances at low temperature, it is suggested that the
dimethylboron groups are so aligned as to maximize'their
individual overlaps with the two sp3—hybridized lone
pairs of oxygen. 1IN such a conformation, shown schemati-
cally in Figure 5, there are two distinct environments
which might be termed "inner“A(CH32 and CH33) and "outer"
(CH;1 and CH,4) .

A molecular model indicates that rotations of the

B-methyl groups about the B-O bond are sterically hindered
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and this phenomenon, rather than n-inteiaction,Acould
conceivably give rise to the aforeﬁentioned effect. To
clarify the situation, a similar study was done on di-
’iééprOpylether, the most sterically similar carbon ana-
logue of dimethylboric anhydride. | As the nmr spectrum
was unchanged from +30° to -90°, it appears likely that
m-interaction, rather than steric factors, is responsible
for the non-equivalence of the B-methyl groups. |

Although the above interpretation and figure 5
assume sp3 hybridization of oxygen, it should be pointed
out that the low-temperature non-equivalence could also be
explained on the assumption that oxygen is sp2 hybridized,
witﬁ one lone pair in a hybrid orbital and the other in
the P, orbital. Thus, a single oxygen lone pair would be
involved in a delocalized mw-bond including both boron
atoms. The resulting planar structure, shown in V, could
equally well account for the observed.non-équivalence, The:

H,C ;5 CH,
\B,/-X/

CH3 CH

3

\Y
results of the chloroform dilution shift study, to be dis-
cussed later, favor the sp3 model.

The possibility that the B-0-B bond is linear, with
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sp hybridization for oxygen, was also considered. In
this-case, one would expect two boron-oxygen T bonds at

90° to one another, in an allene-like structure, which

does not allow for non-equivalence of méthyllgroups.

Dimethylboric anhydride-trimethylamine systems. As

reported in Chépter III, (espeéially Figure 4), the intro-
duction of 6ne equivalent of trimethylamine had a marked
effect upon the behavior of the B-methyl resonance(s). The
upfield shift of the B-methyl resonance (0.46 ppm) at

roon temperature is typical complex formation. The separ-
ation of the B-methyl resonance into two l:1 resonances at
-41°C (separation in the pure anhydride occurred at -69°C)
_indicates that the process is different from that in the
pure anhydride. This new splitting is considered to be due

to the slowing down of the exchange rate in the reaction

(CH BOB(CH3)2'N(CH3)3 2 (0}13)21303(c1r13)2 + N(CH3)3.

3)2
The two B-methyl resonances observed below -41°C are

then due to the non-equivalence of the B—methYllgroups'EE

each end of the molecule. The unadducted boron atom is

iy N(CH3) 5
B—0—B~ CH,
/ N

cH, cH,

VII
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still spz-hybridized, presumably with some degree of B-0
T-interaction existing; the.adducted boron atom is now
Sp%—hybridized with no B-O m-interaction possible.

Evidence for the éorrectness of this interpretation
comes from fhe study involving only one half equivalent
of trimethylamine. Upon cooling the sample, the single
B-methyl resonance broadened, and at -41°C separated into
~three resonances (cf. Figure 4). The low field reson-
ance, which contained the same area as the other two
resonances combined, had the same chemical shift as that
observed for free dimethylboric énhydride. The two 1l:1
high field resonances exhibited the same chemical shifts
and maximum separations as the resonances observed for
the sample containing‘ggg equiva;ent of trimethylamine.
Therefore, it appears that the exchange rate of trimethyl-
amine—dimethylboric'anhydride has slowed sufficiently
such that the individual species are observable.

The individual species in this study must then be
one equivalent of uncomplexed dimethylboric anhydride
(the low-field resonance) and one equivalent of complexed,
dimethylboric anhydride (the two 1:1 high-field resonances).

If the low field resonance is due to uncomplexed di-
methylboric anhydride, it would be expected to exhibit
two non-equivalent resonances below the coalescence temper-

ature for this phenomena, -69°C. In fact, this was
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observed. However, due to coincidental oveflap of the
higﬂ field resonance of this latter process,‘with the
low fiéld resbhance of the previous précess, a l:2:1
spectrum was observed.

