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ABSTRACT

The symmetrical thioboranes (RS)BB, where R= methyl, n-propyl,
n-butyl, n-amyl and phenyl, have been synthesized. Standard
heats of formation and the energy (E) of the boron-sulphur bond
were evaluated for each compound in the series. E(B-S) was
féund to be nearly‘constant except for trimethylthioborane.

The synthesis and thermochemistry of tricyclohexylboron
and compounds of the series ¢5_nBXn where X= Cl, Br and n= 0,1,2,
have been carried out. ©Standard heals of formation, -enthalpies
of transition and boron-carbon bond energies of these compounds
are reported. the sbtrength of the boron-phenyl bond was found
to increase with successive replacement of phenyl by halogen,
and this was interpreted in terms of structural features. The
results of a single crystal Y-ray crystallographib examination
of triphenylboron are given. ._

The synthesis and thermochemistry of the substituted -
2-chlorobenzo-2-bora-1,3~dioxarole derivatives are reported..
The conjugative effect of substifuents in the aromatic ring
on the adjacent dioxaboron ring was found to be negligiblg.
Comparison of the experimental heats of formation with those:g'
calculated from a standard set_of bond energies indicated that
these molecules were strained té'the extent}of 12 Kcal.ﬁolg?q
This was interpreted in terms of two opposing effects, (1) SFrain
in the five-membered ring and (ii) resonance energy. A simble.
geometric method for estimating strain eneréies in boron hetero-

cycles is derived and discussed.
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HOMENCLATURY

The nomenclature used to describe boron compounds in this -
thesis is as follows:i-

Compounds containing the nucleus-

—0 .
0—23 . are designated borates
\O
/'O
—-B\\\.O are designated boronates
~ . e o
B—0 -are designated borinates
/S
S— B are designated thioboranes
\S

Cyclic boron compounds. Five-nembered rings are identified .

as -olans and six-membered rings as -inans. The bicyclic

molecules are termed (arbitrarily)-

0~ 2-chloro-~1,3,2~hexahydrobenzo-

B-Cl
o—" dioxaborolan (ecis or trans )
O~ 2-chloro-1,3,2-hexahydrobenzo-
B-Cl I '
dioxaborinan.

Dewar's(q) nomenclature is used fp describe the heteroaromatig

boron compounds—



S5 = ""23‘5«\

B-C1l 2—chlorobenzo—2—bora—4,B—dioxarole
e ~— 072 L
/l
021‘4 " 0~
l B-Cl 2-chloro(5-nitro)benzo-2-bora
>~ _A—0—

1,%-dioxarole

The prefix 'ara' is included to indicate the aromatic nature
of these compounds.
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t
v

The many aspects of orgeno-boron chemistry have been
reviewed comprehensively in the past few years. Steinberg's(?)
extensive work 'Organo-EBoron Chemistry'! covers boron-oxygen |
and boron-sulphur compounds (Volume I), and boron-nitrogen
and boron-phosphorus compounds (Volume II). Boron-nitrogen
chemistry has also been the subject of two further
publications<5)(4) and Gerrard;s book 'The Ofganic Chemistry
of Boron' surveys the whole field in a general way. There
have also been several specialist reviews(6)(7).

The thermochemistry and thermodynamic properties of
organo-boron compounds have recéived scant attention. One
of the reasons for this is the l§ck’of reliable data for
simple boron compounds. The usuél method for determining
the heat of formation of a compound is to combust 1t in
excess oxygen under pressure in a bomb calorimeter. This
technique, however, was not successful with boron compoﬁnds
because of the difficulty in defining the final thermo-
dynamic state, e.g., most of the boron is oxidised to 3205
which partially hydrates, and in addition there is geénerally
a small amount of résidue which contains both B4C and

elemental boron. Eowever, this method has been applied to
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a few organo~boron compounis, by making corrections for
the unburnt material. Fluorine-bormb ealorimetry has been
used successfully to investipgate mainly incrgsnie-boron
compouﬁds.(g) But the technique that has found most oprli-
cation in organo~boron thermochemistiry is that of resction
calorinetry. Once the reaction hos been established ss
guantitative, it is thermally monitored at constant pressure
end generally at ambient temrecrsture. Ilydreolysis, hydro-
boration, acueocus oxidation and reduction are the types of
reactions vhich have becn studicd.

lluch of the work in the 7ield of ergano-horon thermo-
chenistry has been Que to Ckinner and hie collasbhorators.
From 1952 cnvaerds Ckinner published a series of papers on
this subject. In the initial peper Skirmer et a1l?) in-
vestigated the trialkyl borastes (RO) 3B, via their hydrolyses
gince they readily hydrolyse to alcohol and boric aseild.
The estandard heats of Tormation (A4 ﬁg) cf these compounds
vers derived from the known heat of form:tion of boriec scid
and the alcochol. In addition the m=an bond dlssoclation
energy (D) of theboron-oxygen bond wis evaluated, D is
defined asi=

5 (2~0) = 1/3 (D} + Dy + Dg)

where Dl’ D2 and D3 sre the individual bond dissociation

energies for the processes

B(O“R)B > B(0R), + OR Al = Dy
za(oza)z —> B(0R) + OR AN, = D,
B(OR) —> B 4+ OR All; = D,
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all components of these equations are in the gas phase.
Dy + Dy + Dy = AP (3,8) + 3412 (0R,8) ~ AE (Rg805,8).
The enthalpy of formation of»the radical RO,g was dgtermined
indirectly from the bond dissocistion energies of the aicohols
or from the thermal data on the decomposition -of alk&l nitrates

and nitrites.

Hp (CR, g) = D(R-CH) + AED (ROH,g) - AHQ (H,3)
for R = But.

RO.NO (g) —— RO (g) + NO (g)

RO.HO, (g) —> RC (g) + O, (&)

The final estimate of the B-0 bond dissociation energy in
the trialkylborates was 110 + 5 Kcal.mole™|. This value is based
on a value of the heat of sublimation of boron =V97.2 Eical.g.--atom",i
The figure now recommended by JANAY thermochemical tables(qo),
obtained by a weighted average of many determinations,is 152;8
+ 4.0 Kcal.g.-atom“q. This increases Skinner's estimate to ;
122 + 5 Kcal.mole—q. 411 future values of bond energy or
standard heats of formation quotéd in this theéis will be based
on ¢ﬁHg (B,g) = 132.8 + 4 chl.g.-atom‘q.

Tri-n-butylboron and the di-n-butylboron halides were

(1),

subsequently studied The reaction found most suitable for

calorimetric investigation of tri-n-butylboron, was its reaction
with hydrogen halide, a reaction which proceeds at moderate
speeds at 60°C.

n

n
BuBB + HBr —> BuzBBr + n—C4H10
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The extent of the reaction was determined by meaéuring the
volume of n-butane evolved. The above reaction was also used
to prepare the di-n-butyl halides (BugBK . Only the iodide
could not be obtained pure (90 - $5%) since it had a siﬁilér
volatility to tri-n-butylboron. The halides hjdrolyse quan-~
titatively according to the following equation:

BugBX (1ig) + (n + NHLO — BugBOH (1iq) + EX.nH,O0
The enthalpy of this reaction was measured. Di-n-butylborinic
acid is a sparingly soluble o0il which undergoes aerial oxidation.
Thus these reactions were carried out under a nitrogen atmos-
phere. The assumﬁtion that D(EugB—Cl) is the same as D(B-Cl)
in boron trichloride, leads to the following bond dissociation
energies: .

D(BuSB-0H) = 130 D(Bu,B-Br) = 87
D(BusB-I) = 68 D(Bu"-B) = 84.5
all values are in Kcal.mole"q.-" 4 |

The mean bond dissociation energy of the boron-nitrogen :
bond D(B-N) was obtainedcqg) by studying the hydrolysis of

tris-dimethylaminoborane in acid solution.
B(NMe2)3 + 5H20 + 3HCL —mm H5B05 + 5NH2Ne2Cl
Combination of the enthalpy change in this_reactign with the

standard data, yielded the enthalpy of formation of B(NMeg)B,

This value was combined with a value of D(H-NMeZ)




to give an estimate of 5(B-Nﬂe2). In this paper Skinner also
compered the bond dissociation energies of the co-ordinate and

covalent links.

CeSey D(B—HRQ) and D(Bﬁeﬁe—-NR2)
5&—-OR}

where R = H, lie, ZEt,

D(B-0R) and D(Rle

He found that in general the covalent bond strength was an order
of magnitude greater than that of the dative bond.

Diborane is :Ii‘ound(/15> to add rapidly to olefins at rcom
temperature in the presence of organic ethers to form trialkyl-
boranes in high ylelds. Skinner et al(14> have exploited this
hydroboration reaction thermochemically to determine the heats
of formation of trihexyl, heptyl and octylboranes.

B2H6 + 6(RCH=CH

)
The reaction was carried out in a specially designed

> 2B(CHECH2R)5

calorimeter, by dissolving the olefin in 'diglyme' or 'monoglyme'
solution and then adding a measured volume of diborane. The
hydroboration of ethylene, isobutene, butadiene, and isoprene
has also been studied(q5>. Ethylene and isobutene'readily give
triethylboron and triisobutylboron, but the reaction of diborane
with butadiene and isoprene is cqmplicated‘by a series of
competing addition reactions to givé complex organoboranes and
is not really suited to thermochemical study. A similar

(18)

ﬁechnique has been used by Skinner and Bennet in the reaction



of diborane with acetone and propan-2-cl, in both cases the
reaction is fast and quantitative and yields the same product:
di-isopropoxyborane. :

BoHg + 4(CHg),C0 — 2 CHBCH(CHB)obBH....'..(1)

ByEg + 4CHzCH(CHZ)0H — 2[01{5031(035)0]233 ..o (2)

The reactions were carried out either by passing diborane
into pure second reactant or into & hexane solution of it.
Values of the standard heat of formation of di-isopropoxyborane
derived from the two reactions are in good agreement with one
another.

reaction(1) ‘Aﬁggi—Pro)2BH,lqu = -184.0 + 1.3 Kcal.molez_,I

reaction(2) A [(i-Pro),BZ,1iq.] = -185.7 + 0.8 Kcal.mole™ !

Finally Skinner<17><18> has ezamined the concept of
'‘redistribution reaction'. A gaseous 'redistribution reactiéh'
is defined as one in which bonds change in relative position.
but not in total number or formal character.

€eZ., %ng + %MYg — MY

If the assumption of coﬁstant transferable mean bond
dissociation energies holds then the above reaction should
be thermoneutral. Skinnep has applied this concept to the
series B(Nﬁea)nCla_n and B<OEt)n0154n’ by investigation of
the heats of hydrolysis of the remaining members of these
series, where n = 1,2 and has shown the thermoneutfality

assumption to be invalid.
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3B(Niey) 5 (8) + 3301y (g) —> B(KHe,)Cly () +eve.
AH = =12 Kcal.mole_q

%B(NMe2)3 (g) + ~}ECl5 (g) — B(NMeE)QCl (8) seeean

AH = -9 Kcal.mole™ |
B(NMe2)012 (g) and E(NMe2)2Cl (g) are more stable by 12 and

9 Kecal.mole™ ! respectively, than would be the case if the B-Cl

bonds should have the same mean bond energy as in boron‘trichloride

and the B—Hﬁee bonds should have the same energy as in trisdimethyl-

aminoborane. A similar trend is also found in the B(OEt}lclB_n

series, with B(OEt)2Cl (g) and B(OEt)Cl2 (g) more stable by 4 and

5 Kcal.mole_/l

respectively. This additional stabilization was
attributed to back co-ordination from the nitrogen and oxygen lone
pair electrons to the wvacant 2p; orbital of the boron atom. Skinner
applied 2 molecular orbital treatment to these molecules ahd found
that this T stabilization was also derived if it was assume¢;

that the order of effectiveness in back- co-ordination to the béron
atom is N> 0»Cl. It was noted that this ordér is reflected in

the strengths of the co-ordinate bonds (D) in Lewis acid—base»

complexes.

TABLE I
Complex _ D (Kcal.mole'q)
: Y ~ 28. ‘
1’1651\ —_— 313‘5 |
Et,0 —BF5 © . A-12.5 |
Alkyl chloride/BF5 No complex is generally formed

However, this relationship is possibly fortuitous in view of

the factors which can affect the strength of a-donor-acceptor
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bond and which are not relevant to back co-ordination. To
attribute the heats of redistribution eatirely to back co-
ordination may be an over-simplification and it may be that steric
effects (between the bulky Mes groups) are important. . Back
donation from oxygen to boron in alkylborates is also indicated

by the low acceptor power of these compounds. Although trimethyl-
borate will form co-ordination compounds with ammonia and anines,
the other alkylborates do not. The fact that triphehylborate
forus stable coumplexes with ethylamine and pyridine, is attributed
to the mesomeric interaction between the oxygen lone pairs and

the T electrons of the arocnatic ring.

Skinner's studies on the strength of the B-O bond in alkyl-
borates and the general lack* of thermodynamic information on
boron~-sulphur compounds has promted an investigation into the
boron-sulphur bond energy in alkylthioboranes (RS)5B. The
investigation forms the first part of this thesis. *The only ..
thermodynamic datum recorded(qg) is a mass spectroscopic study
of the volatile species above Zn3(cryst) and B(crystj at 700-900°C
which indicated the presence of 3235. A very approximate figure
for the enthalpy of formation.in the gas phase ( =11 + 10 Kcal.zole™
was quoted and the boron-sulpher bend energy was»célculated to -

be 100 + 14 Kcal.mole™ -

Stone(2o> has summarized the avallable thermochemical data
for boron trihalide addition compounds and this suggests that
the order of relative acceptor power 1is BBr5>-BClB‘>BF5,

which is the reverse of that expected from electronegativity



and sterie considerations. This sequence of accentor strenpth
""’-"': indicated ("‘51)

=1 by Zrovn and Holnmes vho measuraed the heats of

reaction of pyridine with the three boron hallies in nitrobenzere
solution.
BKE (sidtrovenzeone soliution) + CBV?? (nitrobenuene soluticn)
c 5?; 3K§ nitrovenzene solution
he results are tabulated:

- tha
1T d ¢ feat of Neaction
2 3,_3;';,- _i,de o7 T
- ¥ cn RPN
W ”~ ‘Q‘ s
jdﬁ‘B 2{3‘&1 bt 1.’&)
- . =+
&2013 3( [ ] 8 - C [ 2
. . o
:}:.22?3 3@» . - Ul

Although these valucs do rnot refer to the ras vhase reacticns,
it is unlikely that the crder of acceptor strength would Le
cliered by corvection to the ges vhase, An explanation can e
sdvanced in terns of Py -« Por bonding between beron and the
halogens, the gxient dependling on the halogone

%* ’f

W e '3

/ué'\ —> /mié_*(—'——% 5‘:// \'
X X X X X x

It ie prcvable that similsep P - P beonding cccurs in

ubstituted boron halilen, ceg. the sryl boron halldes. The

literature on this tyse of coppound is rather conflicting.
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Some evidence suggests that althouzgh Pm -~ P bending between
horon and halogen ceccurs, the main contributicn of electron
density to the electrophilic boron atom comes from P - Par

bondinz in the phenyl boron bond. Structures of the type, i.e.

X
+ .37

=/
have heen sugrested. ~Cualitative evidence for carbon-boron TT
bonding comes from electron diffraction data by Coffin and Bauergez
They found the phenyl boron dichloride moleccule to be planar and
the B - C1l bond length t¢ be the same as that in boron trichloride.
Dipole moment measurements(ZB)on phenyl boron dichloride
indicate that resonant structures of the above tyne contribute
to the overall structure of the molecuie. Epectrosconic investi-
cations of aryl boron halides have Deen undertaken by Bellam&zg% al
and Lockhart.(25) Lockhart caléulated the barrier to rotation
about the boron~carbon link as ~ U5 X cal. mcle"1 probably
indicating considerable TT character in the bond. Bellamy found
that vhereas the infrared spectra of a number of boron monoaryl
compounds showed a sharp bond at 1L4O - 1430 em™1 (attributed

to the B-C stretching), the band in the diphenyl boron

aryl

compounds had moved to lower frequencies (between 1220 & 1198 cm'l)

On the other hand the B-Cl stretch showed little variation in
absorption freguency in going from phenyl boron dichloride to
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diphenylboron chloride. It would be expected if there was an
appreciable amount of double bond character in the B-Cl bond,
any change in the groups attached to boron would markedly affect
the frequency at which the 311-0 symnmetric étretch occurred.
Stone et al(26) have reviewed the evidence both chemical and
spectroscopic for the bonding in alkyl and arylboron compoundé
gnd conclude that carbon-boron Tr bording is significant
particularly in the substituted boron dichlorides.

However, some evidence leads to the opposite conclusions.
Abel et al(27) have investigated the factors influencing the
co-ordination of amines to boron attached to oxygen. The
results for the complexing of the esters {/)’B(OR)2 and ¢2BOR with
pyridine are summarised. |

TABLE TIT

R(in ester) PB(OR),:CoHell © ,BOR :CoH N

Me stable stable
Et ‘ unstable ‘ stable
Pr® - | stable
:Bun - : assocliation

When there was no precipitate, heat of mixing indicated .
association, whereas a_precipitated conplex was described as
stable if it remained at 20°%/20mm. and unstable if under these
conditions dissoqiation occurred. It has already been
mentioned that trialkylborates generally give no co-ordination
compounds with nitrogen donors. This is attributed to back

donation from three atoms of oxygen to nucleophilic boron thus
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decreasing its acceptor properties. A phenyl group attached
tec boron, in some way conmpensates back co-ordination from two
oxygen atoms, and substitution of a second phenyl group consid-
erably increases the stability of these complexes. The resulté
indicate that Pywvr - Par bonding between phenyl aand boron is
unlikely. Armstrong and Perkins(Ea)(eg) have applied a self-’
consistant molecular orbital technique to calculate the 7T
electronic structures of phenyl and diphenylboron halidés. The
conclusions reached in both cases 1s that electron density on-
the boron atom originates from the halogen Tv orbitals and
that contributed by the phenyl ring(s) is not significant.
Finally in a recent paper, Dewar(30> notes that in a recent
study of the 11B nuclear magnetic resonance of several arylboron
compounds the resonances for the arylboroaic acids appear
downfield by ~ 10 ppm, relative to boric acid. This impiies
that replacement of hydroxyl by phenyl has a deshielding effgct
on the boron atom. Cther workers<51> have also drawn attention
to this surprising effect and pointed out that it cannot be
attributed to any effect of ring current or unsaturation, for
the 11B chemical shifts of phenyl and n-butylboronic acid differ
by less than 1 ppu. ‘ '
In view of these apparent contradictions a thermochemical
investigation of the boron-phenyl bond energy in the arylboron

halides was undertaken, and the results of this work appear in

Section 2,Results and Discussion.
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The strain in five and six-membered boron heterocycles
has recently been studied thermochemically(32>(53>. That the
strain is greater in the dioxaborolan than in the dioxaborinan

system, is shown by simple stereochemical arguments and also a

great deal of chemical evidence.

TN
.

0

I

Cl

Q~td

1
2-chloro-1,3-diocxaborolan

2-chloro-1,3-dioxaborinan
Thus the olan derivatives were found to be associated in

solution(54)(35> to a much great;r éxtent fhan the corresponding
inan derivatives. Five-membéred boron heterocycles also hyd@olyse
morevreadily(56) and form addition compounds with nitrogen |
donors more easily<57)(58>. The driving force in these reactions
is attributed to the relief of strain in the borolan systen by
formation of a tetrahedral configuration around the boron atom.
Whereas an sp2 or sp5 boron atom may be incorporated into a A
six-membered ring éQually.well. ‘In the first paper, the

following dioxaboron systems were studied:



CH,——0 H_(CE —— . o
5 CHQQP 0 CHBCH Q

B~-C1 B-C1 R-C1
CH,~—— 0 CE,——0 CHBCH———~O -

I 1T ' IIT
CH:™
e \
CH );-01
v

by hydrolysis in'a solution calorimeter.

O~ - : o :
R /,B—Cl (1iq) + 3H50 (1iq) = :iBBO5 (cryst) + “(OH)g (llq)-

~0 .
+Hcl (g).-l..l AHg

The ring strain, (¢5Hb), in these molecules was defined as
the difference in the standard heat of hydrolysis of the
compound and that of an unstrained reference compound

(diethylchloroboronate).
AH, = AHE(ROéBCl,liq)A - AHp(Et0),201,lig
This function was then correlétéd to the pure phase association

(&X' ) in the heterocycles.



TABLE IV

Compound ég%ggpal.mole'q) o{(Pure phase)
OCH,CH,CH,0B-C1 1.4 ' 11
GOH CH 0801 0.9 ‘ ' 5
GCEHNeCH,0B-C1 1.2 z
SCHreCHIe0B-C1 2.2 4.1

It will be noted that the greater the sﬁbstitutién (of methyl)

in the olan ring, the smaller the association. This is
probably caused by the increased steric hinderance to 'stacking
structures' which were postulated(55> as a mode of association
in the borolans. The value of ‘AHb for compound III (very
little association) was considered to be the approximate strain
in the dioxaborolan system. Compared with the value of fhe
dioxaborinan(IV) derivative, the difference is surprisingly ..
small. This method, however, gives only a relative measure of
the residual strain in the assoclated species. In the second'
paper<55> all the components wefe referred to the gaseous phase
rather than to the condensed states. The strain thus obtalned,
refers to the discrete molecule. In this paper the strain in
the thioboron heterocycles was also invesﬁigated.

AN ”
(cH,) B-Y

o

2,3
Cl or @

]

’

]
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These compounds were hydrolysed in a similar manner to the
dioxaboron analogues, but in this case the products obtained
depend upon the nature of Y. When Y = &, the'hydrolysis pro-—
duct is phenylboronic acid. (The standard enthalpy o?tformation
of this 'key' organo-boron compound has been reported(Bg);)

1 ; .
SRSB=-C1 + BHEO — R(SH)2 + H BO5 + HC1

)
SRSE-8  + 2H20 —_— R(SH)2 + QB(OH)z

The results obtained are tabulated.

TABLE ¥

Degree of association : Strain energy

Compound (e<') at 0.05M in benzene Kcal.mole”
SCchHZS%—Cl 1.02 - 2.8 + 4.3
SCH,CH,CH,SB-C1 1.08 | 3.2 + 4.3
P—————————
SCH,CH,SB-# 0.99 5.6 + 4.7
SCH,CH,CH,SB-f 1.01 ‘ . 5.5 + b7
éCHZCHEO%—Cl 1.22 . highly strained
GCH,CH,CH,08-C1 1.08 12.7 + 5.2

The five and six-membered sulphur heterocycles possess
approximately equal strain and fhis is less than in either of
the oxygen heterocycles. The smaller straln energy was
attributed to the larger boron-sulphur and carbon-sulphur bénd
lengths which allow an sp2 boron atom to be contained in a

five-membered ring with little strain. Unfortunately the



guantitative estimation of the 1:3 dioxborolan ring strain

was not possible because the compound boiled over an
egtens—ive temperature range, thus precluding the accurate
deternminotion of the latent heat of vavnorization. FHowever,
the pure phase degree of association (X ) indicates that it is
hichly strained.

Vhen, however, a dioxaborolan ring is attached to a
conjuzated ring system, the possibility of aromaticity in the
dioxaboron ring arises. According to the Iuckel rule, if a
cyelic compound is to be aromatic, each ring atom in it nust
have a P-orbital available to take part in a conjuzated system,
and the total number of T electronsg for a monocyclic system
rust ve (Un + 2), where n is an integer. Since the carbon
atom possesses one morc c¢lectron than'boron, the 3-ion will
be isolectronic with neutral carbon. XRepluocement of carbon
in an aromatic system by B will therefore give an isolectronic

aromatic systenm.

= RN % Ry
X R }|3l "I’R
B - 2
1 1
8 \.% &
L
Ry
VQ VI.

Compound V has not yet been reported, but borazine op
borazole (VI R, = H,R, = H) is well known and its properties
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are strongly indicative ¢ aromztie charscier. IJorazole
type molecules have been sublect to severzl thermochemical
studies,(AO}(QI)<&2)using both solution snd combustion
calorimetrye The date '¢» borazole by these tvo 41 ‘erent
techniques are in seriocue diasgreement, but the mcasuered
hests o ‘ormation o 3 trichloroborazole (Rl =Cl, R, = H)
are consistent. The exzerimentsl hests o ‘ormation o

these compounds (staniard state and gas phase) are tabu

lated.

TARTS VI
Re . N P g (etd.ctate) "°(H__
5O H i -2ChL49 ~197.C
12 o i ~129.6 -122,6
LC c1 H -256,1 ~235.2
bl c1 H © =255.4 -235.2

31 values arc in *.chl.msle”l

Ulmschneider ani Goubean(as}prcyared the irst knovn
aromatice organo-boron compounds Z-meihylbenzo-2-bors-l,
% dipzarocle (VII) an’ 2-ncthlberfo-2-horz-3=zza-l-0xarole
(Vi 7) by heatinz trimetryl boron with C-phenylenediamine

snd C-aminonphenol resrtectively,

2 T 7 O\ N
[ De Bie

NS 1" A *:/

VII VIII
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They "ailed, however, 10 rcallse the theoretical
interest o these systems. Scon a terwards, a vhole

series o similar compounds were repcrted by various

vorkers .\ ) (L5) (L6)(L7)

/ X\ X, Y = O, I\f, g.
u ' R R = #, alkyl, Cl, H.
Y

- 7 3
Ceveral monocyelic systems have also been aescribed(u“)(hg>

R R

=¢’ R = f, O,
(/ \o RY = g, (C75),00.
\"J/

2

The physleal properties of the benzo~2-bora-dicxarole

derivatives (VIV) have beer most

widely studled and may be considesred tyrical of trhis tyve
of molecule.

