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ABSTRACT

Work done previously on cyclotetrazenoboranes and other 

boron-nitrogen ring systems, excluding borazines, has been 

comprehensively reviewed.

The frequencies of the B-H stretching frequencies in 

Me^N^BH and Ph^N^BH have been studied in a range of solvents, 

and are shown to increase with increasing polarity of the solvent.

No correlation is observed with the dielectric relationship 

(£-l)/(2£ +1) and non-linear relative shift (3.H.W.) plots 

are obtained against M-H, 0=0, P-H, and transition metal 

hydride Î4-H vibrations, Tlie results suggest that solvent 

interactions occur with parts of the molecules remote from 

the B-H bond, and are unlikely to be due mainly to dielectric 

effects,

Two routes for the preparation of B-substituted 

cyclotetrazenoboranes have been developed. The action of 

Grignard reagents on derivatives of the type produces

compounds R^N^BR' in high j,d.eld, through the intermediate 

formation of magnesium containing complexes. Thermal 

degradation of a diorganoboron azide in the presence of an 

organic azide also produces boron-substituted cyclotetrazenoboranes.

The preparation of B-halogeno substituted cyclotetrazenoboranes 

has been achieved by two routes. Direct reaction of a derivative

R. H. C, 
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of the type R^N^BH with N-bromosuccinimide’has led to isolation 

of the very readily hydrolysable compound R^N^BBr. Dehydrohalogenation 

of a primary amine -BCl^ adouct in the presence of triethylamine 

has also led to the isolation of a B-chloro cyclotetrazenoborane 

derivative.

Attempts to prepare unsymmetrically N-substituted

cyclotetrazenoboranes by the reaction of a primary amine-borane

(RNHpBH^) with an organic azide (P'N?) have led to the isolation

of mixtures of cyclotetrazenoborane derivatives RRN BH, RR*N BH4 4
and R'R'N.BH.4

Throughout the work the U.V., I.R, and N.M.R, spectra 

of the compounds have been studied.

A detailed raass-spectrometrie study of both B- and 

N-substituted cyclotetrazenoboranes has been made and a 

generalised fragmentation pattern has been derived. The use of 

computer techniques was also established to aid the handling and 

interpretation of the mass spectral data.
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CHAPTER I

INTRODUCTORY SURVEY

BORON NITROGEN RING SYSTEMS
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The systematic study of boron-nitrogen compounds had its 

origins in the discovery of borazine by Stock in 1926,^ but since 

that time the field of boron-nitrogen chemistry has become extensive 

and is rapidly expanding.

Boron-nitrogen heterocycles other than borazines have only 

recently been described and it is this area of chemistry v/hich will 

be reviewed in some detail. Only cursory mention will be made of 

rings in which both the boron and nitrogen atoms are in four- 

coordinate environments dependent on dative %-bonding for their 

existence. In view of the number of adequate reviews^*^*^*^'^*^*^'^ 

on the chemistry of the borazine ring system and its saturated 

derivatives, these will be excluded from the present survey, but 

relevant sections of this and other pertinent areas of chemistry 

will be presented when appropriate. The boron-nitrogen heterocyclic 

ring systems known at the present which will be reviewed here are 

summarised in Table 1-A,

Four-membered boron-nitronen ring systems

a) Boron-nitrogen cyclic dimers

Many aminoboranes are known to exist as dimersf

The molecules contain a four-merr.bered B-N ring system, involving

dative bonding through the lone pair of electrons on the nitrogen

atom to the available p orbital of the boron atom as shown in* z
equation 1-1.
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TABLE 1-A

No. of
Atoms
in
Hetero
cyclic
Rinm

Ring Systems Knovm

— N --  B —
i Î
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\/
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I T I
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/ \
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\ /
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(a)

y \
-B B-

B,
'"rKI_ B_ \

-B B-

(à)
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\/ \/
/ B  B <-- > /B- -B (1-1)

The crystalline and molecular structure of dimeric 

dimethylaminoboron dichloride, [BCl2N(CH^)2l2 was proved to
contain a four-membered ring of boron and nitrogen atoms by

X-ray analysis,The parent ring compound (3H_NH_) has
12recently been prepared by the pyrolysis of cyclopentaborazane, 

but was thermodynamically unstable, being converted to the 

cyclotriborazane on standing in solution at room temperature. 

Pyrolysis of the cyclodiborazane led to the formation of the 

monomer but no 1,3,2,4-diazadiborine was isolated,

b) s-diazadiborines

The first well-characterised example of an s-diazadiborine 

(-BR-NR*-)^ was synthesised by Lappert and Majumdar^^*^^*^^ by 

the pyrolysis of either tris (t-butylamino) borane or bis 

(di-t-butylaminoboryl)-t-butylamine as shov/n in equation 1-2,

2B(NHR)„ "̂  2 ̂ ^ B —  N , "^ 2 RN[b(NHR)^]^^ I I ^ ^
N —  B

(1-2)
(1 - I) 

where R =t-C4 7



This was unusual in that borazines would normally be expected to be 

produced from such reactions, and a three-stage reaction scheme was 

postulated to account for the various polyborazyne compounds 

that could be formed, e.g.

1, Intermolecular condensation with the formation of a compound

having a B-N-B skeleton.

RNH RNH ^ /NKR
Cl - B ^  N — B

M H  ̂  ^  NHR

2. Intramolecular 1,3-nucleophilic rearrangement
R
I

.N [-B(NHR) ]
(RHN)_B ^ ^ B - N H R  ------- ^  (RN = BNHR)

R

3* Polymerisation of the borazyne

(RN = BNHR) --- > 1 (R- N-B-NHR)
n

Evidence for the mechanism rested mainly on the isolation of 

diborylamines as reaction intermediates, although these were 

only isolable under sterically favourable conditions.

Structure l-I was proved by elemental analysis, molecular weight 

determinations, infrared, nuclear magnetic resonance and mass 

spectrometry. l-I was found to be diamagnetic implying that 

electron délocalisation within the ring was not significant and 

its stability was attributed to '̂ -bonding, largely of an
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exocyclic nature. Infrared and nuclear magnetic resonance

evidence indicated that l - I  was a mixture of geometrical

isomers 1-Ia and l-lb. The isomers were considered to exist 
K H +

Bu*̂—  .Bu* Bu*—  N. ,Eu* Bu*—
^ B - u d

I I  I I  I I
;N— B :N —  B :N-B-

Bu N-H Bu N-Bu Bu ^NHBu

i . «  ■

1—la 1—Ib 1—Ic

because of restricted rotation about the exocyclic multiple bonds 

as shown in structure 1-Ic.

