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ABSTRACT

Proton n.m.r. spectra of trimethylamine adducts of the boron trihalides and borane have
been measured in chloroform solution. Chemical shifts of methyl protons relative to tetra-
methylsilane decrease in the order: BBr; > BCl; > BH; > BF;, suggesting that this is the
order of acceptor activity toward trimethylamine. This is supported by the existence of a
linear relationship between methyl proton chemical shifts and the heats of formation, dipole
moments, or infrared vibrational shifts of boron trihalide and borane adducts. Splitting of
methyl proton resonances into quartets have been observed for (CH3);N-BCl; and (CHj)sN -
BBr; but not for (CH3);N-BF; and (CHj)sN-BHas.

INTRODUCTION

Nuclear magnetic resonance measurements have been used recently to determine
relative stabilities of BX; (where X = F, H, CHj;, or C;Hj;) addition compounds (1-8).
Relative basicities of donor molecules and relative acceptor powers of BXj3 molecules
have been inferred from such data. Calorimetric (9, 10), dipole moment (11), infrared
(12, 13), and displacement reaction (14) measurements have shown recently that the
relative acceptor power of boron trihalides toward a variety of donor molecules is BBr; >
BCl; > BF;. Methyl proton chemical shifts of their trimethylamine adducts should also
indicate this order. The measurements reported here were made to examine this possibility.

RESULTS AND DISCUSSION

Chemical shifts of methyl protons in trimethylamine adducts of boron trihalides and
borane were found to decrease in the order: BBr; > BCl; > BH; > BF;. The measured
values for 1 mole 9, solutions of the adducts in chloroform were 190.8, 180.2, 159.5, and
157.3 c.p.s., respectively, below the proton resonance of dilute tetramethylsilane (6 = 0
c.p.s.). The corresponding proton chemical shift of trimethylamine in chloroform was
132.2 c.p.s. Line diagrams of the measured spectra are compared in Fig. 1. Chemical
shifts were affected to an extent of only 1 or 2 c.p.s. by changes of concentration in the
range of 1.0 to 0.2 mole 9. The difference between chemical shifts of the BH; and BF;
adducts was only 2.2 c.p.s. in chloroform solution, but this appears to be significant
because almost the same effect was obtained for measurements in benzene solution.

The observed order of decrease in chemical shift can be rationalized as follows. If the
acceptor power increases progressively from BF; to BBr;, the electron pair of the B-N
bond of the trimethylamine complex should be drawn progressively closer to the boron
atom. The resulting decrease in electron density at the nitrogen atom should be com-
pensated in part by electron release from the attached methyl groups. This effect, in turn
should result in a decrease in the electron density about the methyl protons and theil,'
shielding should be reduced. Consequently, proton resonances should shift to lower field
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Fi1c. 1. Methyl proton n.m.r. spectra of Me;N-BX; (where X = H, F, C], Br) and Et;N-BCl.
F1G. 2. Correlations of methyl proton chemical shifts ot MesN-BX; with dipole moments, heats of
formation, and infrared carbonyl shifts of various BX; complexes.

as the electron acceptor power of the boron species increases. Since methyl proton chemical
shifts decreased in the order BBr; > BCl; > BH; > BF;, we conclude that this is also
the order of acceptor power toward trimethylamine.

The above explanation may not be the only one. Changes in electronegativity and (or)
magnetic anisotropy due to substitution of one halogen atom for another might account
for the observed order. Several workers (15, 16) have suggested that in some #-haloalkanes
these effects produce shifts to lower field in the order I > Br > Cl > F for 8 protons and
the opposite order for a protons. However, in the case of isopropyl halides the order in
a and B proton chemical shiftsis I > Br > Cl > F, whereas the reverse order applies for a
protons in z-propyl halides. These unusual shifts have yet to be explained satisfactorily.
Dr. M. A. Whitehead and his co-workers in this department are now trying to estimate
theoreticallv the relative magnitudes of inductive, magnetic anisotroopv. and hvoercon-
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moment (11) measurements which indicate that BH; is a slightly stronger acceptor than
BFs. . .
As shown in Table I and Fig. 2, linear relationships exist between our chemical shift

TABLE 1
Physical data for some BX3 complexes

Complex
Property BF; BH; BCl; BBr; Ref.