Snectral nronernties, Ultraviclet spectirQe of these com-

pounds showed cloee similarity, but were cuite diferent
‘rom the snectra c¢f the parent ring comnound, indiecating

the nresence o! analogeous conjugated systems.(hu) Flau
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O)havc examined the infra-red spectra of a number of 2-substi-
tuted benzo=-2-bora-l, 3 dioxaroles. The value 1.7 + LO cm'l was assizned
to the ring B-g stretching vibration, a value - hich is significantly
nigher than that (1350 - 1310 cm’l) usually found in tervalent horon-
oxyszen comvounds. This implies that the B-0 bond order in these compounds
is hizher than in the trlalkyl borates and hence that cangnical forms of
the type (X) contribute to tae structure

oo
B~-X

o

(%)
The chlere derivative (X = ¢1) showed np absorption band nermally

associated with the B~Cl bond, which could be due to the lgower B-C1 bend

order arising from tite above cunpnical structure.

Thernzl stability. The benzo-digxarsles generally show high thermal

stxbility compared with the corresponding acyclic compounds (RQ)ZBX.

The chilorpboronate (X = Cl) required prolonzed heating at 220 - 230°C in
order to dempnsirate a clear redistrioution inte 3013 and ‘he bis hgorate
and the bromo derivative (X = Br) showed similar st=bility. Lowever, the
stability of the O-aliyl derivatives was found to be a function of the
alkyl zroup gresent.(bl) The metiyl derivative quantitatively dispro-
portionates to trimethyl borate and tricatechol bidgrate on heating to

240° for 1¢ hpurs, .nd the sec. butyl ester is alimost completely decompossd

by the reaction.
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consequently the electron ehiits are incompatible. It
is the object in the (inal part o7 this thesis to investi-
pate thermochemically resonance stabilisation in this
system and the eifect o ring substituents on the stabi-
lisation.

ifinally, compounds cohtaining boron in a six-membered
aromatic ring were shown to possess exceptional stability.
The 10, 9 borazarophenanthrene (XV) and 10, 9 boroxaro-
phenanthrene deeivatives (XIV) werc the iirst compounds

.
of this type prenared (by Dewar et al.(55)(5°))

5» alkyl.

IV,

That this stability is due to resonance stgbilisation
ig indicated by (1) the ultraviolet spectra o compounds
XVand XIVwhich are very similar to that o phenanthrene
and quite di‘ferent rrom the parent compound (the substi-
tuted Bi-phenyl 2) salt iormation by these compounds in
alkali involves loss of a proton [rom the hydroxyl group,
vhereas boric scld derivatives normally form salts by
sddition of base to the boron atom. In the former case,

however, such an addition would be uniavourable because
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conversion o’ the boron atom from sp2 to sp3

geometry
would remove the aromaticity o the central ring., 10,
9 Borazarophenanthrene compounds are resistant to hydro-
lysis, even to boiling concentrated Lydrochloric acid
and concentrated alkali, (cf% tre ~ive-menmbered boron
heteroaromatics), and they undergo typical arcomctic re-

actions, i.e« nitration and Priec@l Crat¢is acetylation.

Bond. Bnergy Terms

It would be convenlent at this point to consider
the de7inition o¢ bond energy and the arplication of
bond energies to thermochemistry.

The heat of atomisation ( b.ﬁ:) of a compound AB
coentaining only A - B bonds relerg to the process.

48 (g) — A(g) + n B(g)

The compound is in tre 13ieal gas state at 25°C and
the gaseous atoms are in their elecironic ground states
aleso at 25°C. The sum o% the bond energies is set equal
to the heat o~ atomisation; thus the bond energy of the
A -~ B bond, E(A-DB) is de"ined by the expression

1

E(a-B) = - A H; (A8, &)

Consider the rollowing thermochemical cycle.

o
AR, s Ay + NB,g

{w‘c_’(_mﬂ,g) ZAH?_ (atoms)

elements A 4 nB (standsrd states)
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= L

ettty
then Ah’; = zAﬁggatoms) - AE{ (a3,,8)

Since relizhle values are available or trhe reats o

Jormaticn o the gassous atoms (,A,‘ atoms) of most of

F’
the connmon clements, only the standari hecat of ormztion
¢~ the compound, in the gaseous sitate, need be evaluated
in order to dete-mine tre bond energy.

Conslderation oF a molecule vwith two or more di lerent
tyres 07 bonds, €. Cﬁgcle, s further assumnticn is re-

£

guiged, For any cne molzcule the rhezt o atomisation

o]

rovides cnly one datum and can give cnly tle sum o° tre

bond energies ¢ thz ditterent bonds Thug the assurmptiion

5

ade was that each bond o7 a given tyre has s constant
charzscteristic enersgy itransterable from one molesculs to
anotrer, and that bond ensrzy terms were sd itive., Care-
‘ul experimental vork has shovn this si@rple sssumption to
e invalid and as a result a nurber ¢ rore sophisticated
(akthoursh empirical} bord energy schemes have cvolved,

The bond energy schemes which have been utilised in this
thesis are now sumnarised,

l. Laidler(5°)conside ed trhat elthouzsh C - € bond energies
(BE(C-C)) in the paratfin hydrocarbens are constant, tre

bond energies o7 the primary (Ecu(p)), seceniary (Ecg(s))

en’ tertiary (Egy (%)) cazrbon-hydrogen bends sre not identical.
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ay [1e

(vrere 1s some errerimental work by ﬁide(“D)te cmpport
this view). The heat o° stomisation (A Hg) of the
carntfin hydrocavbon is gliven by

A Q(m ”"3]'1 # 2) -4 (n - 1)3::“@ (wa YMFGin"?) + IT t‘*y( )
T B 9) + W Fo(t)

vherso ﬁ@, ﬁg und ﬁt are the mmnmbors ol primary, seconlary
tertiary C -« B bonds in the molecule. The gehene hos

geently been vpdated snd extendod by Eackle et al.
. F 2. b1

&llﬁn(’l)haa ghovn that the Introduction o a single naro-

meter, l.0. the interancetions botuzen nezt nearcet neighhours,
romoves practienlly 211 the deviation ¢rom constancy. Thic

rarameter is the interaction cnersy o a peir ¢fF cavhon
ztoms which are next neoarest neigbbours (1 ¢+ 2 interaction).

>4

L opore re’ined ecuation for caleulation o the hents ¢

o e, S 1"50 27 ey o 3 oo ko BN U e o

atomtsation ( A Ma) ‘or a eoppound RN is aloo derived.

4 -

Thio sovation takes into account all the sterie intersetiono

vhieh can erise in 2 molecule o the tyne EnX.
X’IG b "y '13 P o
So.ow o ip L 4 Xy 4 & 1 4 B, A S | 1
Ay ex * P Yon t Balee * Gt o2 3 eex

8 D oox * 85 T oxe t % A goe = (%)
vhere n and n, are the nmbers 67 C - 1 end © - C bords oy
iz the pumber ¢f C & C « C Intersctions, &g the nomber @
§ - C = X interactions and 2g the rupber ¢f C - X - C inter-

actlons, a, is the runber o C3 trion aticched 10 carbon
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and a, the number of CZI trios attached to c=rbon; 8¢
is the number of 03 trios attsched to X and (8) thre

total steric resulsion correction. ch etc. are the

e ective btond energy terms, ana T end D are con-

stante devending upon the t;me of interaction.

(62) This 1is an extension o7 on empirical

(59)

Cox Scheme
scheme devised by lackle and C'iHare "or aromatic
comzounds, in which the resonance enerzy is absorbed
into empirical term values Car - Car o the bonds com=-
nosing the ring.

The Cox and Laidler-liackle schermes are ezsgiest to
anhly because o the relatively smaller number 0° para-
meters involved. Kn excellent rcview o7 asvailable bond
energy schemes is given by Skirmer and ?ilcber.(65)

Poconance and Condurmnticn Energieg

The ususl method 0 calculating the reconance ensrgy
o~ a molecule is to take a staniard sect o7 bond encrgies
"rom vhich the heat o7 “ormation o one o” the resonance
structures can be calcilated, and compzre 1t with tre
exserimentally determined "igure. The magnitude ol the
resonance energy denends entirely on the re ‘erence adopted.
Zecouse the resonsnce energies calculated by this method
are made up o contributions o which T conjugation

energy is one but not necesearily the major component,




ycnsr(éﬁ)recommands that the encrgy assecisztel with the delgeslisaticn
of I7 electrons be descrived ra respnonce eucryy, wikd the tern canjuzas
vion energy refer Lo the energy obtulued by conperison of eXperimentsl
snd coloulated enthslpies of formation. It is conju.atica energies
whilch are congidered in this thesis.

Strain Energles

Sircin energles may be generally divideld int, three different typest
(1) enguler atrsin due to compression of the v.lency ean:le, (2) inter-
getinn str.in due tp repulslon betweennonmbonded atens, (3) tersisnal
strein of dauble bonds out of plsne where the  reatest Pyww « Par  over-
laop ¢un acour,

B eonsidering an edditional term (P) in the bond encrgy eratien,
strain  nd conjuzation A

ZE

corpoind, » elements,g
< s
A ligys FALP \atoms)

c¢lesents (std. states)
energics moy be derived.
LE « P =~ AIR loomound, g) + A'i-l?, (at-ms)
If P is positive it may be interpreted as straln energy and if nesa-

tive as cebjusaticn energy.

-3

Thermedvnanic Conventl-ns

The oulorimetry described in tils thesis was carried

out 2t constant pressure (atmgspheric) end the measured



reat of rezction is ecual to the enthalrzy chznge (A ).
Hermal thermodynaric conventiones sre _oclloved in selesciion
o. stanizsrd states ‘or resciants; the stardard state beins
the most stable “orm existing at one ztrosnreric pressure
znd 2500. Tre rezt o0 ormaticn 0 2 substznee in this
state is denoted z«‘z Tre hezts o° ormation o the
alements in their sterpisrd siztes are zero. %hen the ro-
zction is exothermic the enthslny change is rezarded as
regative, All hest cusntities are cuocted in terms o the
therrocheani~a’ ezlorie thich is de Ined by the reliztion-
ehip 1 eale. = L4.,1340 2bs. Joules,

om
“wa

ider the ollovwing hypotheticsl rhyirolysls resaction:
et L2

<2

L)
n;

ns
) B 120 e BB;:«G} + 30FE

cbservad heat o Hpdrolysis (A Hobs} re_ers to

e
®

the rezction

(PJ{)BB (std.state) + (n + 3)= c(lig)_(zrzp + ZRXI)e
H

R
i

I‘;.u.z ;
and the standard heat o~ hydrolysis ( & sz;’l) rerers to the
process

(%) ,B (std.state) + 33 0{11%) = I B0 3( cryst) + 3=¥XE(std.
3 state)

the two functions are connected by the ecuaticn
?'30 — -
A“b = DHgpe—

AT, = hest of solution at 25%, with a final thermodynemic

[LHS (rezction products)

state 33303.1:}220 or F;XH.%HZO. A Hg is the rest of solution
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1t 257 ané 2t infinite dilution (¥ = a;. The difference

{

between this znd C>F% at ccnceniration I is the hezt of
tilution. Ieats of diluticn zre very emall snd gererally

less than the limits o7 sceurszey chisinstle with the
calorimester, and ccmnscouently reats of éilution are neg-

iccted (but not in czees vhers rydrogen chloride gae is

o

the product). Heats of mixing are 2180 neglected.

"roatment 6° Errors

it Is custcmavy(ET);r commusticn calorimetiric wori,

{0 guoile errors as tvwice the sitandsrd devistion Trom the

rean, even wiih only three cbssrvatioms. In this thesis

the followinz procedure ¥itk regard to errors is sdonted.

(1) or less trhsn “ive observaiioms the error is tzken
&8s the rance.

{2) or five or zore cohscryaiions trhe error is quotsd

the gtenfsrd devistion from a sgingle obser-

30

.5 t¥ic

aY]

vaticni.
Tre net error is calcoulsted s the root of the sim

of the scusres ¢F the consitituent errors.
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RIESULTS AND DIOCURSTCI

Section I, The Thermochemistry of the Trislkylthio-

beranes and Trinhenvylthiobor=ne

Turnose of Investication

o ashaieanr e ———

(=0

4

To synthesize the symmetrical thioboranes (RS)BB,
vhere R = Ke, n - Pry n - Z2u, n - &m and fh, snl deter-
mine the value of the boron~sulphur bond energy in the
series. (Triethylthioborane has alrezady becn studied in
this laboratopy)(33)

Yethods of Prenaration

Alkyl and arylthioboranes are gener:zlly prepared by
two main methodse.
(1) Condensation of alkane thiol (3 moles) with boron
trihalide (1 mole) in a suitable sclvent, e.g. benzene
or methylene chloride.

328l + 23X, —> (R8),B + 2ICl

3
The yield of thioborane obtained by this direct method
is, in some cases, poor tecause cf the formation of the
dimsric species(6)}XVI.
R
i
///,S\\\a
\/B

X-3 - X

VIa

Wetn



The problems of incormplete rezeticn a»- overcome in
the second method thich makes use of metal rmercaptides.,
(2) Reaction of lead, silver cr sodiuz mercastides with
boron tribromide in bvenzene yields tre corresponding tri-

X - (&65)
alkyl or arylthiohorane

3SR + BEr; — ().3 + 3:z3r.

¥any other general mesthods of gsynthes are availabhle
end these have been summarised by Lanpert )

Trivshenylthiobrane was prepared accordiing to the pro-
cedure of Younz and &358%303(67)éy'refluxing trhiophenol
(3 moles) with boron trichloride (1 rmole) in benzene solu-
tion. These workers attempted to nurify the nhenylthio-
borane by recrystallisation from benzene, btut Pound that
the meltins point vwas not sherp (129 - 143%), even after
several recrystasllicaticns. In this prevsration the com-
pound was purified by distillation at reduced pressure and
s pale yellow solid +wes obtained which had a sharper melting
voint (110 - 143°). A1l the alkylthioboranes used in this

-
¥

vork wers conveniently vrepared by the method of Xikhailov
and Batnov.(Ga) Alkanethiol was added to boron trichloride
in ether solution at -80°%C to give a 1 ¢ 1 complexs Cn
wvarming the reaction mixture to ambient temperature, hydrogen
chloride gas vas liberated and was abstracted with triethyl-

amine., After filtration of triethylamine hydrochloride and
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removel of the solvent, the glkylthicboranes vere puri-
fied by vzeuum distillstion. 411 the trizlkylikictorancs
vere cclourless, mobile licuids. The mrezaration, analysis
erd handling of these compounds are described in detazil in

the experimental seciicn.

Trialkyl and triphenylihioboranss sre reaxdily hyiro-

r()

lysed secording to
I 35 5,30 184,
( 33’*320** 334‘3*
The thiols produced are slightly vater soluble and
therefore all hyérolyses vere performed in saturated sclu-
tions of the thiols; in this wvay the thiols produced by

hyérolysis can be assumed to be in tiheir standard states.

v~'.1

he resction was also carried ocut unier & nitrogen atmos-
ere since bothk thioborenes and the thicls are susceptible
to aerial oxidation.

For trimet:hylithioborane, the product (methanethiol)
vas gs=seous. Any thermal effect due to evcolution of gas,
e.gs direct thermal transfer or from vapourisation of water
vas zssumed neglizsible in comparison with the heat quanti-
ties Peing mezsured.

Dy tre measured heat of reaction, refers to the
process
(R8) ;B (1ig or cryst) + (n + 3)H,0(1iq) = 328i(1iq. or g)
+ H-BOB.nﬁzo

2
from which



]
(S
N

i

<7 ™o - rey ey T I Y 179
A‘Lf ( ”.‘)323 1iq or cry st) = A;gf(—;}y(}}.n}?@1 + 30,

(ReH, 1ig or g) - 3 A HQ(2,0) - AR

obs.
incillary thermodynenmic data used 4o —aleulzte the
standard heats of formauion of the thicroranes is collected

in Table VII.

TA7ID VIT
: ~vo o "l
Srecies 85,2298 (F.c2l.nédle ~) Scurce
1.0 1ig. -63.22 €9
Ciged, g. —5.L6 + 0.2 7¢
- SH . - . ‘. 6 /
n - C3i,8H, 11 29.76 + C.156 7C
haad J.‘ »:ﬁ ) - [ 5 ‘o (¥
n - O HeH, 1ig 29.76 + €.28 70
n - c‘.ﬁnszz, 11. -36.11 + C.LC 76

The teats of formation of the slkanethiocls have recently
been revised(")ﬂqing more mofern thermodynacmic data, but
tha values hsve not bhanged sifnificantly.

hese Ccom—

ch

The deterzination of the bond energzies in
pounds, regs:iirce that the standard enthalpy of formation
cf tre compournd in the gasecus state be knowvn. Herce the
latent heats ¢f vepourisaticn of the symmeiriczl thioboranes

were deterniined. The method used was & dyn=z=mic distillation
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technicue, establishing en ecuilibrium betveen liquid
and vapour and stabilieing the pressure with a cartesian
monostat (see Fxperimental secction L).

The exnerimental data are represented in the fornm

b
10gy6P (gm) = @ = 7%

vhere a and b are constants. Values of a znd bowere
calculated from a Rast squares analysis and they are
collected, together with the latent heats of vapourisa-
tion ( A IiTvap), for the trislkyl thioboranes, in Table

VIII.
T PLE VITT

o a Ragge 10"3b AHTVap. Aizg%vap. -1
<QERONNC, TUC &  222® Tgocal.bole  K.cal.mole
(Ci15) 5B 30-120  8.96L 2.965 12.3 12,9 + 0,57

- - . - .33,
(CH8) 5B - ' 14.6 + 0.5
(n-Cgll,8)5B  150-210 10,32 3,98 18.2 20.8 + 0.5
(n—Cuﬂgs)sB 167~230 10.55 L.38 204C 22.9 + 0.5
(n~05nlls)38 173-230 10.86 L.82 224,05 25,0 + C.5
(061158)33 - - - - 26.0 t 1:5

Values of AHTvap refer to the mean value of the
temperature range over which the experimental measurements
rvere taken. Application of Watson's(7‘3)equation (see
Experimentgl section L) reduces this datum to 293°K.

The boiling point of triphenylthioborane was too high

to permit determination of 1ts latent heat of vapourisa-



t
L&)
Pes)

!

ticn by this methods It ves cstimatled from a grash of
pelecular weight szzinst A Higi of Ri)js. Gince tri-
pherylthioborane in its stonda®d state is crystalline,

the latent heat c¢f fusion woe &lgo requlr 4, Enthalpies

of fusicn of crystalline comounds are usually determined
by measuring their heats of solution in en inert cclvent.
nforiunntely, phenylthioborane wos conly scluble in those
solvents in which comnlexing cccurrcds (The heat of solu-
tion of triphenylihioborane in 1,bL dioxon wis syproximetely

"25 {ecl.mole 1, vhicl: is &

b

order of st-ithﬁe ireater
than rwost enth:lpics of solution, indicating that sironz
Lewis ascid-base complexing had izken place)s. <riphenyl-

k)

thiocborane wos therefore assumed to have an enthalpy of
fusicn egual to that of triphenylboron (i.e. 4 E.cal.mcle-l).
In table IX the heats of formation of the alkylthioborane

end prenylthiocvorque, in their standard statcs, are col-
lected together with the mesn value of the heat of hydrclysio

( AHobs)'

A granh of enthalpy of formation of m") 3 vhere R =

s

ethyl, n - propyl, n ~ butyl ani n - a2ryl ir the liquid

and raseous states, versus the number of carbon atoms in

r{8) yie1as a 1linear relationshin. (Fige I)
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A lecast squares analysis of the data leads to the
following equations for the enthalpies of formation of

the trialkylthioboranes

- AH;},((RS):,)B,].ML) = (17.50 + 0.12)n + (47.85 + 0.L4) K.cal.mole™

- AHQ((RS)4B, &) = (15.11 & 0.16)n + (37.49 + 0.60) K.cal.mole™

Henece the standard heats of formation of the higher
homologues (n = 64 Te...) may be readily cstimated.

The boron-sulphur bond energies in these compounds were
evaluated using the measured values of thelr standard en-
thalpy of formation (AHfo,,g), the hezts of sublimation of
the constituent elements (AH?, atoms) and the ecvations

£E= AR (atems) -~ A H, ¢
values of the enthalpies of sublimation used in the cal-

culations are tabulated.

1l

1
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TABLE X
SO N

Snecies Aﬁg&%(&cal.gmatom-l) Source
C,g 17049 + Cul5 10
g 52.10 + 0.001 10
Byg 132.8 + L,O 10
S,8 66.7 + 0.5 10

Two bond energy schemes were also used.

(1) Laidler-¥ockle (I - 1)

Numerical values of the bond energies E(C-i), primary,
seoondéry 2nd tertiary and those for E(C-H ap? E(C"C)ar
and E(Cspgﬁ) were taken from Mackle snd anrick£75) Substi-
tution of these values into the above eguation yields the
boron-sulphur bond energy.

(2) Allen

Application of the Allen scheme to alkyl thioboranes
leads to the following expression:
= AHQ (atoms) - AN, = 3By + agBey + 858, + 335g

+ 8 Tooo + 3Tgpg + 3Thac * 25T0cs * AT
vhere B is the 'effective' Allen bond energy term, T and

A are the magnitudes of the 1, 3 interactions and the
interaction of the 83 trio attached to boron respectively,

and a; are the numbers of such interactions. Using Skinrer



end Pilerer! s(éj)collﬁt ed data (after zdivetment to
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Toce 207 Tapge the composite ternm {) w=s evaluaied.
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fince values of the standard cnthalnies of formation

of thicethyl and thiomethyl radicals arc cuocted in litera-

i
ture(79), the mean bond dissociation encrey (D) of the

('5
ﬁ

boron~sulphur bond in ethyl and nethyl trhlohorane vos also

evialuated, from the exzression

D(3-¢) = $(Arg(7) 53,5 - 3AHR(RT,2) =~ Aa(3,8))
Fowever, tie error on these D Jate is tco large for

the results to be significant.

TARLE YT
e BORNE e S o
C5 8540 87.2 7.4+ 5
Gyl 9G.L 91.8 92.5 + 5
n-Cxily &9l 9048
n—Gugg 39,3 90.7
n~Cgllyq £9.9 913
Celly £9.8 -

The error in all bond energles in the second and

third columns was + 1.7 Keczl, except for R = CGH5 which



- U2 -

was + 245 Kecal. The boron-oxygen bond enerzy in the
corresponding trialkyl borates has been derived(33)from
fkinner's data using a similar bond energy scheme. It
would be convenient to reproduce these results here,
(Table XII),

TABLE NTT

Compound (CHBO)BB Egga5o)33 (n-CEH7O)gB (n-cuggo)gs

E(3-0)X.cal 1l2.4 123.6 - 12b.5 125.1

There is a marked disparity in the boron-sulphur
bond energy in methylthioborane and its homologues (~ 5
Kecal.). A cortesponding difference zlso occcurs in the
trialkyl borates, (30)33, ( ~12 Xoesl)s If this is due
to an inductive effect then it appears that oxygen is
more efficient in transmitting this effect than sulphur;
arguments based on size suprort this idea. The fact that
the alkylthio-boron bond energy is the sane us the arylthio-
boron bond energy indicates that phenyl substituents do
not affect the electronic character of tnhe boron-sulphur
bond. Furthermore, it sugrests that in the trialkylthio-
boranes, 1little or no back-donation from sulphur to bopon
takes place, because 1f this wns the case the attachment
of a phenyl group to sulphur would almost certainly inhibit
thisback co-ordination snd reduce the boron-sulphur bond

strength in triphenylthioborane relative to that in the



alikylthichoranes, Ffuowert for these copelusisns comas

*"J

75} iox
from Enckle and lay ko vhe investimntel the melecules

b

.CHE.E.Ei, ”h.Cﬁg.ﬁ;ﬁe, TheSaTh, i ThaED.Th theroo-
chenically snd found o statilisaticrn resultins fron con-
cation betwveen a sulvhur aton =nld mn allsceont vheny
croune Thus the order of effectlvensss of bask co-ordins-

tion to o boron atom is rnow
¥ >0>»C1 28
Bearing in nind the limitations in Skizner's treatment

f back-donaticn to the boren atez, it vould be of inter-
est to verify the above segucnce for niitrosen and oxXraen
by the same technicue that has been arnlisd to the boron-
gulvhur comnounds, €.2. by evaiuating the beoron-oxysen and
boron nitroren bond enersy in melecules vhere boek co-ordi-
nation can take vlace, and in molecules there it 1a effee-
tively inhibited (by atischment of nheryl or some other
strongly electroneggtive group to the oxygen or nltroren
aton)e. A comparison of the B-0 bond energy in (66350)35
and (CQH e)za molecules, =nd the B-I7 bond encrpy 1n
(Csi” TH) 3B and (c,,n,.yz) 5B, would yield the T stabilisation

energies directly.
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ergTICN 2, The Thermochemistry of Trishenvlboron, Tri-

cyclohcxylboron and some vhenylboronhslides

~= S

Purpose of Investiration

To synthesize the compounds in the series g}-nBXn vhere
X=Cl, 3r and n = 0, 1, 2 and determine the phenyl-boron
bond energy in each., By compariscn with the carbon-boron
bond energy in tricyclohexylboron to estimate the 7T charac-
ter (if any) of the boron-phenyl bond.