The enthalpy of activation of the dimethylboric
anhydridé-trimethylamine exchange -reaction was calculated
to be 11.5 + 1.1 kcals. The tensimeter studies yielded
a value of 9.5 + 0.6 kcals. for the enthalpy of dissocia-
tion. These results are quite similar, bearing in mihd
that the first figure was obtained from solution studies
andAthe second from gas phase studies. The similarity

of AH° and AH+diss warrants further comment.

diss
The activation eneréy requirements for a number

of boron trifluoride complexes are small or perhaps
negligibie (79) although boron trifluoride is an example
of-a Lewis acid for which the reorganization energy term
must be considerable (80). It appears that this state-
ment can be carried over to the compound in question,
since the observed enthalpy of activation is only slightly
larger than the observed enthalpy of dissociation. This
leads to the conclusion, that the activated complex is
very similar to the dissociated specigs. Furthermore, the

similar values of the two energies suggests an exchange

mechanism such as the following:
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' . slow . _
(CH3)2BOB(CH3)2-Base(1) - (CH3)2BOB(CH3)2 + Base(l) (I)
. fast '
(CH3) ,BOB (CH3) ZfrBase (}) —_ (CH3_) ,BOB (CH3) 2 *Base(1)
: . East II)
(CH3)2BOB(CH3)2-Base(2)+Base(l) —_— (CH3)2BOB(CH3)2-Base

(1)+Base(2)

A similar mechénism has been sﬁggested for the Ga(CH3)3 -
N(CH3)3 system (81). Furthermore, the small entropy is
consistent with the postulafed mechanism (82).

As reported in Chapter III, when two equivalents of
trimethylamine were present in the sample, the spectrum
remained unchanged throughout the temperature range +30 to
-90°C. Two interpretations are possible. The first is
. the formation of a di-adduct, which would be expected togive
rise to equivalent B-methyl groups and a single resonance.
Against this interpretation lies the fact that the chemical
shift of the N-methyl resonance is that expeéted,for the
average signal of rapidly exchanging free and adducted
N(CH3)3 groups. '

The second interpretation is that the exchange reaction

(CH

) N
3’3, _0
+ (CH ~

3)-2B B(CH

:N(CH

3)2
3)3

is taking place at a rapid pace. This mechanism, where free

base attacks the unadducted end of the molecule, provides a
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low energy pathway to exchange. Supporting the abbve view
is the fac£ that a '10% excess of one equivalent of base
caused the B;methyl spectrum to collapse to a single reson-
ance which wés observed to broaden only ih the region of |
-95°¢C, rathér than separate into two signals at -41°C.

Other systems susceptible to excess base have been described
in the literature (81,83,84).

. In order to provide further information concerning
the possibility of a di-adduct of dimethylboric anhydride
with trimethylamine, a system containing four equivalents
of_trimethylaﬁine was studied. If a di-adduct existed,
and if the rate of exchange were slow, two N-methyl reson-
ances would be expected; one resonance at higher field due
to free N(CH3)3 and an equal resonance at lower field due
3)3. In fact, only a single resonance
was observed, indicaﬁing exchange with either the di-adduct

to adducted N(CH

or with the mono-adduct. However, the chemical shift
observed for the N-methyl resonance is approximately at the
position expected for the averaged resonance for three
equivalents of free trimethylamine and one equivalent of
complexed trimethylamine. Furthermore, the chemical shift
of the B-methyl resonance is essentially the averaged

shift of the two resonances in the 1:1 sample. These data
indicate that if a di-adduct does exist, it is quite weak

(cf. Chapter III, Section 3).
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Dimethylboric anhydride - Dimethylboron chloride. The
room temperature spectrum of this system, containing twé
moles of the chloride to one mole 6f the anhydride, exhibited
a single resonance. The position was tha£ of a weighted
average for (CH3)2BC1 and (CH3)2BOB(CH3)2. As described
in Chapter III Section 5, at temperatures wheré exchange was
slow, the spectrum contained three resonances, integrating
2:1:1, and attributed to (CH3)2BC1 and (CH3)2BOB(CH3)2 re-
spectively.