Molecular orbital calculations on the parent ring compound 

(BHTiH)̂  ’ indicated a square planar arrangement of atoms and 

suggested that the two %-orbitals which would be degenerate in 

isoelectronic cyclobutadiene were split considerably. A charge 

transfer transition between these levels was forbidden, but two 

allowed % - transitions close in energy should be found in 

the molecular U.V. spectrum.
l8Recent calculations by Baird et al. on this system 

allowed also for the presence of exocyclic N atoms bonded to 

the boron atoms in the ring, as shown in structures l-II and 

l-III.
\  /B   N B —  N

l-II l-III
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In the model B-N system each boron contributes one orbital

and zero electrons to the conjugation network and each nitrogen

contributes one p^ orbital and two electrons. The calculations

predicted an absence of a (4n + 2) %-electron rule for

aromaticity and a predominance of exocyclic over endocyclic % —

bonding in the substituted rings in agreement with the qualitative

conclusions made by Lappert, For ring system l-III with

exocyclic N atoms attached to the B atoms the exocyclic x-bond

order was greater than the ring %-bond order and the latter was

lower than for the unsubstituted ring l-II, and hence it was

concluded that the %-bonding in the ring was appreciably decreased

by the presence of lone pair atoms at each boron atom. This was

in direct contrast to the results obtained for aromatic hydrocarbon

analogous systems.

l,3-Biaza-2,4-diborine ring systems have now also been

prepared without the presence of lone pair atoms attached to the 
19boron atom. Isocyanides behave as Lewis bases towards diborane, 

forming adducts of type 1-IV, which can undergo a series of 

isomérisations at successively increasing temperatures to produce 

compounds 1-V, 1-VI and 1-VII as illustrated in the reaction 

scheme:-
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RN =  C + BR '

where R =

R» = C_H_2 5

CR_*
N   ^

B   N
/  \R ‘C R

1-VII

[mi~ C - BR '] 

1-IV
R - N+

R‘I
C.

ÇR’

V

1-V

fa'
/ ‘̂ \RN: BR»

R'B ;nr
\ / c
4 '

1-VI

Compound 1-IV could only be identified fleetingly by its low 

temperature 'H N.M.R. and was rapidly converted at room temperature 

to 1-V, which v/as itself converted to 1-VI at l80°. The

l,3-diphenyl-2 ,4-bis (triethylcarbinyl)-l,3-diaza-2 ,4-diborine 

1-VII was obtained by heating 1-VI in an evacuated sealed tube 

in an oven at 300° for five minutes, and was confirmed by 

analysis, m, wt., and its infrared spectrum. The U.V. absorption 

spectrum fell in intensity and its wavelength maximum was close 

to that of the anilinium ion suggesting little extension of the



aromatic system into the adjacent nitrogen. The 'H N.M.R, and 

"B N.M.R. spectra were readily rationalised in terms of the 

molecule, and its mass spectrum although not showing parent ions, 

possessed fragment ions containing two boron atoms. Compound 1-VII 

was found to be chemically very stable and unreactive when treated 

with a wide variety of common reagents, such as anhydrous hydrogen 

chloride, 37/-» hydrochloric acid, ^0% methanolic potassium hydroxide, 

bromine in carbon tetrachloride solution and chromic acid, but on 

standing with chromic oxide in pyridine a small amount of

3-pentanone was isolated.

Preliminary evidence from ”B N.M.R, and U.V. spectra did not 

suggest that % back-bonding of nitrogen electrons to the boron 

atoms occurred extensively. Kiolecular models indicated that 

stereochemical constraints imposed on attainment of planarity of

the three rings might be the deciding factor.
20Paetzold has over the recent years published a series of 

papers on boron azides, their preparations, photolytic and 

thermal decompositions, and the mechanisms of their thermal 

decompositions. The thermal and photolytic decomposition of a 

number of boron azides gave rise to further new diazadiborines.
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Photolytic decompositions of [(CH^)2N]22^^»[(̂ 2̂  ̂
and (C^H^)2BN^ gave high yields of the 1,3,2,4-diazadiborine ring
system as shown in equations 1-3 and 1-4.

NR„
I 2

/ ^ \
2(R2N)2BN^ ---^ 2N^ + ^2^ - I\ /N - NR^ (1-3)

NR^

where R = CIÎ  or

/ ^ \
Ph^BN, 2N_ + Fh - N N - Ph (1-4)2 3 2 \ /

B
I
Ph

Tlie constitution of the diazadiborine from bis (diethylamido)- 

borazide v/as established by saponification, which yielded 

quantitatively 1,1—diethylhydrazine and diethylamine as shown in 

equation 1-5* The products of the photolytic reaction proved

[(C_H_)_NN - B - N(C_Hc)_]_ + 6H.0 2B(0H)_ + 2(C_H_)_NH +2 5 2  2 5 2 2  2 3 2 5 2

2(C2H^)2M H 2 (1-5)

that a transfer of the amido group from the B atom to the 

c, N atom of the azide occurred almost exclusively, since in the 

formation of tetra-amidodiazadiborines other dissociation products 

were found in less than 3/̂ yield. This indicated that nitrenes 

were not important intermediates and transfer of the amide group



- l o 

to form an N-N bond showed a new type of reaction involving 

a Curtius-type rearrangement#

Thermal decomposition of boron azides of empirical 

formula X^BN^, where X = Cl, CH Ô, again furnished

proof of transfer of group X from the B atom to the cc-N atom 

of the group, but diazadiborines were not isolated. However 

if bis (dimethylamido) borazide was decomposed in cyclohexene 

then a diazadiborine of unexpected composition 1-VIII was formed 

as depicted in equation 1-6.
N(CH=).
I ^ z

2[{CHj )2N]2BN^ + 2CgH^Q -----------------------+ 2^2 +

N(CH^)g

1-VIII

It waa considered that the first step of the reaction was analogous 

to that of olefins with aromatic azides, namely the formation of a 

triazolin followed by evolution of nitrogen to yield an eneamine as 

represented in equation 1-7.

+ Q - %  [(GH;)2"]2B " ™  'O
I

1-7
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These eneaniines then reacted in a manner typical for boron compounds 

with evolution of and the formation of a boronimide, which

diraerised to the diazadiborine ring.

Paetzold performed a systematic investigation of the thermal 

decomposition of diaryIboron azides. Evidence for the migration of 

aryl groups from the 3 atom to the oc N atom of the group was

provided by a saponification study on the compounds. By heating 

diaryIboron azides to 200°C for 2 ■-> 3 hours in a sealed tube a 

mixture of rearrangement products was obtained. For example,

PhpBN^ gave a mixture of the diazadiborine and borazine ring 

systems, the former being preponderant. However, if the 

decomposition was performed by refluxing for a day at 120°C 

the formation of the borazine was completely suppressed in favour 

of the four-membered ring compound, the reaction being identical 

to that for photolytic decomposition (equation 1-4). Further, 

the pyrolysis of pure diazadiborine at 200°C did not yield a 

borazine. ^-^8% of the products formed, which could not have 

arisen from the rearrangement process, were attributed to some 

"nitrene" formation as shown in the following reaction sequence 1-8. 
Ar^BN^ -4. [Ar^B - N] Ar^BNH^ saponificat3.on_̂ m y  1-8

In general, thermal decomposition of alkyl aryl boron 

azides resulted in disproportionation to dialkyl- and diaryl- 

boron azides followed by their characteristic decomposition.
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Methyl phenyl boron azide decomposed to yield a mixture of 

dimethyl diphenyl diazadiborine and trimethyl triphenyl borazine. 