Methods of Prepsration

There are two main methods available for synthesis of
phenylboronhalides and triphenylboron; these are outlined
below,

1) Direct Synthesis

Phenylborondichloride and dibromide vere first prepared
by Michaelis(99)by heating diphenylmercury with boron tri-
halide in a sealed tube.

Hgﬁé + BXB —_ 2ﬁBX2 + HgX,
¥ichaelis also prepared the diphenylhalides in a similar
marmer; diphenylboron chloride was obtained from phenylboron
dichloride and diphenylmercury, and diphenylbpronbromide from
equimolar quantities of diphenylmercury and borontribromide.

2%3012 + Hgﬁz-———> 2¢2301 + HgCl,

Hefl, + BBry — g,BPr + HgPry
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In both cases small yields were noted and phenyl substitu-
tion <¢1d not proceed beyond this stage. The reaction of
phenylmercuric halide with boron trihalide has recently
been investigate&(gh)and shovn to give good yields of both

phegglboron dichloride and dibromide.

PreX + By reflux n,  gox, + HgX,

Ed
benzene
By refluxing these reagents in toluene for a longer period

of time, mainly diphenylboron halides are obisined with a
1ittle of the mono-substituted product. 93
The boronaticn of benzene to give phenylboron dihalides
has been the subject of numerous investigations. Ruigh et a1(96)
prepared phenylboron dichloride by vassing boron trichloride
and benzene at 560° - 600°C over palladium metal. Friedal

(97)

Crafts catalysts have also been used. Nuetterties achieved
2004 yields of phenylboron dichloride by heating together
benzene and a mixture of boron trichloride, aluminium chloride
and methyl iodide, under pressurec. Bujwid(gl)has obtained
50% conversion from refluxing boron tribromide and benzene
in the presence of aluminium bromide

#ii + EBry AErs , @33, + Hir
Bowie and Musgrave(gs)found that both bordén tribromide and
boron triiodide react with benzene in the absence of a cata~

lyst when subject to ultraviolet radiation, but no reaction

occurred between boron trichloride and benzene under the
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same conditions. Yo diphenylboron products were isolated
in any of the reactions described above, probably because
polysubstitution in the aromatic nucleus is unfavourable
due to the strongly electronegative ~BCIZ group which de-
activates the ring. Generally, the boronation of benzene
is not a suitable method for the preparation of phenylboron
dihalides, since reaction conditions sre severe and the
yields are not usually good.

The most convenient method reported so far for the
preparation of phenylboron dichlorides is that starting
from tetraphenyl tin and boron trichloride.(78) The re-
action is relatively fast and the product is obtained in
excellent yield.

Snﬁu + hBCl3 E— uﬁBCIZ + SnClLL
There is no evidence that phenylboron dibromide may be

similarly prepared.
2) Grignard Reagents
Provide a general method for the attachment of one,
two or three aryl groups to boron. The Crignard reagent
is added to boron trifluoride in ether solution,
PhgBr + BFy/etherate —— FET, — 210 , pga(on), + 2m
boron trichloride and bromide have also been used, but to
a lesser extent. The trialkylborates (RO)BB have been widely

employed in place of trihalides. Cenerally the intermediate
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halicée or alkyl ester is rnot isolsted but is hydrolysed

to the correcponding acid. Thenylboron halide derivatives
may be obtained from the Crignard product in tvo vways. By
dehyiration of the acid to give the anhydride, which is
then converted in good yield to ths corresponding phenyl-
boron halide by reaction with bopon trihalide sccording to
Serrards procedure.(sz)

(ﬂ23)20+ BX3 —_— 2 ;af?_ax + BOY

$30 + BYz — #2X, + BOY

Fhenylboron halides may be alternatively prepsred by attach-
ment of three aryl croups to boron followed by the stepvise
replacerent of these by halogen (using BX3 or HX).

The reaction of phepgyl lithium with trialkyl borates
has also been used to arylate boron. As in the case of the
Crignard reaction, phenylboronic and borinic acids are iso-
lated a&s products.’

The compounds used in this investigation were prepared
by the following methods. Phenylboron dichloride was
synthesized from tetrazphenyl tin and boron trichloride.

This method has been further develoPed in this laboratory

and both diphenylboron chloride rnd triphenylboron have been
prerared in reascnable yields. Thus, after remcval of stannic
chloride (by distillation) from the initial preparation,
tetraphenyl tin was added according to the equation
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diphenylboron chloride could be separated by vacuum dis-
tillation and was obtained in zbout 50% yield. Alterna-
tively the addition of a further amount of tetraphemyl tin
to the above reaction mixture apd distillation of the pro-
ducts gave triphenylboron (uﬁﬁ:;?ier recrystallisation from
diethyl ether).

Phenylboron dibromide was prepared by the simple dis-
placement reaction

ﬁBGlQ + BBPB i ﬁBBrz + BCl3

by mixing phenylboron dichloride and boron tribromide at
-800, foliowed by removal of boron trichloride. The re-
action of diphenylborinic anhydride with boron bribromide
in methylene chloride yielded diphenylboron bromide, vhich
was purified by vacuum distillation after removal of the
solvent.

(QYQB)ZO + B3r, ——+2¢253r + BOBr

Tricyclohexylboron had already been prepared in this
laboratory from triethylamineborane &nd cyclohexene.(as)
The detailed preparation and enalysis of these compounds

is given in experimental section 3.

Calorimetry
Phenylboron halides hydrolyse rapidly and gquantitatively

to phenylboronic acid and hydrogen halide.
gBX, + 20,0 — ga(cq), + 2ixX
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Sometimes the hydrolysis occurred violently, causing the
calorimetric fluild to be splashed on the sides of the
calorimeter. An attempt w:s made to subdue the reacidon
by a technique which “Vinner(lg)apylied to the etroxychloro-
boron compounds, 1l.e. by dilution of the reactant with
carbon tetrachloride. This, however, vas not successful
because carbon tetrachloride coated the phenylborcnic acid
produced and prevented 1ts further dissoluticn. It was
found by reducing the amount of sample and increasing the
volume of calorimetric fluid (125 =l to 150 ml vater), thzt
the reaction proceeded without undue violence. The weight
of sample wss =zlso selected such that phemyl borcnic acid
remained in solution, since this =acid h=s a small agueous
solubility (17g/1litre).

;zfza.f{z (11iq) + (n + 2)1»120 (1iqg) = (ﬁg(ozz + 2HX)nid,0...

8Hops,

Hence
A BQ(¢3X,, 1iq) = Ax a(#2(02), aq) + 2BH(X(50,0))
-QA-.f(‘-’ ¢, lig) - Hope

3oth phenylboron dibromide and dinkezylboron chlorile
(studied later) have melting points close to 25°. Liguid
£,BC1 could be supercooled to 25°C and hence the thermo-
dynamic data for this compound refer to the metaststle

liquid; but phenylboron dibromide did not supercocl and
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woge studied in the 1liquid state at 300. It was assumed
that the difference in AH_, at 25° and 30° within the
limits of error, so themse data apply to the hypothetical
liquid state at 2500. The assumption is probably Justi-
fied as an isolated observaiion of the heat of hydrolysis
of ﬁzacl at 30°C was only marginally different from obser-
vations at 25°C.

Calculation of the standard heat of formation of the
phenylboron dihalides regulres a knowledge of the enthalpy
of formation of phenylboronic acid. Thils datum ras recently
been determined(Sg)in this laboratory via the oxidation of
phenylboronic acid with agueous hydrogen peroxlde in basic
solution.

g3(0n), + Hy0, —> fOH + HzB04
The ancillary data used to calculate AH?. ﬁBXz are collec~
ted in Table XV. Values of the standard enthalpy of forma-
tion of phenylboron dichloride and dibromide are reported
in Table XIII together with the observed heats of hydrolysis.

Table ¥ITI

an,, (K cal.mole™ ) N AHgg5°(K cal.mole?
#5Cl,, g -40.3 + 0.3 (25°) 2900 -71.9 4 C.6
#8Br,, lig -48.85 + 0.2 (307) 18O ~41.6 + 0.6

Dinhenylboron halides

These compounds hydrolyse quantitatively ani rapidly but

not violently, according to the equation
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Diphenylborinic acid is a slightly vater soluble, intract-

able o0il which decomposes on standing.(lcc)

Hydrolyses vere
carried out under a nitrogen atmosphere zand in saturated
soluticns of the acid, so that the diphenylborinic acid
produced can be assumed to be in its standard staie (s.s.)
even though this state is ambiguocus. It was zssumed that
the thermal effect due t¢ further dissolution (or precipi-
tation) ¢s the reaction proceecded vas negligible. Inde-
rendant experiments have shown that the slow decomposition

of tre acid vas not thermally detectable.

#,8%(11iq) + (n + 2)}{20(1151) = ;anBOH(ss) + IX.ni,0.0.0 Al

ecuating standard enthalpies of formation

BHO(,BX,11q) = AHI(#,BCH,ss) + AUQ(HX.nf,0) - AH(E,0,1iq)
- Al -

Although the standard heat of formation of diphenylborinic

anhydride has been determined, the heat of formation of the

acid has not (because of the unstable nature of the acid),

It was, however, estimated(39)in the followingz marner:

for the reactiocn

(¢30)3(cryst) + 3zi20(11q) = 3g2(0H),(cryst)..s AT = -9.8 + 2,8

¥.cal.mole T
In the gas phase this hydration process was interpreted

in terms of tresking three B - 0 bonds in the anhydride,



threc O - H bonds In woter ani the subsesguent reform=tion

of these six bonds in thres moles of acid. The corres~

s

A

ponding hydrstion process for diphenylborinic arhydride:
({ézB)gO(cryst) + ch(liq) = 2¢,30% (ss)

involves only ohe O« znd 3 - C bond, fence it vzs assu-

ned that the enthalpy of hydration of phenylboronic anhydride

wa2s three times that of pherylborinic anhydride. This gives
P°(¢2 3CTT, hypothetical crystalline state) = ~78 Z.cal.mole L.

Because of the uncertainliy of the above value, it wes decided

to determine ¢sng(ﬁ2303,s$) by an indirect metrod. Diphenyl-

boron chloride was oxidised in a mixture of C.1 ! hydrozen

peroxide and C.1 ¥ sodium hydroxide (this mixturc is here-

after termed agueous excess base (2eceb.))e Kuivila‘l“*)

ras
studied the kinetics of the oxidation of the boron-phenyl bond
(in phenylborcnic acid) and has shown trat this reaction, to
give phenol and boric acid, is rapid and cusntitative. IHence
for diphenylboron chioride (supercooled to 250) the recction
is 240“

Z,BC1(11q) + 2H,0,(a.e.b.) + FaCi(aq) = 22(a.e.b.) + HaCl(ag)

+ HBBOZ(B"e'O')” ee A HO-IOS

Aﬁf(ﬁ!ﬁ,.nC:L 11q) = AHf(H 3B03,2..b. Y + AH (rc.m ag) +
2AHf(¢O I,8.e.be} = 2 AK (H Og(aoe.b.)A) - Hf(l‘ZaOH,aq) - Nlcps
Since all the values of the terms on the right hand side of

this equation are known (Table XV: (), the standard enthalpy
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of formation of diphenylboron chloride (1lig) may be evalu-
ated. Insertion of this value into the above expression
for thelydrolysis of £,B01 (11ig) gives A IN2(#,7CH,ss) =
~77+6 + 1.8 K.cal.mole'l, in good agrecment with the esti-
nated figure.

The enthalples of hydrolysis snd formation of diphenyl boron

chloride and diphenylboron bromide

X 8Hy, 25°(Kecalimele™ ) AHZ25K.cal .moleg'ljl
#,501(11q) 2000 -17.25 + Cul ~32.1 + 1.8
g,35r(11q) 170C -22.0 + O.l ~16.3 + 1.8

Trinhenvlhoron and tricvclohexvlboron

The basic oxidising medium (a.e.b.) used for diphenyl
boron chloride was also employed in the case of triphenyl-
boron and tricyclohexylboron. OCxidative hydrolysis thus
yielded phenol (or cyclohexanol) and boric acid quantitd@tively.
The initial experiments with these compounds were unsuccess-—
ful in that, following ampoule fracture the compound floated
and hydrolysis continued over periods of 30 minutes or more.
This type of calorimeter is not suitabie Tor slow reactions
because of the large error involved in the back extrapolation
procedure. In subsequent experiments triphenylboron was
dissolved in 1,4 doxen snd tricyclohexylboron in cyclohexanol,
then hydrolyses were complete within a few minutes,. (Tricyclo=-

hexylboron was soluble in hot 1,4 dioxan but crystallised
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i

from this solvent on ccoling). Both sclvents were dis-
tilled (dioxan from sodium) immedistely prior to usc.

For triphenylboron we may write the egquation:
#53(atoxan s01™) + 3H,0,(asesbs) = (3£0H + Hz305)ase.bs/

o ‘g
GlOXAYL seesvoses Afxobs.

The following ancillary data were alco determined:

dioxan (1iq) + 2e€ebe = Ai0%2n/2:e€eDecess AE,
¢3B(cryst) + dioxan = ¢5B(dioxan s01%° )., AHB

The observed heat of reaction AH (in cals) may be

obs
expressed =s the sum of two compcnents, (1) the heat change
(AI%) due to the solution of dioxzn in a.ec.b.; (ii) the
heat change ( £3H2) due to the reacticn of triphenylboron
in a.e.b.
Hope = Iy AH} + ¥, AH,
vhere Rl and N2 ere the numbers of moles of dioxzn znd
triphenylboron respectively.
ilence
AH?,ﬁBB(cryst) = H?,(}Z’SB, dioxsn sol™) - & H} =
AHZ(H,BO5,a.0.b.) + 3ATg(gol,a.e.8.) - 3AH(H,0,,a.e.b.)
- Af, . - AE - ARy
The enthalpy of solution of ﬁBB in a non-polar solvent

(bbnzene) was also measured to obtain an estimate of tre

enthalpy of fusion of ¢33.
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DH o, (#5B in dioxan) = AHg = 3.3 + C.13 K.cal.mole™
AHsoln.(Q'BB in benzene) = L.l + C.2 K.cal.mole™ T
At 1p.(dioxan in a.esb.) = AF; = -2,28 4+ C.C1 K.cal.mole™!

AHg ¢58(cryst) 25° = 11.6 + 1.9 K.cal.mole ™

Tricyclohexylboron was exidatively hydrolysed as a cycle~ ;
hexanol solution in basic oxidising medium
x ) n. -
(C6!111)33 (cyclonexanol sol™*) + 3HCh(2eeabs) = ( 3C4H, 108 +
HBBOB) a.e.b./cycthexanOl se s e e AdObS
Trhe following cata were determined:

(C6H11)3B(cryst) + cyclohexanol = (C6H11)BB( cyclohexanol sol®*)
eco e A 1{3

cyclohexancl (1ig) + ae.esbs = cyclohexancl/ce€ebDescess A Hy
AHobs = IIlA H1 + N2 JaN HE
where A}Iz is the enthalpy of reaction of tricyclohexyl-
boron in a.e.b., Nl and N2 are the number of moles of cyclo-
hexanol solvent and tricyclohexylboron respectively.
b3 O < = 17
Auf((C6Iill)BB,cmrst) = Aﬁf((CGH.ll)iB’ cyclohexanol) - Al

Oty _po - o
= 3 A Hp(Cgll 10, a.e4b0) + AF(H;B05,8.e.b0) = 3 A Hg

AH solution ((C6H11)EB in eyclohexanol) = A iy =

1.9 + 0,3 K.cal.nole™t

(eyclohexsnol in a.e.b.) = OHy = -1.98 + C.3 K.cal.mole !

AHsoZLn.
1

AHJ((CeHy 1) 5B, cryst)25°C = ~115.3 + 2.5 K.cal.mole”
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TABLE YV

Svecies 12 25%(K.cal.mole™) Source
#3(07),(aq) ~168.8 + 0.5 39
H,0 (1iq) -68,32 69
HC1.30C0O H,O0 ~-39.96 102
HBr.3000 H,0 =29.05 + G.09 102
H;B05 (aq) ~256.5 + 0.2 - 72
ZoH (cryst) ~39.46 + 0,08 103
Cgily ;O (1iq) ~83.45 104
1,0, (2q) 45,68 69
1aCl.14,000 H,O0 ~97427 : 69
Na0H.500 H,0 -112.12 69

2
The enthalpies of solution of phenol (cryst) and boric
acid (eryst) used were ~l.L0 + C.1 and -5.26 + C.0L

1 respectively. The heat of solution of hydro-

Kecale.mole™
gen peroxide and sodium chloride in aqueous excess base
wag assumed to be equal to that of water.

Lnthalpies of transition

The two methods used to measure the latent heats of
vaporisation of these compounds have been outlined in
section L, of the experimental. In the case of phenyl-

boron dichloride a stgtic method wasused and for the rest



- 57 =

of the compounds a dynamic distillation technique. ¥x-

rerimental data are represcnted in the form

log) P (nm) = a - rﬁgﬁjv
where a and b are constants obtained from a least syuares
analysis. Heats of vaporisation have been 'corrected' to
25°C using Vatson's eauation (see experimental section L4).
These data are now collected in Table VI,

TARLE YVI

Comround panze °c a 1072 b(°x) A Eﬁ@ AEI_;E;
#3801, 0-L5 6.29 1.76 - 8.C5
ﬁzﬁCl 90-212 Geli8 2,17 9.9 1C.8
#33r, 118-160 763 2.30 16.5 11.7
#,B2r 163-243 8435 3.15 1LY 16,5
ﬁSB. 150-295 8.28 3636 15.4 - 18.6
A1l enthalpies of vaporisation are in K.cal.mole™t and the
1

error is the same in each case, i.e. + 0.2 K,cal.mole .
Combination of the above results with the data from Tables
XIIT, XIV and XVI yields values of the eﬁthalgy of formation
of these compounds in the crystalline, liguid and gaseous

states. These are summarised in Table XVII.



doTIRWITqNs Jo Ldieyrus = mm& uotgewrfgns Jo Adieylrus JuUlunsSsSy

_oTow* {0y Ul odw sonres IV

A I
I
sL72VQOG6- B TFEONCH GOTFZC0 + 9t0F6°63~ GUTRCTI- 9°0+B°L9-
- - GUTTE 9T~ G T¥9 ThH- G T¥I*8¢~ 9°0+6°TL-
Ge ¥ GTT~ 6 T+9°TL+ - - - -
0% (Tly99) a% aca g Cagy g 10:%g 1o

NS TR St S

ITAd BTV

.62(8)2u
aM k3
0aZ(PIT)guV

18820}
ommA vomd



3]
iy

‘rec _Tnercies of Teaction

L

wn

It hss already been mentioned at the bezinning of

this section trat boronation of benzene was not a good

preparative method for phenylboron céihalides.

dynamic feasibility of this reaction may now be assessed,

Zig) + B}:B(g) —_— ;zfsxz(g) + C1(g)

)
Lockhart(25’(112)has derived free energy functions for

The thermo-

beth phenylboron dichloride ard bromide from 2 vibrational

analysis and using a rigid rotator simple hzrmonic oscil-

lstor approximation. (lolecular parsmeters Tor @33r, arc
O S 2

guessed from g3Cl, and BBr5).

ree energies of formation

and reaction of @8Cl, and fBBr, at 25° and 500°C are listed

in Table XVIII.

Aeg,(g)25° AG;(g)SOQO Atlreaction 25° Seo

X

i

Ol  =55.140.7 ~19.3

X = BI‘ “28.8:0.8 - Ol7

(211 data in K.c:za.l.mole“1 with an error of about + 1 K.cal.mole

YVITT
AGAreﬁctionO
EGO
"'9'3 “'8.2 "705
“9.1 ”806 "15.5

...1)

Increase in temperature has little effect on the formation

of phenylboron dichloride but favours the formation of

phenylboron dibromide, although at elevated temperature

this molecule is marginally stable with respect to the de-

composition to its elements.

It was also noted that
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disubstitution in the benzene nucleus did rot take place
in any of these boronation rezcticns:

¢3~-:2(g) + gi(g) — £,3%(g) + ©X(g)

Usinz the standard enthzlny of form=tion cata in Table ZVII
the heats of reaction for X = Cl and X = Br at 25° were
evaluated as C.7 + 1.5 ani 1.6 + 1.5 ¥ocal.mole T resnec—
tively. Thus, in agreement with exgerimenisl observations,
formation of diphenyl boron halides by the above rezction is
not favourable.

Disnrono=tionation of phenylboron halides

¥cCusker~ end Bright(113)nave gtudied the relative dis-
osroporticnation tendencies of the alkylboron halides, and
found alkylboron bromides are significantly different fron
the correspending alkylfiuoro and alkylchloroc compounis.
*nereas alkylborcn dibromides underzo a slow thermal dis-
nwroporticnation to boron tribrcmide 2nd trialkylboron, the
dichloro =nd difluoro compounds are completely resistant to
disproporticnation under the same conditions.

ZRBPZ-———> BBrB + R233r
Cnn the other hénd,’cf the threz dialkylhalo compounds, &i-
alkylboron bromides show the smallest itendency towards dis-
oreportionation

2R,BX ——> R,B + 1002

R,BF < R,301 £ R,BBr (increasing stability)
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The differences in dispronortionation behaviour were shown
to be due to thermodynsmic rather thasn kinetic factors. If
it is assumed that thermodynamic fzctors =lso control the
thermal decomposition of phenylboron halides and that they
disproporticnate to give similar products, their relative
disproporticnation tendencies may he predicted from the data
in Table XVII,

252-‘13?\22(g) o B:{B(g)g #Z,8%(g)
1

X = C1 AH (reaction) 25° = 8.8 + 1.6 K.cal.mole”

X 1

il

Br AH (reaction) 25° = 10.3 + 1.6 K.cal.mole™
Thus, in both cases, decomposition to the above reaction
products is unlikely to occur snd furthermore §3C1, and
ﬁBBrz will possess approximately ecgual saability with res-
pect to this disproporticnation.

2¢23x(g) — ¢33(g) + ;JB}:Z(g)
1

13.1 + 2.5 K.cal.mole
1

X = C1 &I (reaction) 25°

1l

it

X = Be AH (resction) 25° = L.l + 2.5 K.cal.mole”

A-ain, the above decomposition of diphenylboron halides is
unlikely to ocecur, but if it does then diphenyl boron chloride
will disproportionate to a smaller extent than diphenylboron
bromide, i.e. diphenylboron chloride will be: nore stable

than the bromide, which is the reverse of the order observed

for dialkyl boron halides.

‘The ancillary data used in these calculations was taken

from réf. 69.
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Bond Enerwpies and Wolecular Struct re

In order to calculate the carbon-boron bond energy in
the compounds studled, the standard enthalpy of formation
of the phenyl radical ( AHgﬁ(g)) mist be knovn. It may
be derived from the equation

AL (g) = D(F - 1) - Axg(g) - AH ()

The standard heats of {ormation of atomic hydrogen and gas-
eous benzene are accurately known, but the phenyl-hydrogen
bond dissocation energy varies considerably. Sdme of the
data obtained by several different metrods are listed in
Table XIX.

TABLE XTX
E AR 2T B

(¢ - 1) ¥.cal. Hethod Scurce
1C1.9 + 3 Kinetic 105
107.0 + 3 Electron impact 106
10546 + 2 Electron impact 107
10L.2 + 1.7 Kinetic. 108
1031 + 247 Kinetic 108

The mean of these data (1C4L.L + 1.7 K.cal.) and an error
of four times the standard deviation has been used here.

1 2na 1s in

This gives. Aﬁgﬁ(g) = 72.1 + 1.7 %.cal.mole”
(1c9)

agreement with a 'best value' selected recently.
However, it should be mentioned that in a paper presented

to the American Chemical Society Meeting in April 1967,



- 63 -

.7, Denson, D.¥. Golden and A.7. Rodgers gave a value

for the bond disscciation energy of the phenyl-hydrogen
bond = 11243 + 1 K.cal, vwhich they obtained from equili-
brium measurements. This makes A;Hg¢(g) = 86040 + 1 K.cal,
mmle-l; a value which is considerably greater than the
figure quoted above. Since, howsver, this 1s an 1soclated
cbservation and because 1t differs markedly from the major-
ity of other determinatiocns, we have preferred to disregard
it in favour of the above mean value. The standard enthalpy
of formation of the cyclohexyl radical ( z;xg C6ﬂll(g) =
12+ 3 K.cal.mole™l) was taken from reference 109, Carhon-
boron bond energies were calculated using these values, the
data from Teble XVII and the Pollowing thermochemical cycle.