—AH, kcal mole™, for

CsH:N 0. solution 31.7 32.2% 39.5 44 .5 9, 10
Dipole moment, debye,

Me;N -BX; 4.04 4.62 5.13 5.57 11

CsH;N -BXN; 5.31 5.86 6.52 6.90 11
Infrared shift, A»(C=0), cm™!

C,H;COOCH;-BX; 119 — 176 191 12

Xanthone-BX; 138 — 229 253 13
Methyl proton chemical

shift, 6 c.p.s. Me;N -BX; 157.3 159.5 180.2 190.8 this work

*¥Corrected for the dimerization energy of BHa.

data and dipole moments, heats of formation, and infrared shifts of various BX; (where
X = H, F, Cl, Br) complexes, even though these values refer to different donor molecules.
These linear correlations strongly suggest that proton chemical shifts reflect the same
fundamental property of the complexes as do dipole moments, heats of formation, and
infrared shifts. The property in common is probably the strength of the donor-acceptor
bond, which, as suggested by Bax et al. (11) increases progressively from BF; to BBr;
adducts because of a corresponding decrease in halogen valence shell electron-pair re-
pulsions in the same order. Calorimetric and displacement results have been explained in
terms of dative 7-bonding and reorganization energies of boron trihalides (17, 14). This
explanation cannot be used to account for dipole moment, infrared, and proton n.m.r
results because these data refer to properties of the complexes themselves and not to the.
energetics of their formation, as do heats of formation and displacement data. It is clear
nevertheless, that proton n.m.r. shifts, like heats of formation, dipole moments, and infra:
red shifts, indicate a relative acceptor power order of BBr; > BCl; > B,H > BF
Although displacement reaction studies showed that BF; is a slightly stronger 3acce t031:
than B.Hs, it was evident that by taking the dimerization energy of BHj; into accoﬁnt
BH; should be a stronger acceptor than BF;. This expectation is confirmed bv di l’
moment, heat of formation, and our proton n.m.r. measurements. v eipoe
Methyl proton n.m.r. spectra MesN-BH; and Me;N - BF; consisted (Fig. 1) of slightly
broadened singlets, whereas Me;N-BCl; and Me;N-BBr; gave quartets ;Jvith eaig( }f
almost equal intensity and a splitting constant J = 2.7 and 2.8 c.p.s., res FZect's 1O
(Fig. 3). These splittings were independent of concentration in the.re.lr;;ge IF()) tctvf);
mole 9, and were the same in chloroform, o-dichlorobenzene, and benzene :;,olut' .
Chemical shifts for Me;N-BCl; and Me;N - BBr; were measured from the center of 10“1-
quartet. Each peak of the quartet appeared to be a closely spaced doublet with J wei)c7
c.p.s. Ohashi et al. (6) have also observed a quartet for Me;N-BCl; with a s tht
constant of 2.6 c.p.s., in excellent agreement with our value. However, the cll)'d or
detect further splitting of the quartet into doublets, They also reported t}; t ﬁ] cak ot
highest field was weaker than the other three We found this eff e peak at
. eftect depended upon the
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F1G. 3. Splitting of methyl proton resonances of MesN-BCl; and of methylene proton resonances
of Et;N-BCls.

direction of scan since it appeared at high field when scanned with increasing magnetic
field and at low field when scanned in the opposite direction. This effect appears to be due
to imperfect adjustment of the spectrometer.

If the main splitting was such as to produce a triplet with peaks of equal intensity, the
effect could be ascribed to N1 spin—spin splitting, as has been proposed for anhyvdrous
ammonia (18), (CH3;CH,),N+I~ in D0 solution (19), (CH;CH,),N*+X~ (where X is Cl,
Br, or OH) in Me,SO, CH;CN, and DO solution (19), and (CH3;CH:)\*Br— in H,SO,
solution (20). The same explanation has been suggested by Ohashi et al. (6) for the split-
tings in \e;N-BCl;, even though they observed a quartet rather than a triplet. We
think that N spin—spin coupling must be ruled out, because we observed quartets rather
than triplets for Me;N -BCls and Me;N-BBrs.