Thermal rearrangement products such as borazines were obtained 

from dialkyl- or diaryl-boron azide pjrridine adducts but no 

diazadiborine products were isolated.

The formation of boron iraides as intermediates has now
21 22 23been well established by their capture by 1,3-dipolar systems * ’

to be described later, and by their isolation as stable entities 

capable of independent existence, for example [C^F^B = NAr]^^.

The mechanism of the thermal rearrangement of the azides to 

boronimides and four-membered ring systems v/as considered in 

some detail and will be discussed further in Chapter 3»

Little of the chemistry of the diazadiborines prepared 

by Paetzold has been studied, other than their hydrolysis already 

mentioned. The tetraryl diazadiborines, except the sterically 

hindered o-tolyl derivative, were found to be extremely sensitive 

to oxygen. For example (PhB - NPb)2 yielded N̂ , biphenyl (Ph - Ph) 

and triphenyl boroxine (PhBO)̂ .

The compound hexakis trimethylsilyl-l,3-diaminocyclo-2,4- 
diboradiazetane 1-XI has been p r e p a r e b y  the general 

route of treating an alkali metal bis (trimethyl silyl) amide 1-IX 

with a boron halide to form initially the bis [bis(triraethylsilyl) 

amino] haloborane, which could be converted to 1-XI by either
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more vigorous reaction with further 1-IX or^^’̂ "̂ by thermal 

condensation and elimination of trimethyl silyl halide. Examples 

of these reactions are shown in equations 1-9, 1-10 and 1-11.

BCl^.Et^O + 2NaN(SiMe^)g — > ClBENCSiMe^igl^ + 2NaX + Et^O (1-9)

1-IX 1-X

Me Si SiMe
N ^ -2NaCl

2 + 2NaK(SiKe )2 '
Me^Si 3 3

1-X 1-IX
SiMe=
I 2

Me Si / N  .SiMe
^ ^ N —  B B-N (1-10)

Me^sr ''SiMej
I
SiMe

1-XI

BF^ + 2[(CH i^Sil^NLi 2[(CH^)^Si]2N - B(F) - N[Si(CH^ )^ ]2  (l-ll)
>1-

1-XI

Compound 1-XI was a white solid (M.pt. = 212°C) sublimable 

at llO^C/O.l mm. The ’H N.K.R. indicated that N atoms of the ring 

system were less effective in withdrawing electrons from the protons 

than the exocyclic nitrogen atoms, thus suggesting that electron
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délocalisation in the ring was not extensivein agreement with 

previously mentioned conclusions. Dialkylamino substitution 

tended to cause a decrease in the acceptor properties of the boron, 

as shov/n by both chemical properties and N.K.R. spectroscopy, 

and therefore compounds of the type (C l S i M e ^ d i d  not

condense and the SiCH^ signal was found at higher field. The 

relative ease of thermal condensation of B - N - Si compounds 

and their N.M.R, spectra indicated that the %-electron density 

at X in the scheme

X = N - Si X - N - Si X - N = Si

increased in the sequence X = H^Me^Si ^ Si(He^)2N(F)B- 
^Si(Me^)2 î(Cl)B- Cl^B-, and that the weaker the N - Si 

(p-> d) % bonding so the easier was the splitting of the silyl 

group by thermal condensation.
28A recent X-ray analysis by Hess showed 1-XI to be a 

monoclinic system with four molecules in the unit cell. The 

previously proposed structure was confirmed in that the 

four-membered ring and the substituents at nitrogen were co-planar. 

The average bond lengths found were N-N (endocyclic) 1.47,

B-N (exocyclic) 1.43, N-Si 1.75, Si-C 1.88 R. The short 

exocyclic bond tended to confirm the conclusion of exocyclic 

multiple bonding, although surprisingly the substituents on the
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B and N atoms were shown to be mutually perpendicular. 

Five-membered boron-nitrogen ring systems

a) l,i,A-triaza22j.5zdiborine8_
Only two examples of the preparation of this system have 

been reported l-XII and 1-XIII. The amminolysis of a

l,2,4,5-tetraza-3,6-diborine as shown in equation 1-12, and 

also the controlled

R N  NR
/  V  + RNH Rp—  N ---N — R

R,B BR̂     > I I (1-12)1 \  /  :fî N — NR, « 1 - B  B
N
I
R

l-XII

(where R = cyclohexyl, R^ = Ĉ Ĥ , R̂  = CĤ )

hydrazinolysis^^ of bis-(dimethylamino-phenyl-boryl) amine, as 

shown in equation 1-13. Compounds l-XII and 1-XIII proved to be

R„N B . R_IIN - NHR_ R. — N  N — R_
^ ^ N -  R_ — ^ ^  I I  ̂ (1-13)
R.N B"'̂  ^ -2(CH,)_M R_— B B  R.2 I 3 2 1 1

1-XIII

(where R^ = C^Ĥ , R̂  = CH^ and R^ = H)
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extremely sensitive to hydrolysis, probably yielding initially

the ring compound 1-XIV; the remaining B-N bonds were then further
? H

hydrolysed to the symmetrical hydrazine (Ĥ  - N - N -

R_ —  N — N — R̂

R, —  B B —  R̂
(where R^ = and R̂  = CĤ )

\ /

1-XIV

phenyl boronic acid [PhBCOHlp]. The triazadiborines were 

relatively stable towards pyrolysis, and it was postulated that 

the stability of this ring was attributable to a substantial 

degree of resonance stabilisation as indicated in equation 1-14. 
The infrared bands in the 1400 cm  ̂region tended to confirm this, 

N -- N — N --- N —

-B B-  ̂ B

I
as this was considered to show the presence of a B = N stretching 

frequency? More recently Noth and Regnet^^ have considered the 

chemistry of 2,5-diphenyl-3,4-dimethyl-cyclo-l,3,4-triaza-2,5- 
diborine (TriDBIl) 1-XIII in some detail, ' Cyclo-l,3,4-triaza-2,

5-diborines are isoelectric with the cyclopentadienyl anion and
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could be considered as a 6% electron system. Molecular orbital

calculations on this system indicated considerable energy

difference between the lower occupied and higher unoccupied

antibonding orbitals.

Tlie reaction of (T.-DBH) 1-XIII with methyllithiura in

diethyl ether solution at room temperature gave the derivative

(TADS'. Li) 1-XV, metallated in the 1 position as shown in

equation 1-15.
Ph Ph

CH * LiCHVEt^O/room temp i
 2 !  .