(3-n9E(B-£) + ni(B-X)

750" n(g) > (30 *+ Be) * M)

ey O
] | ' (B*n)Axfof(g) + AUgB( oy
Afig P B (g) + DAHLK(

7

(7-n)(6C (grsphite) + %ﬁz(g)) + gxz(g or 1ig) + B (cryst)

hence . . .
(7-n) E(3-¢) =AHp $ B (e) + (5-n)Azz§,¢(g) + Au2B(g)
+AE%X(g) - nE(2-X)
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E(B—C) in tricyclohexylboron is readily obtained by substi-
tuting Cgfiy, for Z and puttinz n = C in the above eguaticn.
(€trictly speaking, E(B-C) in tricyclonexylboron is the mean
bond dissociation energy I(8-C); simil:rly E(B-£} ir tri-
phenylboron is D(3-¢). 2ut the bord enerzy terms are retained
to 2void complicating the text). The aneillary data used

in calevlsastions is collected in Tavle YXX.
TLBLE ¥Y

1

Species AH?, K.calemcle Source
51 . ic
o) 52.1 ic

ﬁﬁ(g) 19.82 11¢
B 132.8 + 4 10

(e) =
, 7L C
BI‘( ) 26.74 1
28- ! -1’-’\‘
Cl(g) 94 y

It was assumed that the boron-halogen bond enersies in the
arylboron halides are egusl to those in boron trikzlides
(using data from ref. 10, E(B-Cl) = 1C5.3 + 1.3 K.cal. and
E(B-Br) = 87.3 + 1.3 K.cal.). This assumpticn is prodably
justiried (at least for the prenylboron chlorides)}, since
in these compcunds the boron-chlorine bond length varies
little with environmant. 111)(e.g. B-C1 in 501, = 1.73 +

z
-t
i
-

€.02%, and B-Cl in @B3C1l, = 1.72 + 6.022)., Thers is no cor-

responding data for the bromoderivatives.
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Values of the carbon-horon bond encrgies (in F.cal.) are

given in Table ¥X7I,

TARLE XYI

;53012 zQBcl ﬁBBPQ Q’ZBBP & 53

(CgHyq) 4B

B(B-C) 116.0+2.3 110.4#2.3 113.7:2.3 108.3+2.3 104.942.3 88,243.4

E(’B—-C}_“_ 28 22 26 20 17

The T contribution to the boron-phenyl bond energy vas

derived from the expression:

B(3-C) _ = E(B-C) in @5 3%, - E(B-C) in(CgHyq)43.

llence it appears that the boron-phenyl bond in phenylbocron

ralides is strongly resonance stabilised. (Benson's figure

ror OUSE will incresse the above values of L(B~C)_.by
£ (g) ™

~ 8 K.cal.; the relative magnitudes will remsin the same,

however.) This stability can be attributed to structures

~
™~

+ —-—-B

Regonance stabilisation of this type is not an uncommon

feature of organometallic systems, zs is shown in “ig.II.



- 65 -

- 120 + 'I
) LMy
13 Ve
?; 100 A , e
v I P [ boron
> o e &
Qe !
PN I ‘ L/ I — C‘ Hs phosphor-us
$ 60 T —r— [
>0 — L CMHs
(¥4 -~ — 17 —1 tin
'
Lo -
E I S — —‘IC‘H‘
) ~ — — mercurs;
7 4-—-1 - Y
20 4
+ : : ' -
, M=1 M=2 =3 ¥=L N6
: CH3 02:'15 05H7 C)»I.H9 C6ﬂll & C6H5

PigeII Variation in bond energy E(M-R) in M.Rn with number

of ca{"bon atoms in R {(m)

This estimate of the magnitude of the Tcontribution to the
phenyl-b?:rcn bond falls between two other wvalues. I.:ocl&:hart(25 )(112
has estimated the barrier to boron-phenyl rotation in ;5}3012

(02‘, planar) from a knowledge of torsional modes and the re-

duced moment of inertla as~ U5 K.cal., and that in ﬁEBrg

(probably sz,planar) as 37 K.cal. In this work it has

been assumed that the O™ contribution to the E(B-C) bond

is 88 K.cal, from which valucs of 28 and 26 K.c2l, are ob-
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tained for E(B-C)y in ;ﬂBCl2 and %E?rz respectively. A

(llu)of several

simple iilickel molecular orbital treatment
triarylborons indicates the resonance stabilisation for

a coplanar system to be 12 ¥.cal., i.e. It K,cal. per boron-
pheryl bond.

Hlowvever, to compare the g contribution of a C B

sp2”
bond with the bond energy of a CSPB—B bond may nothe
auite Justified. Indeed, in a molecule such as tetraphenyl
tin, vhere the enhancement is ~ 15 K.cal. per phenyl-tin
bond, it is unlikely that resonance would contrlbute to
stabilisation due to the sterlc reguirements of the phenyl
group and the fact that tin is tetrahedrally co-ordinated.
Thus it is also possible that the bond stirength enhance-
ment in boron aryls relative to boron alkyls is a combina-
tion o botho and TTeffects, or even a pure o efrfect.

“rom the data. in Table I, the boron-phenyl bond de-
creases in strength with successive phenyl substitution.
This may now be interpreted in terms of molecular conflpgura-
tion.

Prenylboron dihalides. Fhenylboron dichloride (and, by

analogy, phenylboron dibromide) is found to be planar by
electron diffraction(zz)and in this configuration, resonénce
stabilisation is a maximum. The difference in E(B—Clﬁ

between 5333012 and ﬁBBrZ is not significant compared to the
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accuracy of the data. This is in line with Perkins' obser-
vations(28), wvho investigated the 1 clectronic structurcs
oi these molescules by a molecular orbital sslf-consistant

field technique, that the bond order of B-C in ZBCl, and

2

#30r, is about the same. In contrast, however, to the above

2
results, “erkins considered that eleciron density on the
boron atom originated mainly from the halozen TC orbhitals
and that contributed by the phenyl ring to boron was small.

Dinhenylboron kalides. 1In botl diphenylboron chloride and

diphenylboron bromide the 10 stabilisation is decrezsed by
~6 X.cal., This is probably because the phenyl rings are

twisted out of the BCZK plane in order to reduvce ring~ring

staric interaction at the expense of resonance stabilisation.

“riphenylboron. In this molecule the 7 stabilisation cnergy

of the boron-phenyl bond is further decressed ( ~ 11 K.cal.),
sugresting that the phenyl groups are twisted at an even
greater angle from the trigonal plane than in the diphenyl-
boron halides., Therc is scme experimental evidence to

(115), ,

Justify this interpretation. EkKamsey a8 investirated
the vltraviolet spectra of triphenylboron and some substi-
tuted triarylboron compounds {tri-p-tolyl-, trimesityl-,
and tri-l-naphthylboron) in methylcyclohexane solution.

A1l these compounds show a broad long-wavelength absorption

which Ramsey attributed to an intramolecular charge-transfer
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transition from the aromatic ring to the boron empiy P-
orbital. ile observed a progressive decreagse of the molar
extinction coefficient in going from trinhenylboron to
trimesitylboron. Thus, the increased angle of twist from
the BCS plane, corresponding to the increased steric re-
quirements of the phenyl sroups, decrcases the overlap
between donor and accentor orbitals. Ramsey alsc observed
that the broad wavelength abéorption consisted o7 at lesst
two or three overlapping transitions. Cne possible explana-
tion of this is that not all o+ the rings in the triphenyl-
boron molecule are identieal. It has been necessarily
assumed in deriving the Trstabilisation energy that all
three B-phenyl bonds in triphenylboron (gaseous) are equi-
valent. But, assuming that the 303 skeleton is planar,
there are three ways in which the phenyl groups may be
arranced. These are: (i) each ring could be inclined at
an equal angle to the trigonal plane (syumetrical propeller
configuratien), (ii) two phenyl groups could be inclined
at one angle and the third at a different angle, (iii) all
rings could be inclined at different angles to the plane.

The triphenylmethyl cation (¢30+) WES assigned(ll6)the
aymmetrical propeller configuration on the basis of infra-
red evidence. ©Oince this cation is isoelectronic with

triphenylboron it is probable that structure (i) is correct.
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(1lu)ba

Velsmann and Schug v

o

examined tri-p~tolylboron
and several other methiyl substituted triarylborons Irom a
theoretical standpoint (they consider enly structure (i)
for tri-p—tolylboron). These workers calculated the nct
potential enecrgy of thie moleculer by assuming a rigld o
skeleton and summing ail the non~-bonded interactions and
the resonarce energy. The resonance eneryy was expressed
a8 a function of the anzle or twict (90%- T ) of a phenyl
sroup from the trizonal plane. As the ligands approach

a vertical position to the planeQ(’T—>O°) the ortho Lydro-
cen atome eclipse one another, end at the cther extreme

where1ﬁ+900

, the hydrogen atoms overlap with the ring
carbon atoms of the other lizands. [ rom cinsiderations

of interatomic distances, “eismann and &chug shoved that
the limits of the angle T vere: 25° < Trs 70°,  For tri-
p-tolylboron they deduced an egquilibrium configuration
with T ~ 45°, when the resonance contribution (propor-
ticnal to s in ‘T ), had decreascd ~ 35% from the maxi-
mum value. Assuming trishenylboron has the same configur-

ation, then 11 K.cal. (E(3-C) in @BC1, - %(B-C) in #.3
2 TT 3

)
-
represents a 357 decrease in resonance stsbilisation giving
a total resonance energy of ~ 3C K,cal. This is in reason-
able azreement with that observed. { ~ 28 K.cal,)

ilence, it secms probable that triphenylboron in the



rageous rnhase has a symmetricel propeller configuration

. o ., -
in wvhich esch nhenyl group is twisted ~ L5~ from thc ﬁCB
nlene.

The Y~rayv crvstallogranhic structure of trinhenvlborcn

An X-ray crystallopgraphic study of trintenylboron has
been carried cut using the rcetating-single-crystal method.
"he followinz data was established:-

1. The crystal system is orthorhombic.

n, Unit cell dimensicne zrc a = 17.1%, b = 1C.2%,

a measured crystal density o7 1.l5g.cm'1).

e The opace gzroup is Pb Cn (D%ﬁ, n0 60)

The normzl number of equivalent general positicns for this
space group ig 8. As there are only 4 molecules in the
unit cell fthey must occupy special positions and cenforn
to the symmetry ol the special position. 07 the threc
possible special positions for this spacc group, two re-
cuirc a centre ol symmetry (vhich trinhenylboron does not
hove) and thus are not applicable. The third reguires a
wo=-01ld rotation axis, which this molecule can exhibit.
This would mean that:-
a) There is a planar co-ordination around the boron atom.
b) fHwo phenyl rings (A s«nd 3) in triphenylboron are simi-

larly inclined to the trigonal plane, with ring C at a
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different angle.

two-fold axis

This confirms Ramsey'5(115)interpretation of the ultra-
violet spectra of triphenylboron. (Although, strictly speaking,
Ransey's study was carried out with triphenylboron in methyl-
cyclohexane solution; ¢5B was thus in the liquid rather
than the crystalline state).

To determine the angle of inclination of thé phenyl
rings to the EC5 plane would reﬁuife en intensity analysis -~
of the diffraction pattern. This is made extremly difficult
by the absence of a heavy atom in triphenylboron and the . ~
investigation was not pursued any further. The angles could,.

however, be estimated from a model of the unit -cell.
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The nolarity of the boron-nhenvl bond

In agreement with the majority ol experimental evidence
it has been established in this section that the boron-
phenyl bond contains a good desl of -v character. Tiowever,
it s8till remnins to explain the experimental evidence which
leads to the opnosite conclusions, i.e. Abel%*(27)work on
the factors influencing the co-ordination of amines to boron

(30)

attached to oxygen, and Dewar's observation of the down-
field shift in phenylboronic acid relative to boric acid.
Both of these experimental observaticns indicate a loss

of electron density from the boron atom when OR in B(OR)3

(vhere R = H, alkyl) is replaced by a phenyl group. The
amine complexing experiments indicate that this effect is
most unlikely to be merely due to differences in effective-
negs of back co-ordination to boron by phenyl or oxygen.
T“erhaps this 'anomalous' experimeAtal evidence may be ration-

(117) 46

alised from theoretical considerations, Hoffmann
carried out an electron population analysis on boragzine,

aminoborane and borazane type structures, using a molecular
orbital method. In each of these three cases the nitrogen
atom was found to be more negative than the boron atom. In
the 7 system of the aminoborane structure (XVII), 0.23 of

electronic charge is transferred from N to B, but the effect

in theo~ system is reversed (because ,p tne electronesativity
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of the nitrogen atom), and the total charge transfer is

V1T

Ce28 electron from B to ¥e It 1ls probable that the high
electronerativity of ths phernyl sroup hasg a cimilar effect
to that of the nitroren atom, vroducing a net decrease of
electron density on ths horon stom. Thus, althousrh 1t is
true that the charge tronsfer is from phenyl to boron in

the 7 aystem, the total charge distribution is in the

opposite direction. Bond encrgles sm—dEhedise——Ssie

would be unaffected by this internrve~

tation.



Section 3., The Thermochemnictry of' 2-chlorobenzo-2-hora

1, 3 dioxarole and related comnounds

Purpose of Tnvestiration

To synthesize the substituted 2-chlorobenzo-2-bora
1, 3 dioxarole derivatives and cestimate the conjugstive
effect of the aromatic nucleus on the adjscent dioxaboron
ring.

Yomenclature

These compounds are named using the nomenclature sug-
rested by Dewar;(l)since, however, this systematic nomen-
clature is somewhat lengthy, the 2-chlorobenzo-2-bora 1, 3
dioxarole nucleus will be denoted by the nume-al XVIII.
The substituted derivatives will be denoted by the same
numeral followed by the substituent.
€Cofls

4 2
SN SN

6 B-Cl = ¥VIII (R = X)
A 2
7 1
The following compounds were prepared XVIII R = H, 5-le,
5-Cl, S—NO2 and L-¥eO. (3-methoxy catechol was the only

commercially avallable methoxy substituted catechol.
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Method of Freparation

All the YVIII derivatives vere readlly prenarecd by
adding the appropriate catechol, in suspension in methyl-
ene chloride, to a solution of boron trichlorideé in
methylene chloride at -80°G, gccording to Gerrard's pro-
cedure.(51) After removal of the solvent, the product vas

OH C
-

AN
R + 1-3013 > R O B-C1l + 2IC1
| /

S ou 0

purified by vacuum istillation; (except for ¥VIII (R =

B—NOQ) whikh exploded on distillation and vas ourified by
crystallisation). All the products were stable crystalline
solids and good yields were obtained. Hovever, in the case
of XVIII (R = L-¥eC), cnly a small yield of rure product
was recorded (204), together with a dark polymeric material
which failed to distil. The polymer contained no hydrolys-
able chlorine, but reacted slowly with water to give boric
acid and an aromatic hydroxy compound. The L-methoxy deri-
vative was slightly less thermally stable than the other
substituted compounds (with the exception of XVIII R = 5-110,)
and it could be slowly pyrolysed, (by pumping for L hours
at 150°C/100 mm Hg), to give a similsr polymer to that ob-
tained in the preparation. A liquid collected in the cold
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trap protecting the pump vwas tentatively idéntified as
methyl chloride containing traces of boron trichloride.

It is possible that the liquid identified as methyl chlor-
ide could have been 'tropped' methylene chloride solvent.
Jonsecuently the preparation of XVIII (R = L-MeC) vas re-
neated using carbon disulphide as solvent. A much improved
yield wés obtained (707) and a very smsll smount oY polymer.

The pure compound YVIII (R

]

L-}¥eC) wus pyrolrsed, as before,
to give a polymeric product, and the liguid collected in the
trap wzs positively identified as methyl chloride by com-
parison of its infrared spectrum with that of an suthentic
sample of methyl chloride. (See rige. III)

A possible mode of elimination of methyl. chloride during

pyrolysis could involve the lL-centre mechanism iliustrated

bhelowe. cl
|
B
7/ \
o o - —
o<
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The nolymeric residue had a boron content of 5,945
and compound YIX would recuire B = 8.0 ¥%, hence it seems
likely that the polymeric residue contains only a sm:11
amount of ¥I¥W. The above observation on the bechavicur of
this type of boron comnound is by no means unicue., Dande-
goanker et al(llg)have shovn that when p-methoxypshenylboron
dichloride (XK? wvas heated, methyl chloride was cuantita-
tively evclved and a resin-like eo0lid remained. On hydro-
lysis the resin yielded p-hydroxyphenylboronic acid.

\

A Cl _ oH
el // B B
\ AN N
C1l j3]
Cle
Lggers and Kettle(llg)have recently found that ortho

anisylboronic acid (X¥I) sets to a hard resin when heated
to 4O - 5000 under vacuum, and dehydration is accompanied
by methanol elimination.

In deriving the conjugation energies in these compounds,
it was considered necessary to have a reference compound
vhich possessed a similar structure to the benzodioxarole
system and was itself not capable of resonance. A sultable
compound would have been 2-chloro 1, 3, 2 hexahydro-benzodi-

oxaborolan (X{II), however an attempt to synthesize this
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commound by condénsing cis 1, 2 cyclohexane diol with

bowvon trichloride vas unsuccessiul.

B-C1

N\

XXI1T

It has been mentioned in the introduction that the
borolan system vas strained and that it tended to relieve
this strain by inter-molecular assoclation. Such associ-
ation is impossible in the case of XVII because of the
puckered cyclohexane ring. Thus, for this reason, the
molecule XXII 1is probably too unstable to be isolated.

(IFf this molecule had been stable it would have been poss-
ible to estimate the inherent strain energy). In contrast
to the five-mambered boron heterocycles, the 1, 3 dioxa-
borinan ring is much less strained, and a stable bleyelic
molecule containing a dioxaborinan ring ‘used to a cyclo-
hexane ring was considered to be an equally sultable
reference. compound, €.g« 2-chloro 1, 3, 2 hexahydrobenzo-
dioxaborinan (XXIII). Although this compound is unknovn,
the 2-hexoxy ester (XXIV) has been prepared by Dale (120),
who realised that a trigonal boron atom could spsn the

hydroxy groups in cis 1, 3 cyclohexane diol with little
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B~Cl BOCGH13

XXTIT XIv

strain, and used it as a method o7 separating the cis and
trans dsomers of this compound. Compound XXIV was simnly
prepered by heating trihexylborate with cyclohexane 1, 3
310l (cis and trans mixture). The cis isomer forms XXIV
and is distilled off (a colourless liquid), whilst the
trans isomer forms a polymeric borate and remains in the

feaction flask. To obtain Y¥III the redistribution re-~

setion:-
BeC6H13 Ketrvlene 3:01
B ? ne
*+ 3Cl3 Cpioride Ceglly 30301,

wvas applied. A similar redistribution reaction has already
been demonstrated for the 2-butoxy esters of benzo~-2-bora,

1, 3 dioxarole(121) (122)

and 1, 3 dioxaborolan. The above
rezction was, however, a failure and no identifiable products
could be isolated. Thesd results are in accord with the
observations of Tinch et al,(IQS)Who studied the factors
influencing the stabllity of 2-chloro and 2~alkoxy 1, 3

dioxaborinan compounds. The thermal stability of the




2~chloro derivatives decrcased sharnly uwnon substitution
of the ring hydrogen atoms by methyl rrouns, vhercas the
stability of the 2-alkoxy esters incressed. If XXIII and
IV can be regarded as hichly substituted 1, 3 dioxa-
borinans, then the instabhility of the 2-~chloro derivative
(¥71I1) is r=tionalised.

The reason vhy compounds containing the B-Cl link are
nreferred in solution calorimetry is because trey hydro-
lyse ranidly and quantitively. Zster hydrolysis is an
equllibrium process an® it is difficult to know the position
of equilibrium. Howvever, the ester XYIV vas showm to be a
guitable compound for calorimetric study, since the half
life of its hydrolysis in 0.1lM sodium hydroxide was found
to be 15 sec/25°, indicating that the reaction went quickly
to completion. '

Celorimetry

In excess water, the benzodioxarole derivatives are
guantitively hydrolysed to boric acid, hydrogen chloride
end the starting dihydroxy compound {(althouzh insufficient
vater leads to the nreferential destruction of the boron-
halogen bond). The thermochemical equation for the hydro-
lysis is:~

O~ CH
R /5—01(cpyst)+(n+3)z~120= R 4

0 CH

..03 + HCJ.]_?EIZOc.«o A HObS




and hence

O\ Cn
Ar;?{g (R@ B-Cl, cryst) = An;’, (R , aa)
0/ 0%

O L4 1-’0 T -1’17 wT v
+ AHf(ﬂBBO s aq) + Ai‘if(h(}l -3-)-‘-120) -3 Al;f(ﬂzO,liq) - Al g

The 2-hexoxy ester XVIV was hydrolysed in C.1 ¥ sodium

hydroxide saturated with cyclohexanol, so trhat the ecyclo-

hexanol produced in the reaction can be assumed to form in

its standard state.
0

0 (119) * (n + 3)1120 . nil.0

YT Al P
+ 061;15011, liq....-n IIObS

Cid

- 0 . .
11 = Ahf s, 8Q + AI{f(06L{13011,liq)

0 ry O a
+ AHf.(HBnOyaq) - 3 A Hf(HzO,liq) - Anobs

The observed enthalpy chanses for these hydrolysis reactions

are collected in Table XXII,
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ART R YYTT
3 O~
inthalnies of hydrolysis of R /B——Cl {cryst)
]
s 0 -1
R i) Al 25 (Kecal.mole ™)
I 2190 ~22.7 + C.2
5-C1 1520 ~23.7 + 0.15
5-Me(1lig)®* 1590 ~26.65 + C.15
L=}e0 2050 -22.6 + 0.25
5-T0,, 2370 ~23.5 + 0.15
HCek13 1710 ~14.8 + 0.2

(11q)

% gt 25°C XVIII (R =§-Me ) is in the liguld state

In all of the above hydrolyses, the products include
a diol and boric acid. It is possible that complexing
rezctions of the tyves (1) and (ii) may occur and lead to

anomalous values of AHobs

i Y
( ) 8)54 '/O\
R + H.BO, — R B-CIH + 21,0

0oH G




C
M

- -

29 B-C1l + Glgl — {:x + 2ULB0, 4+ 2101

C aq

T X . 1S4 - ST
+ SH,0 s HLROL 4+ 2501
- o, -

The posaibility o (1) and (11) cecurrins was checked by
Jetermining the heast o eclution of horic scid in (a) enii~
molar cuantities of dlcl ent yidrochloric scid (b) 2 x molap
gquantitics of dicl and hyireochloric scli, ror every dikhyiroxy
compound used in trhis investipstion. Thoe results {(exveri-
rental section 5 ) shoved that sourious thermal effects due
tc theoe equllilbria vere neglicible,

crnniliapy Data

The standard heate of Pormation of the benzodloxarole
molecules (YVIITI) may be caleulated with a knovledpe of
tre enthalples of formatlon o the ecbstituted catechols.
Yovever, ncne of these valuee (with the excorticn of citew
chol) have becn determined, ccnscquently they wers estimated
vsing the Gox(&g)bmnd enersy schemes A8 acheck, the scheome

was also anplied to czleulate the rest o Tormation of
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catechol and the value obtained (~87.L K.cal.mole“l) is
in good agreement with an experimcntal value.(lzu) (AH?
catechol (g) = -86.6 K.cal.mole"l). The enthalpies of
vaporication and fuslon o7 the substituted catechols are
also recuired, since the bond energy scheme gives only
their gas phase heats of Tormation. These were estimated
Trom the following relationships:

AH XVIII (R=X)

A1{298 substituted catechol (R=X) = XAH298 Cate-
298 Vap chol
AIEZY yr1T (R=Y)
vap

ARg o YVIII (R=X)

Cate-
chol

X AHfu_s

(]

Ay, substituted catechel (&=X)
Allpy,s ¥VIII (n=H)

The heats o vaporisation and fusion of catechol were taken
from ref. 124 snd the rest of the terms, on the right-hand
side of the above equation, were measured.

TABLE YXTIYT

Enthalnies of fusion, veporisation and formation of the
substituted catechols

R AU, A"iii Hg( ) AH‘f’,( erist)
H 540t 16.1 -65.1 -86.6
LU-Me 5.4 1646 -73.8 ~95.8
L-Cl 6.3 16.2 ~72.9 ~95.l
L=K0, 7.1 18.2 -69.,0 ~9L43

3-ie0 L9 17.6 ~-102.9 -125.4
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1 at 250. in error of +2

The data are in K.cal.mole
Kecalemole™t was assigned to all heats of formation. <he
enth:1lvies o7 solution in water of all the dicls verc mea-
sured and these are rcnorted in “able WVIV.

ALY XYY

Enthalpies of solution o the substituted catecrols (cryst)
in rater

R N AH_, (E.cal.mole™)
H 800 2465 + 0,05
L-C1 66 1e20 + C.1
L-Ne 850 3.65 + C.1
L-NO,, 1080 4,76 + 0.01
3-Nel 3600 3.28 + 0.01

In this and future tsbles N is the mole ratio of sclvent
to compound.

The stardard heat of Pormation of cls cyclohexane 1,
3 diol is not known, but it was assumed to be the same s
for cis cyclohexane 1, 2 diol ( = —131.7.K.cal.mole“l)(125)
A similar assumption was made regerding the heat of solution
of cyclohexane 1, 3 diol in woter. The heat of formation

of hexanol, 11q ( = =91.75 + C.5 K.cal.mole ') was obtained
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from re’Te 125 and the rest o the sncilllary dota waed in
calculations vas taken from Table V.

Fnthalnies of trancition

As irn the previous two secticns, enthalplese of transi-
tion {1liq to gas) were determined using the Cartesisn mano-
stat method. The experimental data are represented in the
Torm

loglOP(mm) = a - TgK

a and b were obtained from a least squares analysis. The
results are summarised in Table XV,

TABLE XVV

Latent heats of vaporisation of R B~-C1l
e
R rpane °¢ & 10706(°%k) AT AHZ2S

H 72-120 8,96 2,68 1243 12,2

5-C1l 75-15C 8.,L0 2,68 12,3 12,3

5—}:56 63"130 8083 2077 12.7 1306

L-¥eO  85-125 8.73 2.92 13.54 14.5

5-X0, - - - - 1L.9%
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#* estimited from a plot of moleculir welight vs [;HEES.