Several conclusions may be drawn from these results.
Firstly, exchaﬁge does occur and the enthalpy of activation
for this exchange jg calculated to be 5.6 + 0.4 kcals.

This somewhat low energy may indicate a four-center mechan-

ism

IJB)(CH3)2
(cn3)21.=,013(c1~13)2 + (CH3)2BCl pa (CH3)2B\\ ','.-13(c1+x3)2

ci

where the dotted lines represent bond breaking and forming.
The high negative entropy of activation -22.4 e.u., suggests
a four-center mechanism where two bond-making and two bond-
breaking steps are synchfonous, or an intermediate complex
containing both reagents in a'dbnor—acceptor relation (82).

Secondly, it is apparent that a complex does not
exist at lowvtemperature.. If this were the case, two

resonances would be expected for (CH3)2BCl,one for free
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(CH) ,

resonance with a chemical shift identical to that observed

BCl, and one for complexed (CH3)2BC1. Only a single

for free (CH BCl is observed, while the chemical shifts

302 A
for the resonances of (CH3)2BOB(CH3)2 are identical to

those exhibited by the pure compound.

4, Dimethylmethoxyboron and Related Compounds.

Tensimetric Studies. The data reported in Chapter

III section.G, show the adduct between dimethylmethoxyboron
and trimethylamine to be completely dissociated in the gas
'phase, although the high value of the Trouton constant in-
dicates association in the liquid phase. Coates (25) re-
ports similar behavior for the dimethylamine addﬁct. It
is, therefore, a weaker Lewis acid than dimethylboric an-
hydride. In the series, trimethylboron, dimethylboric
anhydride and dimethylmethoxybofon, the Lewis acidity of
the boron atom(s) decreases as the ratio of oxygen to
boron increases, as expected for the occurrence of 7-
bonding. Further studies on this system, using nmr tech-

niques, will be discussed shortly.

Variable temperature nmr studies. (Chapter III,

Section 6). The separation of the B-methyl resonances at
temperatures below -41°C has been attributed in this work
to the barrier to rotation about the B-O bond due to

overlap of an oxygen lone pair with the vacant p orbital
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of boron. . This is similar to the interpretation of the
reéuits for dimetthboric anhydride. Similar phenomena

have been observed for many other systems involving partial
7 bond formation (9,10,11,12;61;85): The enthalpy of
activation, calculated from the averaged data, is 8.1 + 0.7
kcals., a substantially smaller value thén the values

found for the B-N bond (9,10,11,12), which range from 14

to 21 kcals. This is in agreement with the results obtained
by other workers (8,14) , where nitrogen was found to "back
donate" to boron more powerfully than oxygen.

It is well to draw the attention of the reader to the
fact that the observed coalescence of the B-methyl reson-
ances of dimethylmethoxyboron could conceivably be due to
a process other than that of rotation about the B-O bond.

It is well established that alkoxy-group exchange °
occurs among esters of boric acid and its alkyl and aryl
derivatives (86,87,88). Heyes and Lockhart (87) postulate

a four-center intermediate (VIII) for this exchange

R

N
~

. 0
o\
(H3C) ZB& \/IB(CH3) 2

~
~
~

VIII R

It is evident that in this intermediate, the non-equivalence
of the B-methyl groups has been lost; the coalescence of

B-methyl nmr signals at higher temperatures could thus arise
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through the formétioh and dissociation of this species.
Howevér, from the work of Heyes and Lockhart (87)
one calculates that the lifetimes with respect to alkoxy-
group exchange at -44°C are of the order of one second.
The lifetimes of the B-methyl groups at a particularv
site, as observed in the present work, are in the
range 0.025 - 0.051 seconds 4 at -44°cC. The.alkoxy group
exchange mechanisn can therefore be excluded as the
process by which B-methyl groups become equivalent'in
this work. One is left with rotation about the boron

oxygen bond as the operative process.