Another possibility is coupling of methyl protons to B'' (spin 3/2) which should give
a quartet with peaks of equal intensity. This effect should be just as likely to occur in
\le;N-BH; and Me;N-BF; as in MegN-BCly and MesN-BBr;, but splittings were
observed for the last two only. Perhaps restricted rotation about the B-X\ bond is neces-
sary for coupling to be appreciable. Spatial models (of the Courtauld type) reveal that free
rotation about the B-N bond is drastically restricted in MezN-BCl; and Me;N - BBry
but not in Me;N-BF; and Me;N-BH;. Hindered rotation might affect the electric field
in such a way as to promote coupling of methyl protons with B! and thereby give a
quartet. An unambiguous test for B! coupling could be made by double irradiation at the
B! resonance frequency. This test would be positive if a single methyl proton peak re-
sulted. Unfortunately, we do not have the equipment to make this test. In an attempt
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spectrum was measured at temperatures between 25 and 100°. There w

Ch?l“?lgee;)bserved quartets could conceivably be causeq by COUPIiflg of mfethyl pr oto?s with
chlorine and bromine, both of which have nuclear spins of 3/2, in the hindered mo ef:ul-es.
However, this is unlikely because these nuclei do not normally produce first-order splitting
of proton resonances in organic compounds. Moreov.ert three halogens should produce
splittings more complex than a quartet. Further splitting of each pea1.< .of the quartet
into a doublet might be due to non-equivalence of the methyl groups arising from a loss
of axial symmetry along the B-N bond in the sterically hindered BBr; and BCl; adducts.
Less likely is the possibility that spin coupling to B! (present as 209, of natural boron,
spin 3) superimposes new lines on the quartets. Such coupling shoulq prgduce more com-
plex splitting than the well-defined doublets observed. The same objection should apply
to an explanation involving spin coupling of methyl protons to the CI%*,CI3” and Br?, Brét
1sotopic pairs (spin 3/2).

We observed that Me;N-BBr; and excess Me3N in chloroform solution gave two sep-
arate methyl proton resonances, one for the free amine and the other for the complex.
This clearly shows that there is no or only very slow exchange of BBr; between Me,N
molecules. The quartet splitting constant and chemical shift was unaffected by the
excess \Me;\N.

No unusual splitting of ethyl proton resonances in BHj, BF;, and B\le; complexes of
triethylamine were reported by Coyle and Stone (), and none for Et;N -BCl; by Ohashi
et al. (6). We found that Et;N-BCl; in chloroform solution gave a methyl proton triplet
centered at 84.3 c.p.s. and a complex band (Fig. 3) centered at 202.8 c.p.s. where methy-
lene resonances are expected. The latter has 12 distinct inflections, but may well have
more buried in the complex envelope. A splitting of the expected 1:3:3:1 methylene
quartet into 12 peaks is expected if N1 spin-spin coupling occurred, and into 16 for Bl
coupling. We are unable to decide between these possibilities. It is interesting to note
that in Et.;N-'jI— the methyl triplet and not the methylene quartet is split, and this
has been attributed to N* spin-spin coupling (19). Such coupling does not occur in

Me;NH*Br~ and Et;NH+Br—, the spectra of which in H;O (19) and chloroform solution
show no unusual splitting.

EXPER N
Malterials IMENTAL

Tr.imefm'(lfrﬁnf C(l)mplexes of BH,, BF;, BCl, and BBr, were prepared and purified as described
previously (14). A solution Of Et;N-BCl; in c}_lloroform Was prepared by bubbling BCl, (Matheson) into a

of its ethanol preservative by extracting six times with
ot nal distillatif)n. An n.m.r. spectrum
tely free of ethanol. Benzene (Mallinkrodt) was first dried
further purification stilled. Tetramethylsnlane (Anderson) was used without

Apparatus and ethods
Spectra were measured with a Varian HR- i : N
frequency of 60 Mc. Calibration wac b 60 High Resolution NMR Spectrometer which has a fixed

) Yy means of 60 c.p.s. i :
spectrum was scanned several times in each direction p-s- side bands on the tetramethylsilane peak. Each

and . . .
average values of chemical shifts were taken relative

to tetramethylsilane, the internal ref

) erence (8 = (c.p.gs. ; ;

or benzene such that concentrations were apprOXima?cel}z.lclzrglglei(es were dissolved in purified chloroform
/

0
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