All the enthalpies o7 transition are in K.cal.mole'l with

an error of + C.2 E.cal.mole"l. (in error of + 1 K.cal.mole"l

was assigned to AVIIT (R = 5-F0,).
Enthalpies of fusion of the crystalline benzodioxarole

derivative were obtzined by measuring thelr heats of solu-
tion in an inert sclvent (benzene),

TARLE YYVT

N
Enthalpies of solution of R /B—Cl(cryst) in benzene
O
N 1 50 5 y1emd
R X Ao 25 (Kecslemole ©)
H 175 Le31l + 0.01
5-lie 170 Lol + 0.1 (20°%)
5-X0, 290 Lebs + 041
5-C1 - Leb + Ca2%
L-}e0 200 La7 + C.l

Qstimated value
® Lack of compound precluded the determination of A'Hfus’

The solution of XVIII (R = 5-Me) was carried at 20° because
the compound melts at 210.

Combination of the data from Tables XTII to XXVI yields
the heats of formation of the substituted benzodioxarole

derivatives, in the crystalline, licuid and gaseous_atates.
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Co
Heats ot formation ¢ R ﬁ/f%’&l(cr:y’o‘b , lig zn g=u)
- -0 , s P ~Cp
3 aia(eryst) A (1ig) AN

H -151.5 -1L7.2 ~13h,C
5-le - =16C,.8 -156.7 -153.1
5-01 1587 -155.7 RSN
5~110, ~157.2 -152.6 ~137.7 + 2.2
Li-LieC -190.7 ~186.0 -171.5

ROtiex - ~259.0 + 1.6 —200,2 + 1.6

1+

1 1

valuos are in K.cal.mole © with an error of + 2.0 XKe.cal.mole
excent vhere othewwlise indlcated,

Coniuration erercies

The ccndugstion enercies of the benzodioxaborole
derivatives were evalucted by comparing the exnerimental
zag vhage heateo of formation with the heats o7 formation
caleulated for a non-resonant rsference structure (i.e. cne
of the resonance etructures), using a2 standard set of bond

enerries and the eguation:

- AF(g) = £n - ZAIig (atoms)
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sum o the enthalples of atomisaiion

it

b2 AHg (atoms)
of the constituent elements from treir

standard states at 250

. =0 N
F E = bond energies (25 ) sumnmed over the
whole molecule
o o . .
AU_(g) = gas phase enthalpy of formation of the
f Ko

molecule at 250.
The bond energies werc taken fron Cox(62)but tiis author
does riot list either 5oron-oxygcn'or boron-chliorine bcnd
encrgies. ECince 211 the benzodioxaborole molecules con-

0
tain the group  B-Cl, E(B-Cl) and %§B-C) vere evilu.ted
Ve

© o

~
in the form of the gr-oup bond energy E( ’/B-Cl), oy
o

applying the vame bond energy scheme to diethylcelhloro-
boronate ( Et0),BCl; this molecule has been studied

thermochemically.(lg)

The group bond energy E(Cb5 -~ NOZ)
was calculated from the Cox scheme ani thre known standard
heat of formation of nitpobenzene. This derived datum was
checked by using it to calculated the standard heat of
formation of p-nitroaniline. A value (17.5 K.cal.mole"l)
for [}Hg p-nitroaniline (g) was obtained, in emeellent
agreement with the experimental value (17.4 K.cal.mole‘l)(lzu)
All the bond energies anid ernthalples of atomisation emplédyed
in calculations are now summarised in Tables XXVIII and

XXIX.




Bend and Groun Fnergsies (tesken mainly from Cox

THETE

0
he)

SYVILT

Zond or Croun

- C.H

6L

357.0

12b.L

85¢O

946

248,8

89,9

Bond or Groun

(62),

inersy (Kl.cal)

2y111
(CSD3 - ")

"~ M 1
(C - n)o

- 11

98.3

85.7

20L.2

95.7

91.75

95.3

9hels

97.5

Bonds written 06 ~ ¥ indicate thai the carbon atom is
3

part o’ an aromatic ring.

with Csp3

and tertiary C - H bonds, e.ge (

AV
gp3

H)lll

-

carbon atom substituted by tinree hydrogen atoms.

The primes used in connection
~ H bonds, distinguish between primary, secondary
represents a

Yarbon-

hydrogen bonds which arc adjacent to an oxygen atom are

indicated with a subscript O




TADLT. X¥TIY

B e ]

Ipthalpi~s of formetion of the paseous atomg(62)
Srecies Afig(g) K,cal.nmole T

C (graphite) 170.9

H (g) 52409

c1 (z2) 28.94

o () 59454

¥ (g) 112.9

3 (cryst) 1528 4 4(10)

In Table XX¥, the experimental gas phase leats of forma-
tion of the benzodioxarole derivatives arce compared with

those calculated from thc above data.

T~oLE 2000

Exrerimental and celculated lheats of formaticn of R Z:B-Cl(g)

B A1e) INGHED a13(z) - AEN)

exnts calc. exnle cale,
H ~134eG -146.9 12.9 + 4.0
E-Ne -143.1 -154.8 1ie7 + LeO
5-C1 ~141.4 -154.0C 12,6 + L.O
510, -137.7 -150.0 12,3 + L.l
L~-Mel -171.5 -184.0 12.5 + L.0O
-,6: e e e e e mm e m e m et e o
BCH,, ~2LC.2 ~257+5 17.3 + L3
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A striking feature of the above Jdata is that the
difference betveen experimental end calculated Lheats
of formztion for the XVIII derivatives is positive, in-
dicating that these molecules are stralned overall. If
the benzodioxarole system can be considered as ormed
{rom the fusion of a benzene ring with a 'highly strained'
dioxaborolan ring, then the figure ~ 12 K.cal.mole™t may
be interpreted as the resultant of two opposing effects.

(1) strain due to the dioxaborolan ring, (ii) resonance

stabilisation contributed bty structures of the type:

o +
= (Q N -
| B-C1 3-C1
X o o

In this case the stabillsation energy only partially off-
sets the strain energy. The fact that the hexahydrobenzo-
dioxaborinan derivative (X7IV) possesses a greater strain

( ~17 K.cal.mole"l) indicates that this interoretation

is justified. (A trigonal boren atom is more easily in-
corporated into a slx-membered than into a five-membered
ring). The strain in the 2-hexoxy ester (XXIV) compares
well with that in 2-chloro 1, 3 dioxaborinan ( -~ 13 K.cal.
mole’l) and the small difference m3y be attributed to

steric interactions oft-the substituents in the two cis-fused

rings of the ester, It was mentioned in the introduction
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that benzodioxarole derivatives (¥XVIII), (in contrast to
boroxarophenanthrene () compounds), readily underso
hydrolysis and form stable 1 : 1 addition compounds with
amines (¥X'V). The electron shift (X7VI) was postulated(BB)

to explain this behavicur.

0 OR Co' ~

N —
B N B-OR
/ e
0 FI R ¢ > 0
XXV VI

A better explanation, however, would be in terms of the
relief of ring strain in the benzodioxarole nucleus, by
conversion of the boron atom from trigonal ito tetrahedral
geometry, at the expense of resonance stabiliszation.

The other interesting point which emerges from the
data in Table XXX is that substituents in the benzene
ring have little effect on the overall rcsonance energy
of the molecule. The values given in the fourth column
of Table XXX are not related to the electron direccting
properties of the substituents. Hovever, the standard
heats of hydrolysis of these molecules do show some slight
correlsation with the electron releasing or dcnating effects
of the substituents (Table XXXI). The standard heat of

hydrolysis (Aﬁg) is the enthalpy change on hydrolysis
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vhen 211 the products are referred to their staniard states,

0 (o134
R B-Cl(cryst) + BHQC(liQ) = R (eryst)
0 ou
+ 115305 (eryst) + N01()eee.. Aty
A RTE YYYT
O~
Ctandard heats o hydrolysis of R 3~Cl (eryst)
C
[ - 3”0 o —-1
Subgtituent Ay (Vecalemole ™)
" -13.7
B‘MQ ”1305
QPN@O ”1311
5"Cl “1502
5-10, ~15.6

The greater, i.e. the more negative, the standard heat of

hydreolysis, the more readily hydrolysed is the compound.

nd D ,,
C2 O\\\’/x (3\\\w .
O /&'Gl 1 /)/”- !
) - E
N
H H

( ~ T
e
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T electron withdrawing (-R) substituents (-NO2) vill

make the boron atom rclatively more nucleophilic, thus
promoting the co-ordination of vater and the subsequent
hydrolysis of the B-Cl bond. T electron relecaring (+R)
substuents (Cl, MeO, Y¥e) vill have the opposite effect,
tending to stabilise the boron ztom with respect to rnucleo-
philic attack. (Cnly the chloro derivative has an snomalous
standard heat of hydrolysis). Hovever, the relative difier-
ences in [SHE are too small to have any significant effect
on the experimental enthalples of formation.

Fgtimation oi strain and conjuration enercies in the

benzodloxarole system

The strain energy in the benzodioxarole system may be
estimanted by spplying a simple geomcotric method based on
bond lengths and bond sngles. Three assumpticans are made:
1) The strain is angular, i.e. due to distortion of

the bonds from their valency 2ngles.

2) Bond lengths are constant and transfersble,
3) BOC and BSC =ncles are constant (109%°).
The bond lengths were glected from Interatormic dis-

1(111)

tences end are collected in Table XXXII.
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TABLE {XXTIT

Bond lencths used in strain calculations

Bond Qigggggg_g ' Bond Distance &
B-S 1.85 cspaéo ‘ 1.43
B-0 1.59 Cgp3-8 1.81
B-1l 1.42 Cpy =0 1.35
B-Cy, 1.52 Cpp~Cpy 1.39
Cep5~Cop3 1.54 Cpp=N 1.4%

CbZ-X indicates that the carbon atom is part of an aromatic
ring.

Consider the benzodioxarole nucleus

Strain energies are derived by considering the change in two
parameters, (1) the base angle (120° in the case of benzodiox-

arole, (2) the angle y.



riethod. The skeleton of the molecule is drawn to some sultable
scale on the basis of known bond lenzths and ansles. In order
that the ring may be foramed (dotted line) the base angle has to
change by an angle x, thus setting up strain in the molecule.

vhen X i1s negative, the bvease angle decreases from its optiaum
value and when x is positive the base angle increases. When the
ring has formed the snple 0BO = y, z2nd iancorporation of a trigonal
boron atom into the ring leads to a change in strain = 420°—y'= 0°.

The technique was applied to two rings (1,3 dithioborolan and

1,% dioxaborinan) for which the strain is known(Table V).

S 0
[ \h - \ g
B=-A -t
A o—"
s///

x =2° 6 = -18° x = 3°, 6 = 20°

The base angle in the case of thé ﬂ;a dioxaborinan molecule Was
considered o be 900, and a strain of 12.7 Kcal.mole"1 was
attributed to this ring (although, from geometrical considerations,
the heterocyclic ring of the 2-hexoxy ester (XXIV) has exactly

the same dimensions as the dioxaborinan ring, the value ( ~—17_
Kcal.mole'q) was not considered to be a measuré of the sirain -

in the six-membered ring for the reason already outlined). Thé
strain in the dithioborolén ring was taken as the mean value

for 2-chloro and 2-phenyl derivatives. (4.3 Kcal.mole_q)w
Zquations (i) and (ii) were solved simultaneously‘for x and 8,

1 1

giving X = 3.6 Kecal.mole” '. and 6 = =0.3 Kcal.mole™ .



:i:{ had 186 = 12c70-‘---uc (i)

3% + 208 = LuBueeeeae.. (31) y

Tolues of the strein crner.y oxlsulabted for bonzolioxarole (ZVIII) znd

“

1, 3 ddoxaborolen rings ere glven lun Toble XXIIIL.

¢\x

rein ener-ies in heterooyolic Loran comnoinds

Cormoucd ' x0 -0 6512C-~:=I“) 2trein (Haenl mol.e'l)

o .
3~C1 20 133° ~18° 2.7 £ 5.2
_ bt
0
o . o
doilexx 2° 138 -18 7.5 & &3

- 2!--3

3 [ ¥
ts
1
Yy
=
O

[s]
[
3
(@)
(o]
4
1]
)
O
»
(@]
+

t+

S\ . '
i P 3° 100° +20° 5.6 + L7
3 4

AN | ‘ .
3-C1 -g%  111° 4+ g9 ~ 35
o~ :

v

B=Cl 239 106° +11,0 ~ 86

The limits off tncertalaty were obtalned by cowdination of constituent
error, vhich include AHIQ(B g) =+ b4 K.¢:loaole =l since the sanme sources
were wed for evaluation of ring struin, the dilflercnces are accurate to

+2.0 K.cal.mole"l
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The estimated strain in 2-chloro 1, 3 dioxaborolzn’

( ~ 35 K.cal.mole™) 1s in keeping vith the 'highly strai-
ned’ nature of this ccmpound. In the benzoiioxarole system
the strain is ~ 86 K.cal.mole™ T and this leads to a tétal
congugation energy of ~ 7l Kecal.mole . "Although this
figure seems excessive’i% compaées'féﬁourably with ﬁhe con-
jugation energy in the unstrained borazole derlvatives (this
has been calculated from the‘gésfphaée neats of formation
in Table VI, assuming bond “transferabllity snd using D(F-3)
~93, B(B~C) = 105.3 and D(B-i) ~ 98 X.cal.mole . =~

| g U TABLE XXXIV S

Coniuration enersies of borazole and trichloroborazole

Cémﬁéand R ';5ﬁg(g) ;J“ Conjﬁéétioﬁ éﬁéréj | (Séuréé
boraééle, - ‘7197‘0, ... ... e . koo
E;trichiéro~ 'x o o L T SV
borazole - - -256.1 0 e U Tyo
s e i o5y ¢ - s SR :ul.“f*f: -
values aré given in K.calimole T+, =~ ~ -+ 7 - o
The considersble rescnance energy in &n tnstrained hetére-
sromatic boron com-ound is also reflected in 115 chemical’
properties. ' Thus 10, 9 boroxard (*V) and 10, 9 borazaro-
phenanthrene (XIV) (etrain ensrgies calutated by.thé’égb-W{

metric method are’~ 3 and' ~ 5 K.cal.mole ¥ respectively)
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are stable in strong alkaline sclution anid the latter com-
pound ies unaffected by both boiline concentrated acid and
alkali.(56)(57)(The love: stebility of the oxygen hetero-
cycle compared with that of the nitrogen compound (XIV)
reflects the relative sbilities of these atoms to bhack-
g&cnate to the horon atom). In both these cases nucleo-
philic attack at the boron atom is unfavourable because
conversion of boron frcm an Sp2 to sn sp3 kybridised state
would destreoy the aromaticlty o the central ring.

A number of examples haove been given in t is thesis in
which strained heterocyclic boron compounds, by chanzing
from a trigonal to a tetrahedral configuration about the
boron atom, relieve the strain. This was postula ted as the
reagon why the benzodioxarole derivatives form stable ad-
ducts with amines., If, however, the geometriec strain method
is =pplied to benzodioxarole ccntaining boron in both con-
figurations, the total decrease in strain energy in going

from sp2 to sp3 geometry is ~ 3 X.cal.mole” T ( ~ 70 K.cal.

mole"1

conjuzation energy is lost in this process). The
geometric method in this respect is highly unsatisfactory
because it makes the angle Y such an insensitive function
of ring strain. It is possible that bond bending is an
important factor in strained molecules and consequently it

is vrong to assume a rigld ¢~ skeleton,



fection 1. Calorimetey

The principle of the calorimetrie method is to measure
the temperature change prodoced by a known weight of cample
undergoing resction or soluticn, =2nd then to introduce a
known smount of heat (measured clectrically) and aain e~
termine the temper:ture rise; hence by proportion the eat
change per unit msss of sample may be evalusted,

The Calorinetsr

The calorimeter, based on a8 design already developed

in this 1aboratory(9o)W@s ¢f the constant temperature envircon-
ment ('isothermal') type. It coneisted of a round-botiomad,
flanged, glass Denar vessel, avproximately 2% internsl dia-
meter, snd & flanged 11d contalning a number ol ground glass
sockete (see “igs. IV znd V). The stirrer and the ampoule
breaker were nounted in thz sockets via pracision-bore tubing.
Additional holes carried the thermistor {sealed in a 110 lesk),
the Feater :nd a »latinum resisztance thermometer. A remaine
ing BelO socket was used as a nitroren gas inlet or cutlet,

&

som-times to carry a cooling tube. The s mple was cone-

2

tined in a thin glasgs ampoule, blovn on the end of 2 B.7
socket and affixed to the smnoule bresker via a B.7 cone.
The hester was constructed from 'Constantin' wire (L7 gouge,

50 /ft.) would spirally on 2 glass forma snd soldered to
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lcads made of copper wire (0,027" dismeter). Thermal con-
duction vas improved by submerging the coll in transformer
oil, the whole being encascd in a thin gless sheath. Tempera-
ture changes were measured with a thermistor (7.53, Standapd
Telephone & Cable Ltd.), wiich is a resistance with a high
negative terperature coefficient. The resistance ( o ) =nd
temperature (°K) are connected by the expression:

R:Aexp;%

A snd B are the thermistor constants (B is < 0). Consider

the case of an exothermic reaction:

|

tempera~
ture (T) reaction calibration
_____ o _.__?3_ __thermostat tempera-
ture

time —»

During the run; two changes in temperature are recorded;
the resction change A,Tl and the calibration change A T.

- = -
If AT =T, - Ty and AT =T, - Ty



then A Tb _ 10g }El. . 10&; I}_’-;E . 108 }Ej_
AT 7 Ry A A

log Si . lOg gl ; los E%

ETL!‘ A A

Ir Tl ~ T3 and TZ —~ Tu

then Aql log By - log Rj

P =

AT 7 Tor R, - log
: log R3 log Ru

However, it is prcferable rot to use this simple exnressicn
since often T, *= TB and Tg'#z Tu. To determine the tempe:ra-
ture changes, the thermistor constants must be knovn., Trey
wvere evaluated by calibrating t-e thermistor over the range
22 - 28° against a Beckmenn thermometer which had been pre-
calibrated against a standard N.T.l. calibrated thermcmeter
(3 O.COBOC). The thermistor formed one arm of a Theatstone
network, with fixed ratio arms of 3 Kot and a varisble arm
measuring from O to 10“\5; (Decade resistance box). The out-
of-balance hbridge current was detected on a Fclamp galvono-
meter (7902/8 W.G. Pye & Co.L1td.). The electrical calibra-
tion ecircuit is shown in ¥ig. VI. The current wss from a
mains-powered constant potential (6 volts) D.C, sourcé (Ether
Ltd.)s. All the potential drops weee measured with a Tinsley
potentiometer (type 3387.B) used in conjunction with & Scalamp

galvonometer of the above type; resdings wvere accurate to
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+ 5 x 10"5 volts. The potentiometer staniard cell was a
Veston-tlormal stazndard cell. (Cambridge Instrument CoeLti,.).
Calibration times verec measured with an electric timer which
was accurnte to + C.C05 see. (Sangemo-Weston)., Hesistors
for the potential divider circuit vere suppclied by Arcol
Precision Resistofs (29, tolerance to 0.025%). The circuit
standard resistance (puaranteed 0.9994<V) was obtained from
Cambridge Instpument Co.Ltd. All resictances had a tempera-
ture coefficient better than 20 ppm vper degree centigrade,.
Samnles were veighed on a balonce sensitive to + 5 x 10'5g.
The whole calorimetric run was monitored with a miniature
platinum resistence thermometer (1C0O S, Degussa) coupled to
a six~-inch potentiometric reccrder (Elliott) accurate to

+ 0.01°C,
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INSERT

- FIG.IV THE SOLUTION CALORIMETER.
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FIG.V THE SOLUTION CALORIMETER(LCADED).



Elackric Times

Fie¢ VI HEATING ClecuiT

-109-

©

(

|
|

!

Coastont Poteakial Su??\7 (éV)

R
V
St arulo.rz}‘ Heo,bz tad
AAAA/ AAAAf ]
IS e N ‘
A ANA\—L
los 10052

Dlagram

to Fotq,n.tiomé,tqr



- 110 -

™ g0

v

Co

0



- 111 -

The heat change (7)) vhen a weirht of compound (W)
reacts is piven by the ex r  ssion:

- electrical er A AT reaction -
G = lectrd = CUELY 1 cal.gm
Jd x ¥ AT dalibration

congsider the following section of i"ige VI

standard heater
— W\~ ‘ AWV
1 R )
! s ' . n
! ! "1 2
n bW
]
l | |
| | |
: 1 |
! ]
1¢ y ! 5
A VS l( \A 2

During the experiment two potential readings are re-
corded; that across thé standard resistance(vs) and that
across the 10 <L resistarce (Rl) of the potential divider
(V).

The power output (P) actpss the heater may be shown to be

P=V, , Ry + Ro Vs . ¥y Vatts
1 = = 5T
.-.1 J.\S sl

» — / ™ — P, (“ T o _n.
since Rl = 1C. & iy = 100, and QS 1
then P = 11V; zv - Vl% vatts
5 10
«'e electrical energy = 11V1 EVS - Vlgt Joules.
0

where t = cal=ibration time in seccndse.



The complete expression Tor the enthalpy change

- V .- rf. 7:\‘.—-» LR
R S A Evs - ?;g ¢ Wetllog Z1o. loz I3 . 1og Loy oa g
0 < = e s - = ¥.czl.n
- .L~2 ey Py
- 2, 3 ) -
b o L. - ]
107 .5 . . lox =% . lon == . low 42
il L P9
~

r = factor correcting for the heater lead resistance

(varies between C.95C and C.933).

V1 = potential across 10 S resistarce of tre potentisl

givider circuit (in volts).

V_ = potentisl acrcss the standard resistance (in volts).

t = hLeating time (in scconds).

.r

¥ = molecular weight.

A thermistor ccnstant (in St.)

Rl, R2, R3 and Ry, are resistznces ccrresponding
) o]

Lol m m m PN )

teres Tp, Ty, T3 and Ta (C4).

W = weight of sample (in g.)

J = L.18L0 abs. joules (defined).
Thermal leskase correction

See fig. viii.

to tempera-

e
LT
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The curve A3CD represents a typical reaction taking
place in the calorimecter.

T, and T2 are the temperatures corresponding to times

1
tl and tg.

The observed rise in temperature of the calorimeter
is the difference in temperature at the beginning (Tl) and
at the end (T2) of the reaction period. During this rise,
however, hest excharges with the surroundings occur, so that
the correction term C must be added to get the change in
temperature AT of the calorimeter, due to the reaction

alone.

AT=T2~T1+C

Assuming that the heat exchange is Newtonian, then the
rate of temperature change during the reaction period due
only to exchange with the surroundings is given by:

aT
a"{z O((T"’Tk)

]

T jacket (i.e. thermostat) temperature

k
X

lierice the heat correcticn rfactor (C) i1s given by:

C = ty :
& (T - T, )at
t"l

The above integral was evaluated using Dikkinson's method.(gl)

cooling constant of the calorimeter.

it
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A line 1s dravn parzllcl to the temperature axis through

a point t_, such that the shaded zreas Al and A2 hetween
-

the cirve an’i the lines AB and CD (suitably back-extropo-

lated) are ecual. iren:

C = fzx(m -1 )at = & (T - T (b, = b)) +&(T, - )

ty (ty - t)
Thus the corrected temperature chanpe AT may be obtained
simply by back-extrapolating the fore«and aft verlods to tx.
In a fast reaction (t2 -3 ~3C seconds) or an electrical
calibration, tx ig the mean time of the reaction or heating
neriod. For a slow reaction this is not the case, and the
positicn of tX depends'on the area either side o7 the per-
pendicular constructed at t = tx' The position of tx nay
then be determined by 'counting scuares' or using Dickinson's
observation that the temperaturs (TX) corresponding to t . is
given approximately by:

T, = 0.6C (T, - Ty) + T

)

1
. (92
lacleod, in a recent paper hes comparcd several methods

of temperature correction and shovn that Dickinson's method
was acceptable in cases vhere the required precision was not

greater than 0.2%.

The acecursacy of the calorimeter

The eguation for the enthalpy change is of the form:

. AT (reaction)
AH = (electrical energy) x AT (oalibration)
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The principle source of error in evzluating A H,
occurs in the measurement of temperature (i.e. in the
back-extrapolation nrocedure) rather than in measurement

of electrical energy, so toc a first approximation:

™

Ant - A:.E‘l log By - log R, _ log .1
At log R, - log R

3 L —

log 3

Ii“-

In a calorimetric run ATl is made approximately ecgual
to AT, so that it is only necessary that the error in

log E?_’J__. be evaluated and then combine errors.
Ry
-
!

let U = lOg'{%""
-2

If U= £(X, Yesoees) and the errors in U, X and Jesess are

+ AU, + AXy, + A Jeeees then

-~

(a10)° = g—%;gA X 4 é%%f ATouiennne
- 5%2;%2 (ar))? - 2;552 (aRy)?