I .N-H CH I (1-15)

i-xv
It was discovered further that the general reaction of

TADB.Li with non metal and metal halides was to produce the

corresponding 1-substituted derivatives. For example, the

(TADB.Li) 1-XV reacted readily with diphenyl boron chloride

as illustrated in equation l-l6 to give a very stable
triborylamine 1-XVI. Its stability was attributed to each boron

Ph

S'.(1-XV) + Cl^BPh. LiCl + , ^NBPh- (l-l6)d. d \ / d

Ph
1-XVI
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atom being coordinated to a nitrogen atom. (TADB.Li) 1-XV also

reacted with HgCl^ as shown in equation 1-17, to yield the
crystalline compound 1-XVII which was monomeric in benzene.

%
B

CH —  N \
2 I NLi + HgCl2  > 2LiCl +

CH — /
B
I
Ph

1-XV

Ph Ph CH-
I / ^

I N - Hg - N I (1-17)
C H -  x /  B - N ,

I Ph 5
Ph

1-XVII

The reaction of (TADB.Li) (XV) with FeCl2 was of particular 
interest since tc bonded systems could possibly be formed, and 

it was found that from this reaction bis (2,5-diphenyl-3,4-dimethyl- 
cyclo-l,3,4-triaza-2,5“diborinyl) iron [ll], 1-XVIII could be 

isolated as a dark brown solid as shov/n in equation l-l8. The ’H 

and "B N.M.R. spectra for 1-XVIII were similar to those of 1-XIII

2[(TADB)Li] + FeCl --  ̂ 2LiCl + (TADB)2Fe (l-l8)
1-XVIII

and it was shown to be diamagnetic by the N.M.R. technique of
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Fritz^^ in freshly precared solutions. Compound 1-XVIII was 

soluble in solvents such as benzene, toluene, chloroform, 

or ether, but insoluble in pentane or hexane. It could not be 

sublimed, was attacked only slowly by hot water and not at all by 

alcohols and amines, but disintegrated rapidly in acid. Heating 

1-XVIII with cyclopentadiene did not yield any ferrocene. Several 

possible structures for 1-XVIII were considered. In view of the 

predicted isosteric nature of the (TAD3) anion and the 

cyclopentadienyl anion the possibility of a metallocene type 

structure, one isomer of which is shown in 1-XIX, was considered.

Structure 1-XX was thought unlikely as it would have been expected
Y Y
\ /
N —  H 

/' \X - B ' ' ;  / B - X  X X

Y —  N \  / ^ N —  Y
I N - Fe - N

Y—  N N—  Y
B

X

1-XX

1-XIX
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to be paramagnetic, easily hydrolysed and with cyclopentadiene

would react to give ferrocene. Other structures were eliminated

by infrared and N.M.B. considerations. The fact that the

compound was found to be monomeric and diamagnetic, as would be

expected for a low-spin complex, favoured the metallocene

structure 1-XIX, and this v/as further supported by its hydrolytic

stability and lack of reactivity with cyclopentadiene.

The anomalous paramagnetic behaviour observed for the

solid product on storing for several months was interpreted on

the basis of a slow decomposition. The planarity of the TADB

rings in 1-XIII and 1-XVIII was not certain.

b) 2,̂ -diaza-1,̂ ,4-Jtriborine_s
The first reported preparation of the 2,5-diaza-l,3j4

triborine ring system 1-XXI utilised the N-metallated derivative
35of triazaboradecalin 1-XXII prepared by Niedenzu et al.

I
- N 2 ,N -
I 1-XXI
b5------/ \

Noth and Abeler^^ reacted 1-XXII with sy;ri, bis (dimethylamino) 

dibczsnchloride as shown in equation 1-19, to yield 1,2-bis 
(dime thylamino)-perhydro-2a,5a,8 a-triaza-1,2,8b-triboracenaphthylene 
1-XXIII.



^CH^-
CH, N-

/N - B
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CH, N-

/
CHg--CH3
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CIL CIL
/ )

CIL NLi Cl-B'^ ^ ^\2 / ’ " ""'3'2
N —  B^ +

CĤ  ^^Nli Cl ^^N(CH,,)2 "<2
CH^—  CĤ

1-XXII 1-XXIII

The structure of 1-XXIII was confirmed by analysis, M. Wt., I.E. 

and N.M.R.
37Recently, it has been reported that the reaction of 

Bu-B (NHMewith Cl(NMe2)B-B(NMe2)Cl, which it had been anticipated 
might lead to the ring system 1-XXI by dehydrohalogenation in the

presence of triethylamine as in 1-20, led instead to the formation
Me HMe_ Me_N .NMe_
J)NH Cl- B -2HC1 B— B

Bu —  B ^  + I  ̂ / \ (1-20)
Cl-B^ _N N— Me

H/
I

1-XXIV

of the new compound 1->CXV. This contained two 2,5-diaza-l,3,4-
He Me Me
I I I

/  —  B —  ^ B \Bu—  B I I B—  Bu 1-XXV
\  /
M-' N — H
I I I
Me Me Me

triborine rings condensed withasix membered 1,Z-diaza-2,3,5,8- 
tetraborine ring system. The infrared, 'H and "B N.M.R. spectra were

(1-19)
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consistent with structure 1-XXV, and tended to eliminate a possible 

cage structure containing five, six and eight-nembered boron- 

nitrogen ring systems,

The reaction of methyl lithium converted MeBfNHMe)^ and 

BuBCNHMe)^ to the N-lithium derivatives which in turn reacted 

with 1-XXIV as in 1-21 to yield the required 2,5-diaza-l,3,4-triborines 

1-XXVIa and 1-XXVIb. These structures were consistent with the

I Cl NHe
N _ L i  2 ,B--

E —  + '  > MeN Mite (1-21)
C h ^ b /

^ IMe R
1-XXVIa R = Me 
1-XXVIb R = Bu

observed infrared and N.M.R. spectra. Side products of these 

reactions gave rise to compounds 1-XXVIIa and 1-XXVIIb which were

Mep j- „ Me
B — B'̂  1-XXVIIa R = Me/ \ 1-X>:vilb R = BuMe - N N -Me\ /R-B B-R
\ /
7
Me

derivatives of the new 1,3,5-triaza-2,4,6,7-tetraborine ring 
system. The products 1-XXVIa and 1-XXVIb were probably formed 

by lithium chloride abstraction of the secondary product 1-XXVIII, 

whilst 1-XXVIIa and 1-XXVIIb were accounted for by li^NR abstraction
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from secondary product 1-XXIX or by insertion of a monomeric 

RB-NCH^ group in the five-membered systems 1-XXVIa and 1-XXVIb.