Dimethylmethoxyboron-trimethylamine. The presence

of a small quantity of amine, 0.10 equivalents, caused
the B-methyl doublet observed fpr pure dimethylmethoxy-
boron at low temperatures to collapse. This ishattributed
to the rapid exchange reactionﬁ

(CH3) ZBOCH3 + N(CH3)3 z (CH3)2BOCH3'N(CH3)3
Apparently, this reaction is rapid enough to shorten the

lifetime of the free (CH3)2BOCH3 to such an extent, that

the B-methyls in non-equivalent sites (due to hindered

4, The first value refers to a 30% methylcyclohexane

' solution, the second to a 15% CFCl, solution of di-
methylmethoxyboron. The variation® is due to the
fact that maximum separations (v,°-v_°) differ in
the two solvents, and as mentioneéd in Chapter II,
the critical lifetime for coalescence depends on
this separation.



- 107 -

rotation about the B-O bond) are ' no longer observable
using nmf techniques; When adducted to trimethylamine,
the boron atom becomes sp3-hybridized; causing'the B-
methyls to become equivalent. Therefore the observed
B-methyl resonance is a weighted average of the free
and adducted ‘resonances. |

Studies on the system containing two equivalents
of trimethylamine also showed signs of rapid exchange
rate. Throughout the temperature range +30 to -90°C,
the N-methyl groups exhibited a single resonance, rather
than a doublet due to free and complexed trimethylamine.
It was observed that the chemical shift of all reson-
ances were temperature dependent; the B-methyl and O-
methyl resonances moving upfield with decreasing temper-
ature, while the N-methyl resonance shifted downfield.
This would indicate a shift in the equilibrium constant
to the right for the above reaction.

Studies on the system containing one equivalent of
trimethylamine are described in Chapter III Section 6.
The enthalpy of dissociation, AH®° = 6.8 + 0.2 kcals., can
be compared to that for dimethylboric anhydride-trimethyl-
amine (9.5 + 0.5 kcals.) and trimeﬁhylboron—trimethyl~
amine (17.62 kcals.) (62). As the ratio of oxygen to
boron in the compound increases, the enthalpy of disso-
ciation, AH°, decreases. This is consistent with the

expected décréasing availability of the vacant P, orbi-
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tal on boron towards the amine, due to interaction of
the oxygen lone pair electrons with this P, orbital of

boron.

Dimethylpentafluorophenoxyboron. (Chapter III,

Section 7). The failure of this compound to exhibit
broadening and separation of thé B-methyl resonance

as low as -90°C is attributed to the electron-withdrawing
power of the pentafluorophenyl groups (89). This would
tend to lower the amount of electron delocalization
towards the boron atom, thereby decieasing the barrier
to internallrotation about the B-O bond. This can be
interpreted as an indication of the susceptibility of
B-0 m-bonding to the nature of the substituent on the

oxygen atom.

Dimethyl-t-butoxyboron. (Chapter III, Section 7).

The interest in this compound lies in the steric require-
ments of the t-butyl group, and the effect upon the
barrier to rotation about the boron-oxygen bond. As
results in Chapter III show, the barrier is observable,
although the coalescence temperature is in the region

of -90°C rather than -40°C observed for the methyl
analogue. However, it is well to point out that the
coalescence temperature is not directly related to the
activation energy of the process. It is concluded that

in spite of the bulky t-butyl group, the molecule can
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still align itself in the conformation which permits

maximum overlap.

5. The Relative ' Base Strength of Oxygen, (Chapter

III, Section 8).

If interaction of the lone pair electrons on
oxygen is the cause of the lowered Lewis acidity of the
boron compounds discussed, it is evident that the Lewis
basicity of the oxygen atoms must be decreased as the
ratio of boron to oxygen in the compounds increases.

Since the usual Lewis acids (trimethylboron, boron tri-
fluoride) are either too weak or too reactive, an alter-
native method was needed,'the obvious choice being the
chloroform dilution shift method, which has been fully
described by Abel et al. (63).

The results of this studf (Table XIX) fully support
the previous interpretations. Of particular interest is
the low value obtained for dimethylboric anhydride. This
indicates a marked lowering of the availability of the
oxygen lone pairs relative to the carbon analogue, di-
isopropyl ether. As is made clear in reference (63),
"steric effects are extremely important". The similérity
of the steric requirements in the above case minimize this
effect. The view that both lone pairs in dimethylboric
anhydride are involved in q-bonding is upheld by the inter-

mediate value of the shift in dimethylmethoxyboron, where
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only one lone pair is available for complexing to

chloroform.