The error introduced in m-asuring temperature changes of
0.30, 0.50 and 1.0° may be calculated. An #.53 thermistor
has a sensitivity o2 ~ 1lLO-mper degree and at 250 the re-
sistance is ~ %650 . The muximum error in measuwring

resistances is 4 0.5 =,
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R, = 3650 su and R2 = 369G, 3720 mnd A79C 41 Tor itempera-

1
a1 s v =1 *Om 3
ture changeo of C.7, G5 and 1.C°C resuectively.

R, =
1
Ry = 4+ 0,5 12 . Oy substituting in the above eguation
the proportional error in U is obtained and by combination
of the errors, the proportional error in A Iﬂu These un-~
Riat ks

certainty limits are tabulated (“able XXWV).

T3 TV

 Yerp, change °C f%gm% A\gégz
G2 + Coli2 + G460
05 + 0.32 + 0.5
1.0 + C.22 + C.33

Herce for half a degree tempersture change, the total range
of AH values should be about 1% (this is assuming that the
compounds are 100% pure and stable, and the reaction is quan-
titative).

The accuracy of the calorimeter wascbhecked using two
standard calorimetric reactions, one endothermic and one
exothermic. The endothermic reaction was the heat of solu-
tion of potassium chloriie in water. Gunn(125)has questioned
the use of this as a standard reaction, because of the wide
disagreement of many accurate determinations of this value
(the spread of results is approximately 1%). The value

recommended by Cunn for the enthalpy of solution of potassium
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1
at I = 200) was

chloride in vater (= L.206 X.cal.,mole”
nfopted. The resulis are recorded in Table XNWI,

YR TIT Y
AL UV

Enthalpy of sclution of notassium chloride in woter

i A Hobs(}( .cal.mole™ ) AKN:_-Z(.Kl(K' cal.mole L)
333 Le22 L,.22
325 Le20 420
1438 L.19 L.21
216 L.22 L,22
230 Le.21 4.21

AH_,  mean = 4.212 + G.CO8 K.cal.mole™ ™ at 25°G and N = 200

ong

The standard exothermic reaction was the enthalpy of
neutralisation of tris-(hyvdroxy methyl)- zminomethane (Tham)
in C.1 M hydrochloric acid. The enthalpy value of this re-

1 at 250

action is vell established. 123) (.7.10L K.cal.mole™
and N = 1330).
(CHZOH)BC.Kﬁz + HC1 —— (cnzcﬁ)3c.mng ~c1

TARLYE XXXVITI

N AHObS(K.cal.mole'l)
733 ~7.13
799 -7.18
862 ~7.10
8L6 ~7.13
8oL «7.16

921 ~7.13
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0

Al meen = -7.14 ¢ 0.02 Z.eal.mole™ " at 25° and I = 830
. :

(The dilution enthalpy ifor Them is small).
The experimental nrocedufe and tle m-thod of calculaticn

(90)

0 results has been fully cescribed in a recent thesis.
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Section 2, Cerersl “echnioues

(1) H=rdlinrc,
£11 the compounds synthesized in this work verc elther
readily hydrolysable or easily oxidised or both, con-
gsequently maximum precautions were taken to avoid con-
tact of these compounds with the slr., Operations in-
volving transfer and loading of these compounds into
ampoules ior the calorimeter, were carried out in a
glove-bag filled with dry 'vhite spot' nitrogen. VWhen
derivatives were stable they verec generally purified
by distilletion in an all-glass apparatus egulpped with
cround glass joints. The majJority of distillaticns were
performed under vacuum using a rotary ocil pump at a
pressure of approximately 0.05mm of mercury. The benzo-
2-bora 1, 3 dioxarole derivatives ternded to distil and
sublime simultaneously at low pressures, blocking the
distillation apparatus and preventing any further dis-
tillation. This could be overcome by using the distil-
lation apparatus in conjunction with a sublimation unit,

cr alternatively, distilling =t a scmewhat higher pressure.




(11)

Nlemental Ans

Carbon, hydroger, nitrceren and sulphur analyses were
carri-d out by 4. Bernhardt, Hax-Plonk-Tnstitute,
Yalheim, Cepmany.

Chloring. DBusily hydrolysable crlorine,(i.s. that

in the form B-Cl) was dctermined by two mcthods,

(1) acueous hydrolysis followmed by a volumetric té-
tration with standiard alkall to a methyl red end point.
(ii) the first method did not prove suitable for benzo-
dioxarole derivatives, since on addition of sodium
hydroxide to the solution o hydrolysis products, a
coloured complex wag formed which masked the end point.
Hence, after hydrolysis, chlorine vas determined gravi-
metrically, as silver chloride.

Bromine. Bromine was determed by Volhard's method.
After hydrolysie of the compound, a known excess of
standard silver nitrate solution vas added and the
excess back-~titrated with standard ammenium thiocynate
solution, using & ferric salt indicator.

Boron. ©Several methods of boron ana¥ysis vwere tried
during the course of this work. #Host of them depend
on the fact that boric scid behaves as strong monobasic
acid in the presence of excess mannitol, which may be
estimated by titration with standard alkali to a phenol-

phalein end point.
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[
Initially the method o Strahm zn’ Hamthorne(8))was

ugsed in whibh the orfano-horon compound was oxidised
with trifluoroperoxyicetic acid to horic acid, followed
by a fixed p.l potentiometric titration in the presence
of mannitocl. No consistant results could be obtailned
with thils method. Fierson(as)has sugoested a ceries

of graded oxidative reactions for the delermination

of boron in organo-boron compounds; the boric acid.
produced was again determined by a fixed p.d technigue.
In all of Pierson's methods the cnd point lacked sensi-
tivity. The technigue which nroved most successful

in the analysis of boron wvas a modification of & method
due to Thomas.(87) This method 1s now described in
detail.

The organo-boron compound ( ~ CJug) was digected with
concentrated sulphuric acid ( ~ 1Cml) until the sample
was comoletely charred. After cooling, 10C vol. Lydrogen
perpxide ( ~ 5ml) was added and thre heating continued
until the resulting solution became colourless. The
solution was cooled 2nd methanol (150ml) was added.

The methanol/methyl borate azeotrope vas distilled over
into a receiver containing vater (150ml), where methyl
borate hydrclysed to borlc acid. After neutralization

of the solution to p.H 6.3 with alksli, mannitol ( ~ 10g)
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(iv)

i

vas adied to convert borie acid into a2 sircanzer mono-
bagic comzlex which v o Litrated to nel 8.5 with
standard (§6) sodium hyérozxzide soluticn.

Joron in pherylboron Cichloride vig determined in 8
difrevert way  has berm obowmtt8) that & -

Terert way. It has becn showm that 2 plot <!

ultraviolet opticsl denzity =t 219 oM against con-
centration oi phenylboronic acid (0.C1 - C.1 milli-
moles) in 507 agueous methanol, was linear. Thus a
kriown velcht of phenylboron dichlorife vas hydrolysed
znd the solution made up to the appropriate concentra-
tion. The optical density of this solution wis measured
at the above wavelenzth and the concentration of phenyl-
boronic acid determined dircctly from a calibration
graph. This method was accurate to + 1%.

Svectra
TThe ultraviolet measurements were taken on a Unicam
8.P.50C spectrometer, using lem. closed cells (silica).
The infrared spectra werc recorded on a Perkin-EFlmer
337 grating infrared spectrometer, using a 1Ccm. gas

cell with XBr optics.

Refrective Indices

All refractive indices were measured using an Abbe

refractofeter with a block thermostated at 20° op 25°C

and a godium D line source.
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(1}

Dstimaotion o T“ydrocen Chloride

In a number of the resctions described in Section 3,
one of the products is hydrozen crloride gas, If
this can e estimated 1t proviies a checlz on the theo-

retical stiochiometry of the rcuction. The simple
apparaitus for hydrogzen chloride estimation is shown

o’

the dia

in

cold Erap S 60) ‘ ‘ waker t'ro.?s.

It consists of three traps in series. The Tirst tran,
which is commected directly to the reacticn flask is
kept at -60°C (chloroform/liquid nitrogen). This pre-"

as

vents any moisture entering the reaction system and
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also sliovs ! ydrogen chloride, | orred in the reaction

!

e ey et A " o
to 7lov pest withoutl being condersed (bh. 0L = -857C).

T!

e cold trap is comnected te trwo v ter trops. Uitrogen
enters the syotem at the point glon cnd {luches out

the rcacticn flask. Vhen the cyoctem is closccd, it Jlows
in the op.osite dirccticn and bubbles tirough the vater
trars. In this way the reaction is curried cut under

an atmosphere of nitrogen. The positive nitrogen pres-
sure also prevents any tandency ior water in the trops
to 'suck back' when Lydrogen chloricde is dissolved.
ATter the reaction is completed the solutions in the
water traps are niméd and titrated sgainst standard L.
sodium hydroxide solutlicne to a meithyl red end point.

It is unusual for 10C¥ theoretical hydrocen chloride to
be estimated because of the high solubility of the gas
in methylene chloride (the solvent).

Prepsration of a single crystnl of trinhenvlboron

for Y-ray anslyeis

A single crystal of triphenylboron vas picked from a

crop of crystals vhich had been oblained by slow crystsl-
lisation from a saturated solution ol triphenylboron in
Jiethylether. It ves loaded into the ¥-ray tube (a wide-
necked glass tube, O.3mm dlamcter) in a nitrogen-filled

glove bag. A cork stopper vrevented oxynen contaminating



the crystal after removal oF the ftube irom the glove
hapr, The Y-ra s tube vwas cut to o lensth of ~ lconm.,
ugine a zloving hot wire and finally sealed by quickly

T
<5

inserting Just the *tips o both ends of tube into a

)

very small oxygen #lame, such that the crystal wases not
melted.

(vII) Purification of solvents and startins materials

Certain solvents werc avellable commercially wutl vere
puriried prior to use. 1, L dioxan was refluxed over
sodium and then Aistilled tihrough a 50cm. column packed
with helices and surrounded by = temperature Jacket. A
fraction bp. 100-1010/76Gmm. v collected., e column
was also used to distil cyclohexanol, Bp. 1610Q/7661h.
Renzene and diethylether were dried over sodium wire,
and methylene chlorilde, carbon disulphide and petroleum
ether (LO - 60°) were dried with L £ wolecular sieves
(BDH).

All the solvents were BDH ‘'Analar grade' except Tor
netroleum-ether, which vas 'ordinary grade's The sol-
vents used in calorimetry were deoXygenated by bubbling
dry 'white spot' nitrogen through them.

The majority of startinz materizlc were used in syntheses

without further purificaticn, except in the case of:i-
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l=chlorcontechel, vhich wno Toun® to be naptially

oxidiced,. TH wne narifisd by 2 tol Tildpation followed
RO oy 3 e LY TR ey b e I L e L gm A e tey " . . DRI o ) 4
ny receystalillisotion feom ooon toir oonlorifes Mo 85

j G - o~ O
27 1it 1mmpe 90 = 917
Cycloterans 1, 7 diol war obteined se on 80 arueous

"n

oluticn. Yhe voter veon removed by muming the samnle
on an oll-vocuim n»unn, to yiell 2 very vigeous Ligulde.

Cyelohexane 1, 2 dicl ¢ mtainad aporozimntely cuual

mixt res of ele axd trans lcomers.  Ceveral mothods of

serarstion of the igomerg verc tricd including ractional

cryaetollisction ond solvent axirsction, but t-ep: vero
not gveceesful. A cienmicsl senaration boned on e nathod

. . & - .
Ly Wilson and “ziu( 9. waz finally employed. Trhe cis

i

and trane mixture (72z) vas velluxcd with benzaldenyde
(200m1) for 1 hour in a siremm o7 ea~bon dioxide zasm,.
Under these conditicong tre eias isomer Torms 2 cyelice
acetal (benzylidene 1, 2 eyclohexane dinl) which vres

distilled from the resction mixture (6p, 144-5°/8mm),

and the trans iscomer doss not resct.
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Trans cyclohexane 1, 2 diol was distilled off unchanged

(160 - 120°/17rm) en” after erystallisation from benzenc
':sc X

had a mhe. 990 (11t<ﬁ))mﬁ. 102-1CL7 ) The cycliec acetzl

by tolling for 2 hours vwith

&
=3
<
[
]
(o]
o]
S
]
O
O
ct
8]
o+
o
G
be]
Pl
1521
ey
1S
o
oy

a mixt re o N hydroehloric acid (Zml) and scetone (2Cml).

Jome charring cecurred during hyirolysis. The yellow so0lid

] 2 - - ™ Yy o
which nrecipitated vas crystallised from benrsne mpe 01-83

-

89 . . : .
1it()’)mp. 98-99°. vield 12.2g, L& theoretical. {The samnle

wag wrobably still slightly contaminatced with bhenzaldehyde,

—t

[

but the low yield of eis cyclohexane 1, 2 diol wrecluded

further recrystallisaticn).



Secticn 2. Syntheses and Analygss

Trinhenylthioborane was synthesised according to Young and

Andersons(67)procedure. Thicrhenol {(1(0g, 3 m&l.) wns dis-
golved in benzene (200ml) =nd a soluticn of boron trichlor-
ide (36z, 1 mol.) in benzerne (75ml) wes addied with stirring,
under 2 dry nitrogen astmosphere, After refluxing the mix-
ture for 8 hours, it was allowed to cool z2nd the solvent vas
removed, Distillation o’ the residue several time- under
reduced pressure, yielded a nale yellow crystalline solid,
(42g, L1 theoretical yield). bp. 196$7°/0.1mm. mp.1u0-3°,
1it(67)5p. 193-4°/0.02mm. lit(67)mp. 129-43°, (found: C,
62,663 11, 4.63; B, 3.27; 8, 28.26; calculated for CIBHIBBSB,
Cy, 63.90; H, L.L7; B, 3.20; §, 28.43)

£A11 of the trialkylthicborsres vers crenared by the method

£ Mikhailov and Bubnov.(68) The alkanethricl (3 mol.) was
added to beron trichloride (1 mol.) cocled to -8° (acetone/
sclid csrbon dioxide), with stirring under a dry nitrogen
atmosphere. A 1 : 1 complex vas obtained vhich dissolved

in the slicht excess of thiol. The mixture vas =llowed to
varm up to rocm temperature., Tiethyletrer (15/ml) was adled
followed by triet-ylamine (3mol.). V¥hen the adiition wvas
ccmplete, the midure was refluxed for 2 hours under a -80°

condenser., Triethylamine hydrochloride, which precipitated



wag filltered off an® the solvent removed Ly pumpinrg. The
crude alkylthicborane wos purified by vacuvum distillstion.

n-tmylthicborane. n-pentanethiol (100g, 3.2 mol.) w:s

adied to boron trichloride (3%b6g, 1 mol.) (6Cz. 60Y theore-

tical yield) bp. 146-9°/C.1rm. né) = 1.5116. lit.(76) Lp =

168«73%/0.2mm. 1it.(7w) ngu = 1.,51L5. (found: C, 56.37; i,

10.43; B, R.43; S, 29.96; czlculated for C : C,

Mo, o28
1573373
56.23; H, 10.38; B, 3.37; S, 30.02.)

n-butylthichorane. n-butanethiol (100g, 3.3 mol.) was

edled to boron trichloride (LOg, 1 mol.) (35g, 357 theore-
tical yield). bp. 126-7/0.05mm. n2° = 1.5203. 114, (77) by,
150-2°/1mm. 11t.077) n®0 = 1,5205. (found: G, 52.0L; H, 9.33;
By 3.99; ¢, 3L 7L; calculsted for C
9.75; B, 3.8%; S, 3L.56).

n-pronylthicborane. n-propanethicl (1C0gz, 2.1 mol.,) wss

12057385 ¢ O, 51.78; 1,

added to boron trichloride (5Cg, 1 mol.) (25g, 2L theore-

tical yield). bp. 102-1°/0.02mm. n3° = 1.530, 114, C77) b,

135-1%5.5/Lmme 144, 77) 020 = 1.5312. (found: C, U5.82; H,

8.88; 3, La70; 8, LG.50; calculated for Cyil),BSy 3 Cy U5.75;
H, £.96; B, L.58; &, LC.71).

¥ethylthioborene. Methanethiol (1COg, 3.3 mol.) was added

to boron trichloride (75g, 1.0 mol.) (LOg, 39% theoretical

yield). bp. 87-8%°/10mm. nBO = 1.5780. 11t(68) bo. 93-6/1Lmm.

11¢.(68) n%o = 1.5790. (found: C, 23,473 H, 5.96; B, 7.13;



Sy 624013 caleulsted for Caligd’ g 3§, 23,695 7, 5496 2,
7.11; €, 63.24.)

Trenylheren diechloride vas nrenaved by Cerrard's method. (76)

3 . 0
Boren trichloride (5Cz, L mol.) at -80° vwas sdded to tetra-

enyltin (L5, 1 mol.), and the mixture w73 21lowed to
~arm to room temporsture unde- s -50% reflux condenser. The
rate of reflux predually increased until z vigorous resction
ensused and the tetranhenyliin dissoslved te glve a hemogenlus
solutions “re soluticn wos refluxed for & further hour,

Distillation through a six-inch column nacked with helices,
cave an initisl fraction 105 - 150°/760mm. (mainly stsnnic
chloride) snd a secon? {raction 165-178%°/74Cimrn. (vhenylboron
dichloride). ‘herylboron dichloride was purified by re~
distillation. (5Cg, 707 theoreticsl yield). bu. 170-4L%/76Cmm.
11te boo 73%/15mm. (found: B, 6483 Cl, Li.Jk; calewl-ted for

e

Céﬂﬁﬁclq t By Gu83 C1, LU.E).

Diphernylbhoreon chloride, The ahove synthesis wos repested

snd stannic chloride was removed by distillation at atmose-
rhorie pressure. Ffurther tetranhenyltin (34g, 1 mol. based
en a 707 reacfisn vicld) was adied. After refluxing for
approximately 2 hours, stannie chloride vas removed end the
regidue distilled nt reduced pressure. Tvo fractions vers

obtained; the lover frastion 65-80°/0.C5mm. (mainly phenyl-
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-

stannie trichloride) was dGiscarded. The higher fraction,
86-1000/O.O5mm. (diphenylboron chloride) was twice recrystal-
lised from petroleum-ether (hO«GOO) and finally vacuum dis-
tilled. (18.5z, 28% theoretical yield). bp. 90-95/0.05mm.

I'4
Mp. 29-30°, n%o = 1.613¢. 11t.879) b, 98%/c.1rm. 114.(79)

n29 = 1.6118. (found: C1, 17.L; caleul-ted for Gyl BCL :
C1l, 1737).

“riphenylboron. The preparaticn of diphenylboron chloride

vos repeated as gbove, but the compound was not isolated.
Tetraphenyltin (15z, 1 mol. based on a 50% yield of diphenyl-
boron chloride) va: added and the mixture refluxed for 2 hrs,
and then distilled under rcduced pressure. The main ffaction
was triphenylboron. bp. 144-5°/0.05mm. Crystallisation from
diethylethe~ gave a white crystalline solid (L2g, LOY theore-
tical yield) ¥p. 148-9° (in vacuo) 11t 8y, 1519, (found:

C, 8%,7L; T, 6.31; B, L.32; calculated for CISHIBB : C, 89.32;
H, 6.20; B, LJu7;)

Pherylboron dibromidd. Pherylboron dichloride (Llig, 1 mol.)

abd boron tribromide (52g, 1.05 mél.) were mixed =t -80°C.
The mixture was warmed to room temperature and then gently
refluxed for 30 minutes. Boron trichloride was distllled
off and this was collected and estimated. (8C% theoretical
ydeld). The residue was distilled under reduced vpressure to

give a low boiling fraction (u2~50°/0.05mm. mainly unreacted
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phenylboron dichloride)snd a rraction boiling at 62-4°/0.5mm.
(phenylboren dibromide) , wvhich was initially a colourless
liqguid and then slowly solidified. It was purified by
crystallisation frem LO-60° retrolevm-ether (29g, 38%
theoretical yield) mp. 25-9° (in vacuo). lit.(Bl) mp «25-28°,

(found: Br, 64.8; calculated for C6E5Br2 : Br, 6L.5).

Divhernylborinic anhydride was prepared by controlled stci-~

chiometric hydrolysis of diphenylbcron chloride.(Brystalline
diphenylboron chloride contained in a vacuum desiccator
connected to a water pump was allowed to hydrolyse over 2
period of 2 weeks)., The anhydride was purified by washing
with n-pentane mp. 141° lit.(79>mp. 1189, (found: C, 82,6;
H, 5.9; B, 6.4; calculated for 018H153303 :+ Cy, 83.3; 1, 5483
B, 6.2).

Divhenylboron bromide.(ez) Diphenylborinic anhydride (43g,

3.C mol.) in methylene chloride (120ml) vas added to a
solution of boron tribromide (3lg, 3 mol.) in methylene
chloride (50ml) at -80°, over a period of 20 minutes. Afte:
the reaction mixture had warmed to room temperature, the
solvent vas removed and the residue (a rubbery sclid) was
vacuum distilled. The only fraction obtained was one dis-
t11ling at 108-112°/C.Clmn. 114.(82) 115°/¢.C5mm. and was
1dentified as diphenylboron bromise (32g, 7L% theoretical

t.(BZ)D%O

yield) nﬁo = 1.6353 14 = 1.635, (found: Br, 32.5;

calculated for Cj,H,EBr : Br, 32.7)
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M.B. All the above vhenylboron compounds (except dipheryl-
borinic anhydride) ver. prevared under a dry nitrogen at-
mosphere, and using a -80° cola trap to prevent moisture
entering the reaction system.

Tricyclohexylboron has previously been prepared in this

laboratory according to Biddulph's method.(83)

Tri-n-hexylborate. n-hexanol (205g, 3 mol.) was mixed

with boric acid (4lg, 1 mocl.) and benzene (160ml) and the
mixture refluxed. After refluxing for ~ 12 hours, 3.6ml.
of wvater (1007 theoretical) had been collected in a Dean
and Stark tube. The solvent was removed and the residue
distilled at O.1lmm pressure, ylelding a colourless mobile
liquid (202g, 96% theoretical yield) bp. 115°/0.1mm.

e}
2=hexoxy-1, 3, 2 hexahydyobenzodggxaborinan.(Uu) Cyclohexane

l, 3 diocl was heated with stirring, with tri-n-hexyl borate.
As the reaction proceeded n-hexanol was formed and wis
distilled off. After 3 hours heating 1ll5g of n-hexsnol

(87% theoretical) had passed cover; the temperature range
being 90-160°/760mm. Distillation of the residue yielded

a colourless mobile ligquid (58g, LL¥ theoretical) bn. 100~
110°%/0.1mm. 021 = 14539 116.(Wbs. 207-20°/0.8mm. 114, (84)
n2l = 1.4390. (found: C, 63.31; ¥, 10.29; B, L.72; calculated
for 012H23033 : C, 63,743 H, 10.25; B, L.78). The trans diol,

under these conditions formas a polymeric borate.
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Attermted nrenparaticn of 2-chloro-l, 3, 2 hexabhvdrobhenzo-

dioxaborinan

The hexoxy derivative (3Lz, 1 mol.) was added to boron
trichloride (19g, 1.05 mol.) at ~-30°C with stirring under
a dry nitrogen atmosphere, to give a homogenius strayw col-
oured soluticn. On rarming to room temperature a slow
exothermic resction ensured and the solution turned a deep
crimson colour. Distillation o the reaction mixture at
reduced pressure vas difficult because of the excess froth-
ing which occurred. This was caused by the evolution of
a gaseous decomposition product which was detected in the
liquid nitrogen trsp, but was not identified. The total
fraction, boiling cover the range 26-50°/C.Smm, vas collected
and analysed. (found: Cl, 30.2; B, 5.0). This enalysis did
not correspond to that ofthe exwected compound (Cl, 22.1;
B, 6.7) and is most likely to be impure hexoxyboron dichloride
C6H1303012 (requires Cl, 35.8; B, 5.9).

Attempted préparaticn of 2-chloro-1, %, 2 hexahydrobenzo

dioxaborolan (cis)

Cis cyclohexane 1, 2 diol (12g, 1 mol.) was added in
suspension in methylene chloride (5¢ml) to boron trichlor-
ide (1lhg, 1.1 mol.) in methylene chloride (50ml) at -8¢°C.
On warming to room temperat:re, hydrogen chloride was evolved

(56% theoretical) and efter removal o the solvent a red syrup
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recmained. This residue failed to distill under reduced
pressure and vas readily decomposed. (Boron trichloride
vas detected in the liguid nitrogzen traps nrotecting the
DUmMP ) o

2~chlorobenzo-2~bora 1, 3 dioxarole derivatives

These compounds vere all prepared by the same general
method.(5l)

The substituted catechol (1 mol.) in suspension in
methylene chloride (1COml) wac added to a solution of
boron trichloride (1 mol.) in methylene chloride (2Cml)
at -80°%. A wide~tap dropping funnel was used for the
addition and the mixture vwas stirred under a nitrozen at-
mosphere. Vhen the howogenius solution warmed to ambicnt
temperature hydrogen chloride was evplved and vas estimo-
ted by the method already described. The solvent vas re-
moved and the product purified by distillation at reduced
pressure., Any deviation from this genreral procedure will
be mentioned. The nomenclature used (in Ssction 3 - Results
znd Discussicn) to describe these compounds will also be
used here,

WIII (R = H) (35g, 50% theoretical yield)

Catechol (L5g, 1 mol.) was added to boron trichloride

(50g, 1,04 mol.). bp. 71-3°/1llmm. mp. 57-8° 1it.(51) bo.
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61°/10mm. 11t. 5 my. 57° (founa: ©, L7.2L; H, 2.68; B,
2.61; B, 7.00; C1, 23.C).