Me Me NMe_ Me Me NHe. He
I I I I I I 2  I

Li- N —  B -- N —  B —  B —  Cl LiN- B - N - B - B - N - B - N - L i
i l  I I I I
He NHe Me KMe^ Me Me

1-XXVIII 1-XXIX

Other attempted reactions for the preparation of the ring system 

1-XXVI were unsuccessful,

A study of the substitution chemistry of the l,3-diaza-2,4, 

5-triborine ring system indicated that replacement of the 
4,5-dimethylamino substituents in compounds 1-XXIII, 1-XXVIa and 
1-XXVIb using a variety of halogenating reagents led in general 

to only partial replacement, or the formation of adducts, although 

in some cases disubstitution could be carried out. Further, 

replacement of the halogen substituents by alkyl groups was 

effected only by the use of aluminium trialkyls. In this way 

the fully alkylated derivative could be produced by the reaction

scheme 1-22. R
R R»

R- I, R-

where R = Me or Bu, R* = Me
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The order of stability of the compounds produced v/as dependent 

on the 4 and 5 substituents and decreased in the order 
NIde y  01 y  alkyl.

It would be of interest to know whether system 1-XXI was 

more stable than that depicted in equation 1-14. Molecular orbital 

calculations have been reported by two research groups with
4 38conflicting conclusions. Bochvar et al. calculated that compounds

of type 1-XXI should have considerable stability and be preparable.
39Balaban however has indicated that contrary to these calculations

the monocyclic compounds containing 33 and 2N heteroatoms were

expected to be unstable whereas compounds containing 3N and 2B

heteroatoms shov/n in equation 1-14 could be considered to have a

6% aromatic electron system. In a later paper published after
40both of the five-membered rings had been synthesised , Balaban

rationalised the stability of the ring compound containing 33

and 2N atoms to the presence of the amino groups attached to the

boron atoms. The reduction in stability recently observed for

l,2,3-trialkyl-l,3,2,4,5-diazatriborine ring systems with the
substitution order Cl^ R in the 4,5 position indicated

that this was a series of decreasing resonance stability. New

molecular orbital calculations were considered for systems
I

1-XXI and 1-XXVIc. ^ B ^

I I
B ----  B

N ^  '̂ N

1-XXVIc
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The calculations predicted a lack of aromaticity for the systems,

being unstable relative to borazines, and showed the compounds

to be typical of diboron-4-compounds, (where Y = NR̂ , OR,

Cl, R), In agreement with the conclusions by Balaban and 
40Simon, the calculations clearly indicated that the bis-

(dimethylamino-) derivatives 1-XXVIc should be more stable than

those for 1-XXI. Good agreement was obtained between the

calculated and predicted first electronic (% - -k*) transitions

for the derivative 1-XXVIa,

c ) i-bora-2j_3j.4jL52t2traza242Cyclo2entene

This system has been isolated^^ from the reaction of

p-arainoethyl-diphenyl borinate with 2,4-diphenyl-tetrazene as

indicated in equation 1-23. The l,l,3,5-tetraphenyl-l-bora-2,3,4,
5-tetraza-4-cyclopentene 1-XXX was isolated as a yellow solid,

H

Ph ^  '"N —  N ̂
0 - CH -  CH —  NH + H N - N - N  = N — ^ | B (l-23)Ph d d d d N =  Ph

I
Ph

1-XXX

m.pt. 130° with decomposition. Tlie diphenyl boryl group could be 

replaced by a heavy metal atom using aqueous solutions of heavy 

metal salts. Only those metal ions participated in this reaction 

that could form stable complexes with the chelate forming compound 

involved in 1-XXX,
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d) r aze nob or ane_ ( G. T. B. 2 z^ing System
The discovery of this five-membered ring system 1-XXXI 

H

N 1-XXXI
I I
N = =  N

2"» 22containing one boron and four nitrogen atoms was the result

of a systematic study of the reactions of decaborane with a

variety of ligands. The reaction of phenyl or methyl azides

caused the cleavage of decaborane with the production of the

novel heterocycle R N.BH as shown in equation 1-24. The2 4
experiment could be performed either in refluxing toluene or in

®lo“l4 — » R / 4BH + Hg + 2Ng + [R,N,B^,H^^] (1-24)
where R = Ph or Me

a sealed ampoule in the absence of solvent at 50̂ 0. Nitrogen 

and hydrogen were evolved in approximately the molar ratio 2:1, 
but tie nature of the polyborane residue was not established.

The reaction was considered to proceed through the formation of 

a monomeric precursor of trioi'gano borazine [ RN = BH] which then 

added on a molecule of organic azide. The reaction of organic 

azides with primary amineboranes which again could eliminate 

hydrogen to yield monomeric borazine precursors, gave the 

cyclotetrazenoborane ring system in excellent yield, as shown 

in equation 1-25. The reaction of aniline borane and methyl azide
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RNH^BH + KN^ ---> R^N^BH + 2H^ . (1-25)

where R = Me or Ph

gave rise to 2-methyl,5”P4ienyl cyclotetrazenoborane. This product 

was also obtained by refluxing aniline hydrochloride, lithium 

borohydride and methyl azide in diethyl ether solution. The 

reaction mechanism postulated for the reaction of an amine with 

an organic azide was as shown in reaction scheme 1-26.
RNH^BH ---► [RN = BH] + 2H^

N =  N N =  N

I
H

B
I
H

In the light of evidence now available this however is probably 

an oversimplification (see Chapter 6).

Similarly a mechanism for the cleavage of decaborane by 

organic azide was thought to proceed by the initial elimination 

of hydrogen from decaborane and two moles of organic azide to 

give a typical di-ligand adduct which eliminated two moles of 

nitrogen to form an unstable intermediate. This cleaved to give 

the monomeric organoborazyne and an unstable polyborane fragment 

which reacted further as shown in the following scheme, 1-27.
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="10̂ 14 + + «2

(RM)gB^QH^g — ^ [EN = BH] + [ E ,N,B^,H^^] (1-27)

where R = Me or Ph

The organoborazyne intermediate would then react with a third 

molecule of azide as in the previous mechanism 1-26.
The physical properties of the three cyclotetrazenoborane 

derivatives prepared are summarised in table 1-3. The diphenyl 

derivative was fairly stable to hydrolysis in air for prolonged 

periods, but over a period of months in a moist atmosphere the 

crystals slowly became coated with boric acid.

The careful hydrolysis of 2,5-diphenyl cyclotetrazenoborane 

with a concentrated aqueous ethanolic solution of hydrochloric 

acid at 60° gave boric acid and aniline hydrochloride with 
evolution of and as summarised in reaction scheme 1-28, 
Ph^N^BH + 3H^0 — > B(OH) + + PhNH.K :N.NHPh

HCl
2PhNH Cl + Ng (1-28)

The structure of the cyclotetrazenoboranes was established 

to be as in 1-XXXI by several experimental considerations. Hie 

elemental analysis led to the general molecular formula RR'N^BH.