6. Dimethylboric acid. This work, while not directly

related to boron-oxygen m-bonding, may be considered an
auxiliary stuqy, rounding out the study of acid, anhyd-
ride and ester.

The.Trouton constant for dimethylboric acid is
reported to be 29.7 (27). The results of the study in-
volving the vapor pressure lowering of butane containing
vaiio#s mole fractions of dimethylboric acid (Table XXI)
show that the association is complex, with higher poly-
mers present. .

The gas phase infraredvspectrum'of dimethylboric
acid has been reported by Ulmschneider and Goubeau (66), .
The OH stretch previously reportéd at 3675 cm'"l resolves

! when run on

into a triplet at 3682, 3672 and 3662 cm_
an expandea scale with the higher resolution our grating
instrument affords. ' The overall half-width of thié
tripiet absorption is ca. 25.cm_1; The shape of the
multiplét strongly resembles incompletely resolved P, Q
and R bands. This absorption is attributed to the mono-
meric species.
A 5 - 10% solution of the acid.in carbon tetra-

chloride exhibited characteristic hydrogen bonding

effects. Two absorptions occur for the O-H stretch; a
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1

sharp high frequency absorption at 3635 cm™ ' (half-width

27 em™ 1) and a broad absorption centered at 3375 cm -

l). The latter, a smooth curve

(half-width ca. 250 om
exhibiting no fine structure;.is attributed to the hydro-
gen bonded species.

The broad OH stretchiﬁg band in carbon'tgfrachloriae,
and the concentration and tempefature dependence of the
* hydroxyl proton chemical shift, (Figures 14,15) are typical
for hydrogen bonded protons. No attempt has been méde to
qalc&late the bond energy from the temperature dependence
of the nmr spectrum since the system involves several
species in unknown concentrations. Further, extrapoiatibn
to obtain the maximum downfield shift of the hydrogen
bonded proton is somewhat uncertain (see Figure 15 ).:-

It is of interest to examine the ﬁrgsent results
ih.terms of a correlation proposed by Ferraro and Peppard.
. (90) ; these authors found a linear relation between the
chemical shift of the hydroxyl proton in the region of
"minor bond breaking" (i.e., the relatively flat portion
of Figure 14 at higher concentration) and the hydrogen
bond energy. A similar relation was noted between the
bond energy and the difference in the‘infrared stretch-
ing frequencies of free and hydrogen bonded OH groups (90) .
Using this correlation, our value of ca. 7.3 ppm down-
field from cyclohexane (8.7 ppm from tetrémethylsilane)

for the chemical shift of the hydroxyl proton in the
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region of minor bond breaking corresponds to a hydrogen
bond energy of 4.6 kcals. Furthermore, the value of

260 cm T

obtained by subtracting the frequency of'the
bonded OH from the frequency of the free OH corresponds
to an energy of 4.8 kcals. The good agreement between
those two values leads us to place some confiaence in
the values obtained.

It is of interest to note that the shift of the
hydroxyl proton of the mohomer;'gi. 4.1 ppm downfield
‘from tetramethylsilane occurs at a muéh lower field than
that of the monomeric proton in ethanol, 0.76 ppm down-
field.5 This would indicate decreased shielding of the
hydroxyl proton in dimethylboric acid, which is in
keeping‘with the expected lowering of the electron den-
sity on the oxygen atom caused by the acceptor caéabil-
ity of the boron atoﬁ. A similaf proposal has been put

forward by Stone (91) for other systems involving the

OH resonance.

5. This value is derived from the work of E. D.
Becker, U. Liddel, and J. N. Shoolery, J. Mol.
Spectr., 2, 1 (1958), on the assumption that
the central peak of the CH, triplet is 8.83
ppm downfield from tetrame%hylsilane.
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"CONCLUSTIONS

'éﬁaptér 5.

Strong supporting evidence for the existence and im-
portance of w-bonding in the boron;oxygen bond has been
p:esented. While this phenomenon has been generally accepted
in recent'years, only qualitative evidence was available.
some effects of m-bonding, particularly the existence of a
barrier to internal rotation about the boron-oxygen bond,
have been measured guantitatively, thereby allowing compari-
sons to other systems such as the well characterized boron-
nitrogen system.