TWIIT (R = 5-C1) (2%g, 37¥ theoretical yield)

]

Lh-chlorocatechol (54z, 1 mol.) added tc¢ boron trichlor-
ide (50g, 1.1 mol.) 89¢ hydrozen chloride estimated. bw.
68-70°/3mm. mp. 39.5 - L0.5°%. (C, 39.72; H, 2.06; B, 5.76;
€1l (hvdrolysable), 19.2; C41:0,501, requires C, 38.17; H,
1.60; B, 5.73; C1 (hydrolysable), 18.8).

YVIII (R = 5=-Me) (33gz, L9% theoretical yield)

L-methylcatechol (50g, 1.0 mol.) added to wron trichlor-
ide (502, 1.06 mol.) 90% hydrogen chloride estimated, bo.
81-2°/10mm. mp. 21°, n22 = 1.5117. (found: C, L8.27; W, 3.63;
B, 6.L2; C1, 21.2; 075602BCI requires: C, 49.93; H, 3.59;

B3, 6hl2; C1l, 21.1).
YVITI (R = L-Me0O) (12g, 23% theoretical yield)

3-methoxycatecrol (LCg, 1 mol.) added tc boron trichlor-
ide (35g, 1.0L mol.), 78% hydrogen chloride estimated. bp.
92-3%/L.5mm. mp. 53-4°. (found: C, L5.82; H, 4457; B, 5.83;
Cl, 19.1; C7H603501 reguires: C, L5.60; H, 3.28; B, 5.86;
Cl, 19.2).
The syathesis of thls compound was repeated using carbon

disulphide as solvent.
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3-methoxycatechol (2 z, 1.0 mol.) added to boron tri-
chloride (22g, 1 mol.) (237 product obtained 697 theorcti-
cal yield). bp. 109°/10mm. (found: ©, L6.68; H, 3.96;

o H603301 regulres C, L5.6C; H, 3.23).

7

iy

b-nitrocatechol (30z, 1 mol.) was added to boron tri-
chloride (25z, 1.1 mol.). A bright yellow complex was
obtained, which on warming the mixture to ambient tempera-
ture, dissolved with the evcluticn of hydrogen chibride gas.
The solid residue which remained aiter removal of the sol-
vent, exploded on distillaticn at reduced pressure. Hence,
the bulk of the sample vas crystallised twice from carbon
disulphide st -200, yielding a crop of mushroom colcured
ncedles. mp. 93-4°. (found: C, 35.91; U, 1.66; N, 7.21;

B, H5.l42; Cl, 17.3; C6H303N801 requires C, 36.15; C1l, 17.8;
I, 1.52; N, 7.C3; B, 5.42).

The majority of the chemicals used in these preparaiions
were obtained from Bfitish Drug Houses (BDH) Ltd., except
for the following:-

1. Cyclohexane 1, 2 diol from Aldrich Chemical Company and
cyclohexane 1, 3 diol from Robinson Bros. Ltd.
2. SBubstituted catechols from the Aldrich Chemical Company.

3. Alkenethiols and tetraphenyltin from Eastman-Fodak Ltd.
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vagour pressure (P) with tempevature (T) of « liquid is given by the

Clausius - Clapeyron equ:tion:=

& = Allvan
ar T(Vg~VL1)

Hvop = ldent heat of vaporisstion.
If the volume of the licuid (V1) is neslected compared to that of the

vapour (Vg), ond assuming ideel gas behaviour of the latter, then:-

dine  _ 45@1%3 (R = 3.5 constant)
ar /T

or
dAlnp = _Alivap

a(—%) R

Ir 1oglo vapour pressure is plotted against %.a curve 1is obtained. Gener-
ally Hvop is constant over short temperature ranges =nd a str:inght
line is obtained. The slope of this line multiplied by -2.303R yields
a value for the heut of vaporisation. In this work, the slope was more
suitably derived from & least squares analysis of the experimental data,
which was equated in the form:
b
logloP(mm) = 2= oy

where a and b (the slope) are contants.

The system was checked with proplonic acid (since this liquid had a

convenient boiling range) snd the results are compared with literature

values3)in Table XXAVIII.
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TABLE ¥V ITL

Frrerimental end liter.bure viosoul prossures of »ronionic seid

°C Log) @ (expt) log, @ (11t)

63° 1.5 1.55

73° 1.7% 1.75

78° 1.83 1.85

84.° 1.9% 1.97

90° 2.05 2.08

92° 2014 2.18

99° 2.21 2.2
11° 243 2oy

The average deviation of the above ei ht observations waz + Z.

Latent he:tsof vaporisation derived by the zbove method refer to the
nexn temnerature of the ranse over which measurements wer talen. These

values were 'corrected' to 25° using an empirical equation devised by

(73)

Yatson.

1- 2 0.33

T ~ 298
C

TC = oritic:zl temperature. The value of TC depends on the type of
mplecule.,
For corpounds oontaining chlorine or sulphur
¢ = 1.41 Ty + 66
Far arcmatic compounds not contalning chlorine or sulphur




and for =21 othier comounds

¢ = 1.027 Ty + 159
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Ty = normal beiling point (°K).




Bectlon 5. Detelled cilgrimetric resulis

All of the cnlorimetric results cuoted in this section are in

1 a2t a temperature of 25.0 £ C.1°C ualess otherwise indica~

Kecol.mole”
ted. The ervors are quoted zs twlce the stondard deviation from a sinsle
ouserva.lon, for five or sore observaticns, and for less than five ohser-
vations, x5 the range N is the wmole ratio of .slorimetric splvent to

compound.

(1) Tae Thioboranes

ifydrotysis of (C4il53) 53, cryst. ifydrolysis of (n-cﬁﬁlls)za, 1iq.

N A Hops il Ak e
7247 -21.5 2933 -2h.7
L3064 -21.3 28438 -24..0
2929 ~22.1 3319 -2
2202 -22.0 142 . ~23.9
2584 -21.6 2783 ~e2
2618 «21.3 2382 =23
3644 -23 .4 2305 =241
3312 =~21.8 3243 2ok
4607 -21.5 2183 -24.1

Aﬁobs(meaﬂ) = ‘21-6 i’ 005 AI‘IQQS(me&n) = _2‘2".2 : 0.2
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Hydrolysis of (n-c4ﬁgs)35,1iq. Hydrolysis of (n-ch7s) 58,11q.
bl AHgos b A,
2761 -23.9 2073 -22.6
2841 -23.8 2708 -22.2
286 ~23.5 2417 -22.3
3343 -25.3 2483 -22,8
1974 -23.3 2325 -22,2
3303 ~23.9 2242 -22.3
2594 -23.6 2244 -22,0
2369 <240
A Hypg(mean) = =23.7 £ 0.3 AHypg(mean) = «22.3 1 0.3
Hydrolysis of (Ciz3)5B,1lig Solution of (CgHgS) Bleryst) in dioxan
N A Hops N Alys
1023 -17.8 710 -8
1511 -19.9 842 =25.9
1362 -17.6 AH ps(mean) = -25.4 + 045
1266 <18.0
1877 ~17.3
1715 ~17.7
1379 -17.2

A H pg(mean) = =17.6 % 0.3




(11) The gs.p BX, Series

Hydrolysis of g3Cl,, lig.

N
2360
2425
2743
4320
3620
3300

2914

Aflgys
~40.7
=40.5
«40.0
-0, 6
-40.1
-40.1

-40-2

AB ps(mean) = =40.3 & 0.3

Hydrolysis of ﬁZEC]- ,1lig

N

1644
2018
1435
2054
2612

1921

H . (mezn) = «17.2: & 0.1
obs 5
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liydrolysis of @3ir,,1iq (30° £ 0.1°C)

K Al
352 -48.6
4603 -48.8
4002 48,7
7010 ~4.9.0
4257 -49.0
5350 -49.0

AHObS(me&.n) 3"21-8085 + C.2

Hydrolysis of g,BBr,liq.

A Hobs il AHgpg
-16.9 (at 30°C) 1590 -22.5
-17.3 1758 -22.5
-17.15 1677 -21.9
-17.4 1565 -22.15
-17.4 1775 -22.15
«17.0 1870 -21.5

1616 -21.6
182 -21.9
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Oxidative hydrolysis of @.B/dioxan in aeb (acueous cxcess base)

10%N_ 10N, ozl Ally
1.552 3.9010 ~143.3 =-2756.6
1.479 2.,837 -101.9 -27h. L
1.899 L.1719 -159.0 «277 4
2.052 L SL7 ~173.5 -278.6
1.184 L.2uh2 «1hMi.5 -276.9
1.249 4L.7270 -157.7 -273.3
1.578 4.7850 ~167.9 -275.8

Where Ny and N, are the number of moles of dioxan and triphenylboron
respectively.

AHy(mean) = -276.1 & 1.8 (enthalpy of resaction of Q{BB in aeb)

Solution of gﬁ in 1, 4 dioxan Solution of 1, 4 dipgxan in aeb
X Aobs X Aﬁgp_g_
65k 3.2 310 -2.3
740 3.4 317 233
795 3.3 332 -2.3
849 3.1 509 -2.3
632 3.3

AH pg(mean) = 3.3 & 0.13 A B y(mean) = 2,3




Soluticn of g-B in benzene Seclution of cyelohex:nol in aeb
5 Aligbs N Al
628 41 3 .
562 3.8 285 -1.93
550 ) 296 -1.97
b27 b2 350 -2.01
533 3.9 265 ~5.00
450 ho2
[.\Hobs(mea.n) = 4.1 £ 0.2 AHobs(mean) = -1.98 £ 0.3

oxidative hydrolysis of (CgHiq).B/eycloherancl in az.e.b.
-

lQEgi_. Eﬁfji&_ Qleal AL,
3.2278 3.1851 -149.8 -295,6
2.7941 3.9304 =163.4 =274.9
2.7221 Lo 345 -173.5 -275.1
2.8519 4,7258 -186.% -274.9
3.2218 3.9266 -169.9 -27C.2
2.64.20 3.5962 -1L2.5 -270.3
2,322 3.2005 =133.4 -273.1

Ny and Ny are the number of moles of cyclohexansl and triphenylboron
resvectively.

Ho(mezn) = =272.6 % 2.3 (enthalpy of reaction of (C¢Hy7)-B in a.edb.)
2 6711/3°
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Salution of (CpHiq)z3 in cyelohexanol

pif A Hgbs
955 1.9

pddative hvirglyeis of #.3C1,130. in a.e.b.

it Al
8563 218.3
10,178 =217.0
15,673 -217.9
11,392 -214.1
16,055 -216.2
3010 -214.3

A Hobs(maan) =z «216.,3 £ 1.8

(1i1) The substituted P-chlorobenzo=’=bora 1, 3 dloxarole derivatives

Tuese compounds are identifled, os in Section 3 - results and discus-

sion, by the numersl XVIII, followed by the substituent.



vdpalysls off VLIL { 1 = i) ,0r73t. idydinlysls of YVIIT (R = Sell) . orvst.
e g g
= Adgog i Aty

1303 ~22.4 1571 -23.465
2029 ~-22.6 1368 -23.65
1970 -22.6 1522 -23.6
Lihidy -22.5 16¢3 ~23.9

1937 ~22.6 A i,pg(mesn) = «23.7 ¢ 0,15

2820 -23.¢

A iinbs(maan) = =22.7 ¢ ¢.2

Hydrelysis of XVIII (R = S-de),liq, Gydeelysis of MVITL (R = heBen),ervst.

5

135 -26.5 1645 -22.5

Aiinbs(zzsean ) = —25.:'-5 + (.15 A i‘iﬂbs(ms‘;an} = «22,6 + 0,25
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Hydrolysis of XVIII (R = 5-NQgo),eryst  $5-1l. of XVIII(R=5-NQ,),cryst. in hengene

x B0 ' B,
1659 -23.5 325 475
2445 ~23.7 2% Lo5h
2686 =23.5 278 Lol
2716 -23.4 Al pg(mean) = 4.6 3 0.1
232 -23.3

A s(meun) = 23.5 + 0.15

Solutinn of XKVIIT (R = 4-MeD),cryst.in benzene

fl

N H

M obs
217 467
183 4.81

AHobs(mean) = 4.7% + 0.07

i+

Solutinn of XVIII (R = H), cryst. in benzene

-IF- AHo'bS
374 L.30
187 4e32

AH yg(mean) = 4.31

I+

0.0C5




Solution of AVIII (R = 5-lie) cryst. in benzene

hij AH,, (st 20°C)
120 3.97
159 4,18
204 k.09
194 L.28

AH pg(mean) = 4.13 £ 0.15

Sclution of cntechol (eryst.) in water Sol. of h-chlorocrtechel(cryst) in water
‘I'\‘i‘.' A Hobs -I.\.I- AH bs
866 RN 571 4,30
796 3.63 627 L.O7
693 3.55 826 4o 23
&15 3.71 626 4,28
Aty (mean) = 3.65 £ 0.05 AH_pg(meen) = 4.2 ¢ 0.1

Sol. of L-methylestechol(eryst) in woter Sol. of L-nitroeatechol{eryst) in water

N At g N A,
1138 3.61 iy L.77
1048 3.56 1087 469
59 3.70 1199 4.78
632 3.71 1096 4,81

AHobs(mean) = 3,65 ¢ 0.1 AHObs(me&n) = 4.76 + 0.05
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Solutign of 3-methoxye techol (cryst.) in water

B A fobs
1292 3.27
1436 3.29

A}iobs(mean) = 3.28 + .01

Hydrolysis of 2-hexoxy 1, 3, 2-hexahydrobenzgdieieboreclan, lig.

N At s
1765 -1k 55
211¢ -14.3
1828 =147
1632 -15.0
1386 -14.8

Aﬂobs(nc.m) = «14.8 ¢ 0.2

S~luticn of cyclohevane 1, 2 di~l (eis -nd trans), cryst. in woter

il A I'Ig'bs
T2k 0.87
750 0.95

Ay (nean) = 0.91 + 0.0k




Lhenethyleatechol~1CL

Leohlorpe ateoohnl-101
J=methoxyen bothipl~iC1

Loentd bipoataoinle=i01

3-lutisn of boris »¢:d {orve

- 150 4 —

£) iu e fpllgy ng »nuindl-r soluti-ns
i Alsg
525 5.17 )
J 50k 2 0.2
L83 5.30 )
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Values for the standard enthalpies of formation and transition (condensed phase to gas) are
reported for the series (RS)3B, where R = CH3, n-C3H7, n-C4Ho, n-CsH;; and CgHs. The energy
of the boron-sulphur bond in these compounds is evaluated and is found to be nearly constant
except for trimethylthioborane.

The standard enthalpy of formation and the energy of the boron-sulphur bond in
triethylthioborane have been reported.! That work has been extended to include
those members of the series (RS);B for which R is CH;, n-C3H,, n-C,H,, n-CsH,,
and C¢H,. Sufficient members of the series have been investigated so that the
standard enthalpy of formation of any symmetric alkylthioborane containing un-
branched carbon chains may be estimated. Extension to thioboranes containing
branched acyclic chains should be simple in view of the extensive and accurate bond
energy schemes for hydrocarbons.2 The enthalpies of formation of the compounds
were derived from their enthalpies of hydrolysis, determined with the aid of a con-
ventional solution calorimeter.

EXPERIMENTAL
PREPARATION OF COMPOUNDS

TRIPHENYLTHIOBORANE.—This was prepared according to the method of Young and Anderson?
by condensing thiophenol (3 mol.) and boren trichloride (1 mol.) in benzene solvent. Puri-
fication by vacuum distillation yielded a pale-yellow solid, b.p. 196-7°/0-1 mm, m.p. 140-
143°, 1it.? b.p. 193-4°/0:02 mm, lit.> m.p. 129-43° (found: C, 63:66; H, 4:63; B, 3:27;
S, 28:26; calc. for C1sH,sBS3: C, 63-90; H, 447; B, 3-20; S, 28-43).
TRIALKYLTHIOBORANES.—These were prepared according to the method of Mikhailov and
Bubnov * by condensing the appropriate alkyl thiol (3 mol.) with boron trichloride (1 mol.)
in ether solvent, and abstracting the liberated hydrogen chloride with triethylamine. The
physical censtants and analyses are given below. .
N-AMYLTHIOBORANE, b.p. 146-9°/0-1 mm, #35 = 1-5116, lit.5 b.p. 168-173°/0-2 mm, lit.?
n* = 1-5145 (found: C, 56-37; H, 10-43; B, 3-43; S, 29:96; calc. for CysH33BS;:
C, 56:23; H, 10:38; B, 3-37; S, 30-02).
Nn-BUTYLTHIOBORANE, b.p. 126-7°/0-05 mm, n3° = 1-5203, 1it.¢ b.p. 150-2°/1 mm, lit.® n3® =
1-5205 (found: C, 52:04; H, 933; B, 3:99; S, 34-74; calc. for C,,H>,BS;5: C, 51-78;
H, 9:75; B, 3:88; S, 34-56). _ . ,
n-PROPYLTHIOBORANE, b.p. 102-4°/0-02 mm, n»3° = 1-5304, lit.° b.p. 135-135-5/4 mm,
lit.6, #3° = 1-5312 (found: C, 45-82; H, 8-88; B, 4-70; S, 40-50; calc. for CoH,,BS;:
C, 4575; H,896; B, 4:58; S, 40:71). ,
. R o ' 1603
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METHYLTHIOBORANE, b.p. 87-8°/10 mm, n3° = 1-5780, lit.* b.p. 93-6/14 mm, lit.* n3? =
1:5790 (found: C, 23-47; H, 5:96; B, 7-13; S, 63-01; calc. for C3HgBS;: C, 23:69;
H, 596; B, 7-11; S, 63-24). .

ANALYSES AND HANDLING

Boron analyses were performed by degrading the compound with approximately 10 ml
of concentrated sulphuric acid and 5 ml of aqueous hydrogen peroxide (100 volume) followed
by warming. Excess methanol was added and the trimethylborate+- methanol azeotrope
distilled into water ; boric acid was estimated by the usual volumetric technique. Carbon,
hydrogen and sulphur analyses were by Bernhardt, Max-Planck-Institut. All compounds
were handled in nitrogen-filled glove bags and stored in the dark.

CALORIMETER

The calorimeter was of the constant-temperature-environment type, fully immersed in
a thermostat controlled to 25° £0:01°C. A full description may be found elsewhere.” The
precision and accuracy were checked by two standard reactions, one exothermic and the other
endothermic. For the enthalpy of neutralization of tris-(hydroxymethyl)-amino-methane
(THAM) in excess 0:-1 M HCI, the mean of six determinations was —7-14 +0-02 kcal mole~!
at 25°C and N = 830 (lit.® —7-104 kcal mole~! at 25°C and N = 1330). The dilution
enthalpy for THAM is very small. For the intergral enthalpy of solution of KCl in water,
AHg = 4212 4+0-008 at 25° and N = 200 (lit.° 4-206 kcal mole~! at 25° and N = 200).
N is the mole ratio of water to solute. All enthalpies are quoted in terms of 1 cal = 4-1840
abs. J.

ENTHALPIES OF TRANSITION

The enthalpies of transition were determined by a dynamic distillation technique,
establishing an equilibrium between liquid and vapour and stabilizing the pressure with a
Cartesian monostat. The thermometer was pre-calibrated and temperature measurement
was accurate to +0-03°C. The pressure range over which the esperiments were performed
was usually 5 to 120 mm Hg, and individual pressure measurements were accurate to +1-0 mm
Hg. This method was checked using propionic acid 1° and the average deviation of eight
observations over 63-111°C was +2 %,. The experimental data are represented in the form,

10g10 Pmm = a—(b/T°K).

TABLE 1
range AH(T:l->g) A4HQ298:/-g)t
compound (T°C) a 1035 kcal mole~1 kcal mole~!
(CH:S5);:B 30-120 8-964 2-695 123 129402
(CszS)sB bt —_ —_ _— 14-6 :}:0'5 1
(-C3H,S);B 150-210 10-32 398 182 20-8 40-5
(n-C,H,S);B 167-230 10-55 4-38 20-0 229405
(n-CsH,,S);B 173-230 10-86 4-82 2205 250405
(C5H5S)3B —_ -—_ —_ — 26'0* :}:15

* estimated from a graph of molecular weight against AH (298 : [—+g) of (RS);B.
1 estimated from AH(T: [->g) using Watson’s equation (K. M. Watson, Ind. Eng. Chem., 1931,
23, 362).

RESULTS
Trialkylthioboranes are readily hydrolyzed according to

(RS);B+3H,0~H;BO, +3RSH. .

The thiols produced are slightly water-soluble and therefore all hydrolyses were
performed in saturated solutions of the thiols; in this way the thiols produced by
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hydrolysis can be assumed to be in their standard states. We have, therefore,
(RS)3B(/ or cryst.) + (n+ 3)H,0(/)=3RSH(/ or g)+H;BO, . nH,0, AH,,
from which
AHJ[(RS);B, I or cryst.] = AH}][H,BO,.nH,0]+3AH3[RSH, ! or g]
—3AH}[H,0, I]—AH .

TaABLE 2
R v R v

7247 —-21-5 2933 —24-7
4864 —21-3 2848 —240
2929 —22-1 3319 —242
2202 —22:0 3142 —239

(CsHsS);B 2584 —216 (n-CsH,1S);B {2783 —24-2
2618 —21-3 2382 —24-3
3644 —21-4 2305 —24-1
3312 —21-8 3243 —244
4607 —-21'6 2183 —24-1

mean —21-6+0-3 mean —24240-2

2761 —239
2841 —23-8 2073 —22-6
2866 —235 2708 —222

(n-C,H,S);B 3343 —23-3 2417 —223
1974 —-233 (n-C5H5S):B 2483 —22-8
3303 —239 2325 —22-2
2594 —236 2242 —223
2369 —240 2346 —-22:0

mean —23:7403 mean —22-310-3

1023 —17-8
1511 —-179
1362 —17-6

(CH;S);B 1266 —18-0
1877 —173
1715 —17-7
1379 —172

mean —17-6+0-3

TABLE 3 .
(CHSHB  (CHsS)B  (@CiHiS:B  (CiHySHB  (-CsHiS):B  (CeHsSHB.
4Hf cryst. 25°C — — — — — +151£0-9
AH}(L) 25°C —50:340-6 —82:8+05¢% —100-840'6 +117-1£09 —135:7+1-2 —_
AH;—(g) 25°C —374406 —68-2+07 ¥ —80-0+0-8 —94-241-0 —110:7L£1-3 +45141-8*

* assuming the enthalpy of fusion of (¢S);B is the same as for ¢3B (4 kcal mole-1), (¢ = CgHs).

¥ recalculated using current ancillary thermodynamic data. .
For the hydrolysis of trimethylthioborane, the product (methanethiol) was gaseous.
Any thermal effect due to the evolution of this gas, e.g., direct thermal transfer or
from vaporization of water, was assumed negligible in comparison with the heat
quantities being measured.
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The error quoted for the means is twice the standard deviation of a single observation.
Combining the data of tables 1 and 2, the standard enthalpies of formation of

the compounds are collected in table 3.

The ancillary thermodynamic data used (all in kcal mole~!) were:

AHJ[H,0,l] = —683212;
AHJ[H3BO,,c] = —261-7402 13;
AH{[H3BOsaq.] = —256:5+0-21%;
(the heat of dilution of boric acid in water is negligible).!4
AHS[CH;SH,g] = —54640-141%;
AHS[C,HSH,I] = —17-62£0-11 *%;
AHJ[n-C;H,SH,[] = —23-844+0-16 '°;
AH{[n-C,HoSH,I] = —29-76+0-28 '°;
AHj[n-CsH,SH,/] = —36:114+0-40 '*;
AH[¢SH,I] = 15:0240-27.1°
Enthalpies of formation of simple alkane thiols have recently been reviewed.!®

DISCUSSION

A least-square analysis of the data for ethyl, n-propyl, n-butyl and n-amylthio-
boranes yields the following equations for the standard enthalpies of formation at
25°C of symmetric trialkylthioboranes,

— AHS[(RS);B,1] = [17-50+0-12]n + [47-85 +0-44],
— AHY[(RS);B,g] = [15:11£0-16]n+[37-49 +0-60], keal mole™*,

where # is the number of carbon atoms in R. Bond energies E in these compounds
were evaluated from a knowledge of the standard enthalpies of formation of the
gaseous thioboranes (AH(g)), the enthalpies AH, of atomization of the constituent

elements and the equation
YE=YAH,~AH}(g),

all thermodynamic data being for 25°C. The enthalpies of atomization 7 used in
the calculations were C(170-94-0-45), H(52:10+0-001), B(132:8 +-4-0) and S(66-740-5)
in kcal g atom~! at 25°C. Two bond energy schemes were used : (i) that proposed
by Laidler,'® and Mackle !° et al. (L.M. scheme) and (ii) the Allen 2° scheme. The
L.M. scheme assumes different values for the C—H bond energy dependent on
whether the H is primary, secondary or tertiary, and a fixed value for the C—C bond
energy. The numerical values of these bond energies and those for E(C—H),,,
E(C—C),,, E(C,,s—S) and E(C,,>—S) were taken from Mackle !® et al. The Allen
scheme assumes a constant value for E(C—H) but takes account of non-bonded
interactions. Applying the Allen scheme to alkylthioboranes,

ZAHG - AH;(g) = 3BCS + aZBCH + a3BCC + 3BBS + ﬂ4rccc + 3FSBS + 3FBSC + asrccs }

+AgSS:
where B is the  effective ” Allen bond energy, I' are the magnitude of 1,3 interactions
and the coefficients a; the frequency of occurrence. Using Skinner and Pilcher’s

collated data ? (after adjustment to AH{[3,¢] = 66-7) for By, Bcs, Bees Tece and
T'ccs we evaluate the composite term, o

W = (Bys +I'sps +Isc +$A5s)-
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The error in a bond energy term depends on (i) the precision of the standard enthalpy
of formation of the compound and the compounds from which the ancillary bond
energies were determined, and (ii) the precision of the atomization energics of the
two atoms constituting the bond each divided by their formal valency. For the alkyl-
thioboranes, term (i) contributes about +1-1 kecal, and term (ii), +1-3 kcal, giving
a net error of +1-7 kcal (2-5 for R = C¢H;). The bond energies in the fourth
column are derived from AHJ[RS,g] where it is known.'® The error on these E
data is too large for the results to be significant except that the good agreement with
the other data imply that the errors assigned to the AH?[RS,g] data (£ 5 kcal mole—?)
were too large.