The infrared spectra indicated the presence of characteristic phenyl
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TABLE 1-B PHYSICAL PROPERTIES OF CYCLOTETRAZENOBORANE DERIVATIVES

PHYSICAL PROPERTY PhHLBH 2 A Ke.N.BH2 4 MePhN.BH4
Appearance, M.pt. 
and other 
physical 
properties

white crystalline 
solid
M.pt. = 117°C 
Sublimes under 
reduced pressure 
at temperatures 
near 100°C 
Highly soluble 
in benzene and 
toluene but less 
soluble in light 
petroleum, 
cyclohexane,03 , 
Et̂ O, CHCl

colourless
liquid
M.pt. = 11°C
Vapour
pressure
—  8 tnms at
20°C.
Miscible
with all
common
organic
solvents

colourless low 
melting solid 
M.pt. = 32°C p 
B.Pt. = 80°C/10 mms 
Soluble in 
benzene, toluene 
and other 
organic solvents..

and CCl̂ .

N.M.R. "B S 
(p.p.m.)(BCl̂ ) +29.9 +26.1 +29

E - h 164 + 5 165 ± 5 Broad

N.M.R. 'H <Ç Ph -7.5 - -7.2
p.p.m. reL ^ Me 
to T.M.S, - -3.59 -

&B-H - -4.10 -

V h (c/sec) 166 + 1

TJ.V. absorption
X  max

mole-1)

242,end absn

2.56 X 10^

• 198

( 6.3 X 10^)*

242, end absn.

1.25 X 10^
I.R. absorption 
H b-H str (cm-1) 
l^B-H str (cm-1)

2651 
2661 sh

2636
2655

2656
2670

* This approximate value was obtained by calibrating a vapour spectrum 
from the visible side of a solution of known concentration.
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or methyl vibrations. Tire sharp absorption around 2640 cm”^

with its associated shoulder at higher frequency v;as attributed 

to the and vibrations of a single boron-hydrogen bond

(see Table 1-B). The absence of characteristic absorptions for

BĤ , NH and NH^ was also noted. The 'H N.M.R. shown in Table 2

gave further support for structure 1-XXXI, the equivalence of the

methyl resonances in Me^N^BH tending to eliminate structure 1-XXXII

below. The "B N.M.R. showed doublets typical of a single B-H

bond. The mass spectrum of Me^N^BH showed parent ion peaks at

m/e 97 and 98, the ratio of which remained constant over a range

of ionising potentials and was in agreement with calculated

intensities assuming literature values of isotopic masses. A very
22brief attempt was made to rationalise the fragmentation pattern, 

a topic which has now been considered in much greater detail,

(see Chapter 5)*

Three possible isomeric structures for a molecule of 

type R^N^BH could be written, namely 1-XXXI, 1-XXXII and 1-XXXIII.

R   N --- N R —  N N — R
4

N = : N

R —  N N —  R
\  / I • n

b' R --  N N N
A " r

H «
1-XXXII 1-XXXIII

1-XXXI

In fact it was found that the U.V. spectrum for Fh^N^EH was very 

similar to that observed for phenyl-substituted triazoles and
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tetrazoles and it was considered significant that the heterocyclic 

structures 1-XXXI and 1-XXXII were both formally analogous to 

triazoles in which the two carbon atoms were replaced by the 

isoelectronic B-N grouping. Structure 1-XXXIII was least likely, 

not only from preparative considerations which would involve 

considerable rearrangement,but also azo groups would be expected 

to absorb near 33,000 cm ^ andfurther delocalisation involving 

the boron atom might be expected to shift the absorption to 

even lower energy. The lowest energy band in the observed 

absorption spectrum of Ph^N^BH was at 41,200 cm ^

^  = 2.58 X 10^ 1. cm  ̂mole )̂, End absorption was alsomax
observed.

Molecular orbital calculations,^^ were carried out shortly 

after the preparation of the first C.T.B, derivative (Ph^N^BH) 

using a modified Kückel L.C.A.O.— M.O. method. Although care must 

be taken in attaching quantitative significance to such calculations, 

comparative studies were considered worthwhile since they should 

give a guide to the stability of the % energy levels and the charge 

distribution, and also the effect of isomerism on substitution at 

key points. The relative ordering of these quantities should be 

quite reliable since the basic cr framework of all these molecules 

was sijnilar.

The charge distribution and %-bond orders in the two isomers 

of diphenyl cyclotetrazenoborane are shown in 1-XXXIV and 1-XXXV 

respectively, (page 3 2 ). It was interesting that the total



- 3 2 -

OCrSO
N ~ ^ l \ ’ lO XJ0-213̂ \

0-6 N 1̂ ’
0-l»7 2 , CHI'* ^ l - O I I

0465  |_j

'1003

l - X X X I V

0752
+  N - ^ N +oouy'

0-67̂ 0̂42̂ N̂ ’'3 ^
0255 B o ill 

0-453 LJ L Jo*44

100 4  0497̂ /̂ . 1-000
1092, _ . Jo-997

o-»97 N  ^ 2 0 - ? ^  N

1 - X X X V

0947
N - ^ M  1-050 

0-231 j

H
l - X X X V l

N - ^ M  I-05Bc2-«iy \.
0 -0 2 2 ^ [\ livlc oojXo-^ iVs*'”* 

00121H
i - X X X V l l

0-950 
[\j 0 _  [\| 1-046 0212/

o44^5^N%;.N::"'^
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o-47ô ^5̂ Nx̂ ]'*y.N̂
r Bowl >,0̂»»

' " ' V  " V - '
l - X  L I  I I *

• Hückel charges

F I G U R E  [ 1 - 1 ]

2-032

2-026

1-423 ------------ 1424

(052
- ! - G 2 0
-1-015
‘ 1-014

1-07:

0-300
, 0 - 0 3 2 /

,o - r .7 7
 0̂-501

O  5 3 5  
^ • 9 « 6

I 361

1-002

T W

____________

2-310

I- ‘01

( - 9 0

2-2CI

2 -6 4 0  2-633

2-B76

>•436

3 - 5 0 6 "

l - X X X IV  1 -X X X V I I-X X X V 1 1

l - X L I



- 33 -

délocalisation energy of the N^B ring in l-XXXIV was greater 

than that in 1-XXXV assuming coplanarity of all three rings in 

both cases. In 1-XXXV it was more likely that both phenyl rings 

would be inclined by at least 25° to the boron-nitrogen ring 
plane with a corresponding diminution of % energy. The greater 

stability of l-XXXIV over isomer 1-XXXV was satisfyingly consistent 

with the previous experimental conclusions. As twisting of the 

phenyl ring would decrease the delocalisation energy it would not 

be expected to occur in isomer l-XXXIV, The crystallographic 

unit cell dimensions together v/ith molecular model considerations 

indicated that structure l-X/CXIV was preferable to structure 

1-XXXV.