A variety of experimental techniques has been used in
this study;vin particular, tensimetric, ambient and vari-
able temperature nmr,‘and infrared spectroscopy. Lewis acid
and base measurements have provided a great deal of inform-
ation concerning the effects of boron-oxygen t-bonding.

The results of tensimetric studies showed that, in
the series (CH3)3B, (CH3)2BOB(CH3)2, (CH3)2BOCH3, the Lewis
acidity of the boron atoms, with respect to the reference
base N(CH3)3, decreases as the ratio of oxygen to boron
increases. From this information, it would appear that
P, - P interaction, rather than an inductive effect, is
of predominant importance in determining the Lewis acid
character of these compounds. |

Using ambient temperature nmr techniques, the chemical

shift of chloroform when diluted in these compounds, was
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measured. Results showed that the availability of the
oxygenjlone pair electrons for hydrogen bondipg'with
chloroform decreases as the ratio of boron to oxygen in-
creases. Thésé data; a méasure of the relative Lewis
basicity of oxygen in these compounds, support the m-
bonding interéretation; . b |
Variable temperature nmr studies established a barrier
to rotation about the B-O bond which, in the case of
(CH;) ,BOCH,, is ca. 8.0 kcals. This barrier to rqtétion
is ‘considered to result from the interaction of the lone
pair electrons on oxygen with the vacant pZ.orbital on
boron. While this has long been postulated, this is the
strongest evidence yet reported and the only quantitative
study. Furthermofe, in the anhydride, (CH3)ZBOB(CH3)2,
nmr studies suggested that each of the sp3—hybridized lone
pairs of electrons on the oxygen atom overlaps separately
with the vacant p, orbitals of the boron atoms. This
novel phenomenon givés rise to a favored conformation, for
which the enthalpy of activation is measured as 9.5 kcals.
The average degree of association of dimethylboric
acid in solution was found to range from three to seven in
the temperature region -36° to -63°C. Nmr and ir techni-
ques established that hydrogen bonding is the source of

the observed association. A correlation of the data

obtained in this work with that for other systems leads to
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an estimate of 4.7 kcals; for the enthalpy of dissociation
for the hydrogen bond in this_compound.

A convenient preparation for dimethyiboric anhydride,
as well as some dimethylboric esters is reported and des-
cribed. A full characterization of the little—known an-

hydride is described.
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APPENDIX B

Tablea giving'values of the correlation coefficient,
(rxy), which have certain probabilities of be}ng
exéeeded_fqr observations of variables whose parent
distributions are independent. To illustrate: for

a sample of 10 pairs of unrelated variables, the pro-

bability is 0.10 that it will have (rxy) > 0.549,

Probability
N 0.10 0.05 0.01 0.601
3 0.988 0.997 1.000 1.000
5 0.805 0.878 0.959 0.992
7 0.669 0.754 0.874 0.951
10 0.549 0.632 0.765 0.760
15 0.441 0.514 0.641 0.760
30 ©0.307 0.362 0.464 0.572
60 0.219 0.259. 0.337 0.422
100 0.168 0.199 0.259 0.327

a _
Adapted from Table V, Reference (83).
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APPENDIX C

Table? giving values of t for use in calculating
confidence limits with the eqguation on page .
To illustrate: to calculate the 95% confidence

level for 10 observations, the value of t will be

2.23.
Confidence Level
No. obser- 0.90  0.95 0.99
vations .
2 6.31 12.71 63.66
3 3 2.92 4.30 9.93
4 ©2.35 3.18 5.84
5 2.13 2.78 4.60
6 2.02 2.57 4.03
7 1.94 2.45 3.71
8 1.90 2.37 3.50
9 1.86 2.31 3.36
10 1.83 2.26 | 3.25
11 1.81 2.23 3.17
12 ' 1.80 2.20 3.11
13 1.78 2.18 '3.06
14 1.77 2.16 3.01
15 1.76 2.15 - 2.98

16 1.75 2.13 2.95

aAdapted.from Table 9.2, Reference'(sz).