TABLE 4
R in (RS);B E(B;csgfLM) w 1((1:; llen) E®B—S) rrarc‘; lAHf[RS,g]
CH, 85-0 87-2 87445
C,Hs 90-4 91-8 92:5+5
n-C;Hy 89-4 90-8
n-C.H, 89-3 90-7
n'C5H11 89-9 91'3
CsHs 89-8 —_

There is a marked disparity in the boron-sulphur bond energy in methylthioborane
and its homologues (~5 kcal). A corresponding difference also occurs in the trialkyl
borates, (RO);B, (~12 kcal). If this is due to an inductive effect then it appears
that oxygen is more efficient in transmitting this effect than sulphur; arguments
based on size support this idea. The fact that the alkylthio-boron bond energy is
the same as the arylthio-boron bond energy implies that the phenyl substituents do
not effect the electronic character of the B—S bond. This supports Mackle’s
evidence '° that there is no thermodynamic stabilization resulting from conjugation
between a sulphur atom and an adjacent delocalized electronic system.
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The standard enthalpies of formation and transition (from condensed phase to gas) are reported
for the following compounds: triphenylboron, tricyclohexylboron, diphenylboron chloride and
bromide, phenylboron dichloride and dibromide. The boron-phenyl bond strength is determined ;
its value increases with successive replacement of phenyl by halogen, and is discussed in terms of
structural features.

Thermodynamic data for organo-boron compounds are sparse, especially for
compounds containing the aromatic nucleus. The thermochemistry of phenylboronic
and borinic acids has been reported.! Using these data and a conventional reaction
calorimeter we report the thermochemistry of some phenylboron halides via their
hydrolyses. For triphenyl and tricyclohexylboron, oxidative hydrolyses are studied.

EXPERIMENTAL

SYNTHESIS OF COMPOUNDS

PHENYLBORON DICHLORIDE.—Boron trichloride and tetraphenyl tin were mixed in 1 :4
mole ratio according to ¢4Sn+4BCl;—»4¢BCl,+SnCl,, following Gerrard? et al.
Fractionation through a 6 in. column packed with helices gave a middle fraction of phenyl-
boron dichloride (70 % theoretical yield) b.p. 170-4°/760 mm ; lit.2 b.p. 73°/15 mm (found :
B, 6:8; Cl, 44-4 ; calc. for CsHsBCl, : B, 6:8; Cl, 446 %).

DIPHENYLBORON CHLORIDE.—The above synthesis was repeated and stannic tetrachloride
removed by distillation at atmospheric pressure. Further tetraphenyl tin was added to the
crude phenylboron dichloride according to ¢.Sn+4¢BCl,—4¢,BCl+SnCl,. Stannic
chloride and phenylstannic chlorides were removed by distillation at atmospheric pressure
(boiling range, 115-200°/760 mm). Distillation of the residue yielded a middle fraction
b.p. 96-100°/0:-1 mm which on redistillation gave diphenylboron chloride (55 % theoretical
yield), b.p. 94-96°/0-1 mm ; mp. 29-30°, 30 = 1-6118 ;1it.3 b.p. 98°/0-1 mm, »3} = 1-6118
(found : Cl, 17-4 ; calc. for C,.H,,BCl; Cl, 17-7 %).

TRIPHENYLBORON.—This compound is extremely sensitive to aerial oxidation and
commercial samples were extensively oxidized. The above synthesis was repeated and
further tetraphenyltin was added according to ¢,Sn+4¢,BCl—4¢;B+SnCl,. Distillation
yielded triphenylboron (80 % theoretical yield), b.p. 203°/15 mm. Crystallization from
sodium-dried diethyl ether gave a white crystalline solid m.p. 148-149° (in vacuo), lit. m.p.*
151°, (found: B, 4-32; calc. for C;sH,sB: B, 447%,). Rigorous precautions to exclude
oxygen are necessary during handling.®

PHENYLBORON DIBROMIDE.—Phenylboron dichloride and boron tribromide were mixed
at —80°C according to 3¢ BCl,+2BBr;—3¢BBr,+2BCl;. On warming to room tempera-
ture, boron trichloride (80 %; theoretical) was removed. The residue was distilled under
reduced pressure and a low-boiling fraction (mainly unreacted phenylboron dichloride)
discarded. The second fraction, b.p. 62-64°/0-5 mm, initially a colourless liquid, slowly

1880
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solidified and was purified by crystallization from 40/60 petroleum ether (38 %, theoretical
yield), m.p. 28-9; lit.® m.p. 25-28° (found : Br, 64-8 ; calc. for C¢HsBBr, : Br, 645 %).

DIPHENYLBORON BROMIDE.—Diphenylborinic anhydride in methylene chloride was
added to boron tribromide in methylene chloride according to 3(¢,B),0-+2BBr;—6¢,BBr+
B,0; at —80°C. The solvent was removed at room temperature and the residue distilled
twice. A fraction boiling at 112°/0-05 mm; lit.” b.p. 115°/0-05 mm, was identified as
diphenylboron bromide, n3{ = 1-6353; lit. #3) = 163467 or 1-6325°® (found: Br, 32'5;
cale. for C;,H;oBBr; Br, 32:7%).

TRICYCLOHEXYLBORON.—Triethylamine borane (Et;NBH;) was synthesized ® by mixing
anhydrous triethylamine hydrochloride (1 mole) with sodium borohydride (1 mole) in
triethylamine solvent at —10°C. Water (1 mole) was added slowly to the mixture. Sodium
chloride was filtered off and the borane separated from ethylamine by distillation. Tri-
ethylamine borane (1 mole) was heated under an atmosphere of nitrogen to 100-120°, and
cyclohexane (3 mole) was added dropwise. The reaction mixture was refluxed for a further
5-6 h and the liberated amine distilled off. White crystalline tricyclohexylboron was purified
by distillation and sublimation ; b.p. 131-2°/2 mm, m.p. 118°; lit.!° b.p. 130-1°/2 mm, m.p.
118° 11 (found: B, 4-4; calc for C;3H33B: B, 42 %). A further sample was purified by
crystallization from freshly-distilled 1,4-dioxan. The infra-red spectrum showed no absorp-
tion attributable to B—O stretch in the 1300 cm~! region. The compound smoulders in
dry air and was handled in an oxygen-free atmosphere.

ENTHALPIES OF TRANSITION

Two methods were used : (A) a static method consisting of an all-glass vapour tensimeter
incorporating a spiral gauge (Springham). The accuracy of the system was checked using
water and from a log; o P (mm) against 1/7(°K) plot the following vapour pressures at 10, 20,
30 and 40°C were obtained, (literature data 2 in parentheses) ; 9-23 (9-203), 17-38 (17-529),
31:62 (31-824) and 55-21 (55-338) mm. (B) A dynamic distillation technique, establishing
an equilibrium between liquid and vapour, and stabilizing the pressure with a Cartesian
manostat. This system was checked with propionic acid,'® and the average deviation of
eight observations over 63-111°C was +2 %.

The experimental data obtained and reported in table 1 are represented in the form,

log;oP (mm) = a—b/T (°K),
where a and b are obtained from a least-squares analysis.

TABLE 1
AH (liq.—g)
compound range (°C) a 10-35(°K) (kcal mole-1) method
¢BCl, 0-45 6-29 1-76 8:054+0-2 A
¢.BCl 90-212 6-48 2-17 9-9 +0-5* B
¢BBr, 118-160 7-63 2-30 10-5 +0-5*% B
¢,BBr 163-243 8:35 315 14-4 +0-5* B
¢sB 150-295 8-28 3-36 15-4 +0-5*% B

*an error of +0-5 kcal was assigned to these data as the experimental ranges do not include 25°C.

ERRORS.—In contrast to the procedure '* we adopt the following procedure:
(i) for less than five observations, the error is taken as the range; (ii) for five or greater, the
error is quoted as twice the standard deviation from a single observation. The net error is
calculated as the root of the sum of the squares of the constituent errors.

CALORIMETER

The calorimeter was a constant-temperature-environment type fully immersed in a
thermostat controlled to 25-0+£0-01°C.15 The precision and accuracy were checked by two
standard reactions, one exothermic and the other endothermic. For the enthalpy of
neutralization of tris-(hydroxymethyl)-aminomethane in excess 0-1M HCI, the mean of
five determinations was — 7-174 £0-02 at 25°C and N = 730 (lit.,*% 7-104 kcal mole™! at 25°C
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and N = 1330). The dilution enthalpy for THAM is small. For the integral enthalpy of
solution of potassium chloride in water, AH = 4-212 +0-008 kcal mole—*, at 25°C and N = 200
(lit.,*7 4-:206 kcal mole~! at 25°C and N = 200). Enthalpies are quoted in units of 1 cal. =
4-1840 abs. J, and were measured at 25-0+0-1°C except where stated otherwise.

FINAL THERMODYNAMIC STATE

PHENYLBORON HALIDES.—These compounds hydrolyze quaniitatively to phenylboronic
acid and hydrogen halide. The quantities of phenylboron halides were selected such that
the phenylboronic acid remained in solution.

DIPHENYLBORON HALIDES.—Hydrolysis is quantitative also but phenylborinic acid is an
intractable compound '8 with a small aqueous solubility and decomposes slowly on standing.
Hydrolyses were performed therefore in saturated solutions of phenylborinic acid. It was
assumed that the thermal effect due to further dissolution (or precipitation) as the reaction
proceeded was negligible. Using this technique, the diphenylborinic acid product can be
assumed to form in its standard state. In independent experiments the slow decomposition
of diphenylborinic acid was not thermally detectable. Both ¢BBr, and ¢,BCI have m.p.
close to 25°C. Liquid ¢»BCl could be supercooled to 25°C so the thermodynamic data for
this compound apply to the metastable liquid at 25°C. Phenylboron dibromide did not
supercool and hence was studied in the liquid state at 30°C. It was assumed that the difference
in AHgps at 25 and 30° was within the limits of error so these data apply to the hypothetical
liquid state at 25°C. The assumption is probably justified as an isolated observation of
AHgps (30°C) for ¢p,BCl was only marginally different from the observations at 25°.

TRIPHENYLBORON AND TRICYCLOHEXYLBORON.—A basic oxidizing medium ! consisting
of 0-1 M sodium hydroxide in aqueous 0-1 M hydrogen peroxide was used. Oxidative
hydrolysis thus yielded phenol (or cyclohexanol) and boric acid quantitatively. Independent
experiments showed the base-catalyzed decomposition of hydrogen peroxide was not
thermally detectable. Preliminary experiments with these compounds were unsuccessful
in that, following ampoule fracture the compound floated and hydrolysis continued over
periods of 30 min or more. In subsequent experiments, the compounds were dissolved in a
known amount of 1,4-dioxan for triphenylboron and cyclohexanol for tricyclohexylboron.
Both solvents were distilled (dioxan from sodium) immediately prior to use. Hydrolyses
were then complete within a few minutes. This technique necessitated the determination of
the enthalpies of solution of (i) 1,4-dioxan in the basic oxidizing medium, (ii) cyclohexanol in
the basic oxidizing medium, (iii) triphenylboron in f,4-dioxan, and (iv) tricyclohexylboron
in cyclohexanol. ‘

TABLE 2
AH gy (CD)
compound n kcal mole~1

¢BCl, 2360 —40-7 25°C)

2425 —40-5

2743 —40-0

4320 —40-6

3620 —40-1

3300 —40-1

2914 —40-2

AH pe(Br)

¢BBr, 3524 —48-6 (30°C)

4603 —48-8

4002 —48-7

7010 —49-0

4257 —49-0

5350 —49:0

AH} ¢BCly(lig) ; 25°C = —71:7+£0-6 keal mole™!
AH; ¢BBr,(lig) ; 25°C = —41-4 406 keal mole™
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RESULTS

PHENYLBORON HALIDES
These compounds hydrolyze rapidly but without undue violence according to
¢BX,(lig)+(n+2)H,O(liq) = [¢B(OH), +2HXnH,0, AH,.(X),
where X = Br, Cl. Hence

AH[$BX,,liq] = AH;[¢B(OH),,ag]+2AHHX, I:SH?'O] —
2AH3[H,0,lig] — AH,p,(X).

DIPHENYLBORON HALIDES

These compounds hydrolyse rapidly but without undue violence in saturated
aqueous diphenylborinic acid. The standard state (s.s.) of this latter compound is
ambiguous.

¢, BX(lig)+(n+ 1HH,O(liq) = ¢,B(OH)(s.s)+HXnH,0O
from which
AH}[$,BX,liq] = AH;[$,BOH(s.s.)] + AH[HX,nH,0]—
AHG[H,0,lig] — AH ,(X).

TABLE 3
AH opg (CD
compound n kcal mole—!
1644 —16:9*
G2BCL e

2018 —17-3

1433 —17-15
2054 —~17-4
2612 -17-4
1921 —17-0
AH gps(Br)
¢2BBr 1590 —225
1758 —22'5
1677  —21-9

1565 —22-15

1775 —22:15
1870 -21-5
1616 -21-6
1824 —21-9

* at 30°C

AH[/[¢,BCl, ligl—AH[¢,BOH(s.s.)] = 455 £0-18 kcal mole™?.
AH?[¢,BBr, liQ)—AH$ [¢,BOH(s.5.)] = 61-3 £0-38 kcal mole~™.

Incorporating the approximate figure,! AH;[¢,BOH, (s.s.)]~ —78 kcal mole~, then
AH{¢,BCllig]~ —32 and AHY¢,BBr,lig]~ —17 kcal mole~".

TRIPHENYLBORON

This was oxidatively hydrolysed as a dioxan solution in a mixture of aqueous
0-1 M hydrogen peroxide and 0-1 M sodium hydroxide (a.e.b. = aqueous excess base).

¢5B (dioxan soln)+3H,0,(a.e.b.) = [3¢OH +H;BO;] (a.e.b.)/dioxan, AH,
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The following ancillary data were also determined :

¢3B (cryst.)+dioxan = ¢,B (dioxan soln), AH,
and

dioxan (lig)+a.e.b. = dioxan/(a.e.b.), AH,.
Hence
AH$¢3B(c) = AH [ ¢3B, dioxan soln]—AH; = 3AH [$OH(a.e.b.)]+
AH [H;BO;(a.e.b.)]-3AH [H,0,(a.e.b.)] —AH,,,—AH3+(N/N,)AH ,
where N; and N, are the number of moles of dioxan and triphenylboron respectively.

The enthalpy of solution of ¢3B in a non-polar solvent (benzene) was also measured
to obtain an estimate of the enthalpy of fusion of ¢;B.

TABLE 4
reaction n(dioxan,$3B)  AH;[kcal mole-1]
¢3B in 1,4-dioxan 654 32
740 34
795 33
849 31
632 335
n(dioxan, H;0) AH,
1,4-dioxan in a.e.b. 310 —227
317 —229
332 —2-28
409 —2:27
n(benzene, ¢3B) AH(soln)
¢3B in benzene 628 41
562 3-8
550 42
427 4-2
533 39
450 4-2
AHgpg (kcal mole™!
102N, 104N of $3B) [AHgps— N1AH, N3]
¢3B (dioxan soln) in a.e.b. 1-552 3-9010 —3763 —2766
1:479 2:4837 —410-2 —274-4
1-899 4-1719 —381-2 —2774
2-052 4:5474 —381-5 —278-6
1-184 4-2442 —340-5 —2769
1-249 4-7270 —333-5 —273-3
1-578 4-7852 —351-0 —275-8

AHgom (¢sB in dioxan) = AH3; = 3-340-13 kcal mole™.
AHo1n (¢3B in benzene) = 4+1 +0-2 keal mole™.

. AH, (dioxan in a.eb.) = AH, = '—2:28 4001 keal mole~1,
AH (3B, cryst.); 25°C = 11-6 +1-9 keal mole™*.

TRICYCLOHEXYLBORON
This compound was oxidatively hydrolyzed as a cyclohexanol solution in the
basic oxidizing medium.
(Ce¢H,1)3B (cyclohexanol soln)+3H,0, (a.e.b.) =
[3C¢H,;OH + H;3BO;] (a.e.b.)/cyclohexanol, AH g
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The following ancillary data were determined :
(CgH,)3B (cryst) +cyclohexanol = (CgH,,);B (cyclohexanol soln), AH,
and
cyclohexanol(liq)+a.e.b. = cyclohexanol/(a.e.b.), AH,.
Hence
AHG[(CgH,,)3B, cryst] = AH [(C4H,),B, cyclohexanol] —AH,
=3AH/[C¢H,;OH(a.e.b.)]+AH [H;BO;(a.e.b.)] —3AH [H,0,(a.e.b.)] +
N AH,[N,—AH ,,,—AH,,

where N; and N, are the number of moles of cyclohexanol solvent and tricyclo-
hexylboron respectively.

TABLE 5
n (cyclohexanol :
reaction (CeH1)3B) AH4, keal mole-!?
(C¢Hi1)3B in
cyclohexanol 955 19
n(H0, cyclohexanol) AH[

cyclohexanol in a.e.b. 313 —197

285 —193

296 —1-97

350 —2-01

266 —2-:00

AH g (kcal mole~!
102N, 104N, of (CsH1)3B) [AHgps—N1AH|[N,)
3-2278 3-1851 —470-3 —269-7
2-7941 3-9304 —415-7 —274-95

(CsH;1):B 27221 43454 —399-3 —2753
(cyclohexanol soln) in a.e.b. 2:8519 4-7258 —394-4 —274-9
3-2218 3-9266 —432-7 —270-2
2:6420 3-5962 —415-7 —270-2
2-3224 3-2005 —416-8 —273-1

AHgoin [(CsH{1)3B in cyclohexanol] 25°C = AH; = 1-9 40-3* kcal mole™2.
AH1, (cyclohexanol in a.e.b.) 25°C = AH, = —1-98 +-03 kcal mole~.
AH$[(CeHy,)3B, cryst]; 25°C = —115-342-5 kcal mole™.

* estimated error

ANCILLARY DATA AND CALCULATIONS

The enthalpies of mixing of the products of each hydrolysis were ignored as was
the enthalpy of dilution of ¢;B in dioxan and (C¢H,,);B in cyclohexanol. The
ancillary data used for the ¢;B calculation have been reported.!

In addition, we have used :

AHZ[$B(OH),,c]' = —172:0+0-5, AH[¢B(OH),, aq]* = —168-8+0-5, AH?[HC]
3000 H,0]'° = —39-96, AH[HBr 3000 H,0]*° = —29-05+0-09, AH?[C¢H,,OH,
1ig]*° = —83-45 kcal mole~.

The enthalpies of dilution of HBr and HCl were taken from ref. (21). Combining
the data of tables 1-4 we summarize in table 6.
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TABLE 6
$BCl, $2BCI $BBr; $BBr 3B (CeHy1)3B
AH;(), 25°C — — — —_ 1-6+19 —115342'5
AH;(lig), 25°C 71746 ca. =32 —41446 ca. —17 — —
AH(g), 25°C —636+6 ca —22 —3094+-7 ca. —3 31-14-2-0* —-95-84+2-7 %

* taking AH(c—~g) = AH($3B in ¢H)+ AH(liq —>g).
1 assuming AH(c —+g, $3B) = AH(c—>g, (CeH|1)3B) ; the error was doubled for tricyclohexylboron.

DISCUSSION

BOND ENERGIES AND MOLECULAR STRUCTURE

Calculation of the boron-carbon bond energy in the above compounds requires a
knowledge of AH? ¢(g), which may be derived from AHS¢(g) = D(¢—H)—AH{H(g)
+AH?¢H(g). The standard enthalpies of formation of atomic hydrogen and benzene
gas are accurately known but the bond dissociation energy of phenyl-hydrogen
varies greatly, e.g. some data (in eV), obtained by several different methods, are
4:42,22 4-64,%3 4-58,2* 4-52,25 and 4-47.%5

We have used the mean of these data (104-4+ 1-7 kcal) and an error of four times
the standard deviation. This gives AH7¢(g) = 72-14+1-7 kcal mole~! and is in
agreement with a * best » value selected recently,?® from which we also select AH?
CoH,1(g)=1213 kcal mole~!. Using these figures and the data in table 6 we tabulate
the boron-carbon bond energy. The following ancillary data were used:
AHH(g)*"=52-1, AH¢H(g)?® = 19-82, AH{B(g)*” = 132-8+4-0,

AHZBr(g)*” = 26:74, AHCl(g)?" = 28-94 kcal mole-*.
We further assume the boron-halogen bond energies in arylboron halides are equal
to those in the boron trihalides (using data from ref. (27) : E(B—F) = 153-2, E(B—Cl)
= 105-3, E(B—Br) = 87-3, all £+1-3 kcal).

TABLE 7
$BCl, $:BCl $BBr; $:2BBr $3B (CeH11)3B
E(B—C) 1158423 ca.ll2 1147423  ¢a. 110 106:0+2-3 88-:24-34
E(B—C)x 28 24 27 22 18 —
* see text.

A feature of these data is the wide divergence of the boron-carbon (aliphatic)
bond energy from the boron-carbon (aromatic) bond energy ; this is not an uncommon
feature of organometallic systems (see fig. 1). For organo-boron systems the
enhancement may be due to resonance stabilization, i.e., contribution from

Strong support for this idea comes from molecular dipole moments 3° and various
spectroscopic and chemical evidence.>! However, some chemical evidence 32 implies
the opposite. Our estimate of the magnitude of this contribution falls between two
other estimates. Lockhart 33 3% estimates the barrier to boron-phenyl rotation in
¢BCl,(C,, planar) from a knowledge of torsional modes and the reduced moment
as ~45 keal, and that in ¢BBr, (probably C,, planar) as ~37 kcal. Taking 88 kcal
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as the o-contribution to the £(B—C) bond energy, we obtain E(B—C),, as 28 and 27
for these molecules. A simple Hiickel molecular orbital (HMO) treatment 3% of
several triarylborons indicates the resonance stabilization for a coplanar system to be
12 keal, i.e., ~4 kcal per boron phenyl bond. 1n a molecule such as tetraphenyltin,
where the enhancement is ~ 15 kcal per carbon-tin bond it is difficult to see how
resonance would contribute to stabilization as the tin is tetrahedrally coordinated.
Hence, it is also possible that the bond strength enhancement in boron aryls relative
to boron alkyls is a g-bond effect or even a combination of the two effects (the en-
hancement in organoboron systems is considerably larger than in the other cases).
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F16. 1.—Variation in bond energy (E(M—R) in MR,) with number of carbon atoms in R(m).
Points A are where M is mercury, points B where M is tin, points C where M is phosphorus, and
points D where M is boron.

From the data in table 7, the boron-phenyl bond decreases in strength with succes-
sive phenyl substitution. Phenylboron dichloride (and, by analogy, phenylboron
dibromide) is planar by electron diffraction. In this configuration, resonance
stabilization is a maximum. The difference between ¢BCl, and ¢BBr, is not
significant. This is in line with Perkins’ observations,*® who investigated the -
electronic structures of these molecules by a molecular orbital-self consistent field
technique, that the bond order of B—C in ¢BBr, and ¢BCl, is about the same. In
the diphenyl compounds, the phenyl rings are twisted out of the BC,X plane
to reduce ring-ring steric interaction at the expense of resonance stabilization.
Weismann 3 et al. estimate the net potential energy of several triaryl borons, assuming
a rigid o-skeleton, by summing non-bonded interactions (from an exponential-six
function) and the resonance energy (from an HMO treatment). They express the
net potential energy as a function of the angle (90 —1) of twist of the phenyl group from
the BC; plane. For tri-phtolyl boron, and other more hindered molecules, they
deduce an equilibrium configuration with ©~45°, when the resonance contribution
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(proportional to sin t) has decreased ~30 %, from its maximum value. Assuming
triphenylboron has the same configuration, then 10 kcal (E(B—C), in ¢BCl,—
E(B—C), in ¢3B) represents a 30 9 decrease in resonance stabilization giving a
total resonance energy of ~33 kcal per bond. This is slightly larger than that
observed (~28 kcal).

It has been tacitly assumed that the boron-halogen bond strength remains constant
in $BX, and ¢,BX and that the observed variation in E(B—C) is due to the influence
of the phenyl groups. This is probably justified, as the B—Cl bond length varies
little with environment 37 (e.g., in BCls, 1:73+-02 A ; in ¢$BCl,, 1-72+-:03 A). There
are no corresponding data for the bromo-derivatives.
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