The % electron density on the boron in l-XXXIV was 

unusually low for a compound in which this atom was attributed 

to competition with the nitrogens remote from the boron atom 

for available Tc-electrons, Calculations on a further eight 

derivatives 1-XXXVI — > 1-XLIII of the same ring skeleton shown 

on page 32, were carried out to establish the trends in % stability 
assuming that the cr energy of the ring remained unaltered. Their 

bond orders and charge distributions are given in the respective 

structures. The total and ring delocalisation energies for all 

the derivatives l-XXXIV — >• 1-XLIII are shown in Table 1-C,
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TABLE 1-C DELOCALISATION ENERGIES FOR DERIVATIVES OF CYCLOTETRAZENOBORANE

Compound l-XXXIV 1-XXXV 1-XXXVI 1-XXXVII 1-XXXVIII

Bk (total) (pc-c) 

Bk (ring)

28.892
2.892

27,225 
1.225 

( 1.130)*

12.567
2.967

25.063
3.065

33.043
3.128

Compound 1-XXXIX l-XL l-XLI 1-XLII 1-XLIII

Etc (total) ((3c-c) 

Etc (ring)
35.101
3.136

36.992
2.992

36.993
2.993

31.097
3.097

32.759
0.759

* Phenyl rings twisted by 25 .

It was immediately seen that the N^B ring in both H^N^BH 1-XXXVI 

and Me^N^BH 1-XXXVII had % stability comparable to the diphenyl 

derivative l-XXXIV and that both compounds should be preparable.

The Be^N^BH 1-XXXVIIcompound was later isolated. The electron 

distribution was only slightly altered by the change of substituent.

If the hydrogen attached to boron in compound l-XXXIV was 

replaced by chlorine or methyl substituents 1-XXXVIII and 1-XXXIX 

respectively, the stability of the heterocyclic ring was increased 

and the boron atom acquired a greater 'k charge. Such effects were 

not surprising in the case of 1-XXXVIII in view of the known 

character of boron-chlorine bonds. The overall implication was that 

substitution on the boron affected only that atom and its immediate 

neighbourhood, Tlie calculations on l-XL and l-XLI demonstrated a 

complementary effect in that an inductive mesomeric substituent in
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either the para- or meta-position in the phenyl ring influenced 

only the charge distribution in that ring, Tlie carbon atom to 

which the chlorine was attached carried the least x-charge in 

both systems. The positive character of this ring atom would in 

fact be greater than the calculations implied because of the 

withdrawal of cr-electron density by the electronegative chlorine 

atom, M  would be expected, this substituent also slightly 

increased the delocalisation energy of the compound by 

TC-participâtion, but in this case the inductive effect was 

negligible because of the near self-consistency of the field 

around the phenyl rings.

For all the cases examined the ring could hypothetically 

function both as an acceptor moiety via the boron atom or as a 

bidentate ligand via the azo nitrogen atoms. The latter should 

be quite strong since the two "unsaturated" nitrogen atoms would 

gain electron density through delocalisation at the expense of the 

pair bonded to substituents. The acceptor power of the boron was 

not expected to be marked despite its low electron density,since 

reorganisation from planar to pyramidal geometry of that part of 

the ring,which was necessary for formation of an addition compound 

of boron,would result in the loss of much of the stabilising ring 

energy. This conclusion was born out to some extent by the apparent 

absence of polymerisation in l-XXXIV, An important derivative of
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the ring not yet prepared was 1-XLII. Quaternisation of the two 

"azo" nitrogen atoms resulted in electronic charge migrating from all 

other regions to the two "azo" nitrogens and appeared to be withdrawn 

mainly from the second pair of nitrogen atoms and the phenyl rings, 

whereas the boron electron density and B-N bond orders were but 

little changed. This implied that the boron atom would not become 

a stronger acceptor when the nitrogen atoms were involved in 

coordination. One further facet was the increased differential 

charge distribution in the phenyl rings where directing influences 

on substitution could become more marked. For compound 1-XLIII 

each nitrogen v/as "saturated" and contributed two electrons to the 

TC system. Even if such a molecule was planar, which would introduce 

considerable strain and was therefore unlikely, the delocalisation 

energy would be small.

An investigation of the electronic spectra of the 

cyclotetrazenoboranes was performed. An energy level diagram 

for compounds l-XXXIV, 1-XXXVI and 1-XXXVII is shov/n in figure[l-l] 

page 52 . Apart from % transitions, compounds containing the

azo-grouping frequently showed peaks stemming from n— transitions. 

Such transitions generally have low E values [ e.g. cis 

azobenzene, £ (n 1;*) = I5OO], but no corresponding peak was 
detected in the spectrum of diphenyl cyclotetrazenoborane. The 

first TC transition in the diphenyl C.T.B. derivative l-XXXIV
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could give rise to an intense absorption as there were four x —»%* 

transitions all strongly allowed and close in energy. The observed 

band system centred at 243 mji ( ̂ max ^ 10 )̂ was correlated with 

these transitions and using this somewhat arbitrarily, the directions 

of the spectral shifts in other derivatives was predicted to be as 

shown in table 1-D.

TABLE 1-D CALCULATED ELECTRONIC SPECTRA OF CYCLOTETRAZENOBORANE DERIVATIVES

Compound l-XXXIV 1-XXXV 1-XXXVI 1-XXXVII 1-XXXVIII 1-XXXIX

243 639 183 191 244 244

Compound l-XL l-XLI 1-XLII 1-XLIII

245 251 929 160

It was interesting that isomer 1-XXXV was predicted to 

absorb at very long wavelengths, perhaps even in the visible region 

and this could be taken as further justification for considering 

Ph^N^BH to exist as isomer l-XXXIV, Tlie predicted value of 191 mp 

for Me^N^BH agreed very well with the observed U.V, absorption maximum 

at 198 mji. It was further shown that substitution at the boron atom 

by % donating entities had little effect on the position of the first 

electronic transition but that the stability of the N^B ring was 

predicted to increase. A comparison of the apparent of the

242 mp transitions in 2,5-diphenyl- and 2-methyl,5-phenyl C.T.B. 
derivatives (see Table 1-B, page 29), showed them to be in the 

approximate ratio 2:1 suggesting that interaction between the phenyl
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ring and the heterocyclic part of the molecule was weak and that 

this transition virtually stemmed from the phenyl rings alone,
21The ease with which the vibrational spectra of Ph^N BH,

à. 4
and Ke^N^BH,^^ could be accounted for in terms of the vibrations 

expected for the symmetric structure 1-XXXI was encouraging.

In the latter case the interpretation was greatly assisted by the 

availability of the Raman spectrum and polarisation data, and also 

by the fact that many of the bands in the vapour phase infrared 

spectrum displayed distinctive band contours. For some reason in 

the 2,5-dimethyl derivative the ^^B satellites were less well 

resolved in the infrared bands due to the B-H and ring vibrations 

than in the corresponding absorptions of 2,5-diphenyl C.T.B., but 

the appearance of these satellites also afforded considerable help 

in identifying vibrations involving the boron atom. The assignment 

for Me^N^BH is presented in Table 1-E, page 39 i and that for 

Ph^N^BH in Table 1-F page 40 , and these will be further discussed 

in Chapters 3, 4 and 6. Two different nomenclatures were used for 

describing the vibrational modes. For the diphenyl derivative the 

nomenclature used to assign, the ring modes was that used by 

Greenwood and Wright^^ for phenylboracyclopentane whereas in the 

dimethyl C.T.B, derivative that by K.W.F. Kohlrausch^^ for 

cyclopentene was utilised. Nine skeletal fundamental vibration 

modes were predicted for a planar five-membered ring with
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t a b l e  l - E

Obaorvod v ib ra tio n a l spectra o f

I R  (liq u id ) I . R .  (gas) R a m a n  (liq u id )
B and

cm ~* R c l. I» c m -* typo cm " * R c l. I» P o l. A ssignm ent

3076 4 sh T e rn a ry  com b in atio n
3006 18 sh 3003 34 sh dp C— H  asym . stretch , v , ,  (6 , )2084 30 2995 C 2979 47 sh d p i C— 11 osyrn. s tre tch , (5 ,)
2949 53 2954 C— 1£ sym . s tre tch , v,o (5 ,)
2931 44 sh 2947 1 0 0 P C— i l  sym . and asjun. s tre tch  

j ' l  and Vj (« i)2890 21 2891 2 1454 -t- 14422850 11 2857 2 P» 1454 +  14082820 12 2834 2824 7 . P 2 X  ~ 1 4 0 8  ( .4 J
2805 7 1442 - f  1393
2715 2 1363 +  1342 ( ,4 i)
2998 5 sh 1 4 8 0 +  1213
2944 01 sh 2043 B — 11  s tro tc lil , . 

**B — I I  Btretcli/*'®2936 65 2630 B 2037 29 P
2495 2 1454 +  1040

2283 2 ( 2 X  1140 ( A J
l o r  1213 4 - 1068 ( A j )

2149 2 1408 +  730 ( A , )
1935 2 1363 +  570 (A , )
1930 2  h r, eh 2 X  817 ( A , )
1540 0  b r, sh 991 +  654 ( l i j )
1480 38 I
1474 3 , 1468 18 dp C H j asym . d eform .,V4, Vj4, Vji, 1*3 ] (Oj, £t j, fcj, 6,)
1454 39 sh J 1444
1442 491 1437 1439 13 sh dp CII3 sym . d eform ..
1434 634 I'si t'33 , (a 1, 6 j)

. 1408 95 1411 A 1408 10 P î R in g  stretch , ( o / ,
1303 79 1375 B 1301 79 P R in g  stretch , ajj*', r«(<i,)
1342 33 1340 15 P R in g  stretch , w ,'', r , ( a  J
1310 4 736 +  570 (7?,)
1231 47 sh 953 +  283 ( A ,  or 7?,)
1213 74 1214 1210 3 C— X  asym . stretch , {b̂ )
1195 30 sh C H j rock, V jj (5 j)
1140 16 br, sh 1139 ■B 1139 0 C I I 3 rock, ]'g (f?,)

1095 18 br, sh f  817 +  283 (7?,)
l o r  570 +  522 (7?,)

1081 25 i« l i__.
lin -p ln n o  d eform ..

1068 42 1008 A " B — ( ^1)
1046 29 1040 B 1045 4 P C— X  sym . stretch , g, (o ,)
1034 25 2 X  ~ 5 2 0 ( A , )

991 1 0 0 991 A 988
904

14
1 0  sh

dp
p

R in g  stretch , (6 , )  
:0B1 , . , ,

953 9 950 33 P
i i j j n n g  stretch , m,», V,a (^ i)

920 4 923 2 dp C IJ 3 rock, js ,  (5 ,)
829 19 830 C lopj— H I

1 out-o f-p lane

817 51 817 c 818 3 JIB__jijtieform., j’jj (5j,
783 2 ^ 5 2 0 +  ~ 2 7 0  (7?,)
736 72 734 A R in g  deform ., c/j,*', f , ,  (6 ,)
670 0 674

554
2 2  

7 sh
P
P?

R in g  di forrn., c v / ,  v , ,  (a ,)  
R in g  d< form ., F / ,  (aj

522 . 19 514 C R in g  deform ., F / ,  V ji (5„)411 9 409 6 dp Me— X  deform ., ly ,  (6 ,)
283 35 b r 2791 278 7 d p * Mo— X  deform ., )>,, and v . .

2 6 8 / (Cj.M
*  In te n s ities  are m easured re la tiv e  to  the strongest fea ture  for w hich  I  =  100
* T h e  nom enclature o f  the  ring modes is based on th a t used b y  Kohlrai'Sch 45 h r =  broad; eh =  shoulder; 

p  =  po larized ; dp  =  depolarized .
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T A B L E  I -  F

In fra re d  sp-^ctrum of 2 ,5 -d ipheny lcyc lo te trazcno bo rane  (for description o f phenyl 
m odes a - y  and h e te ro -rin g  m odes I — V I I I  see r e fs .9 0 a n d 4 4  respectively).

V Rcl.
Assignment

*®B hetero-ring breathing (mode I I )  
CH  in-plane deform, (c mode)
CH  in-plane deform, (a mode)
*'R  hetero-ring /?, stretch (mode V I)  
*®H hetero-ring R , stretch (mode V I)  
P h X  antisym. stretch {q mode)
P hX  sym. stretch [q mode)
CC(Ph) R , stretch (o mode)
(2 X GS9)

hetero-ring antisym. stretch 
(mode V)

*°B hetero-ring antisym. stretch 
(mode V)

CC(Ph)R, stretch (« mode) 
rC (P h ) A I stretch iin mode)
CC(Ph) .-Î, stretch (»» mode)
CC(Ph) R j stretch (/ mode)
CC(Ph) A I  stretch (A mode)
(753 +  905) and (753 +  915)

The four combination bands of 
l i e  out-of-plane deformations 
( 1 + 3  pairs)

" B —H  stretch 
*®B-H stretch

Rel. Rel.
(cm.-:) G Assignment (cm.-:) G

72 < n 1109 ■ 18
108 < 1 Lattice or torsional modes (?) 1159 13
140 < u 1177 20
175 3 P h X  ring out-of-plane deform, (x 1190 GO

mode) 1200 20
227 1 1291 7
247 < 1 1311 10
254 < 1 1331 14
300 1 P h X  in-plane deform, (u mode) 1379 20
420 3 Hetero-ring out-of-plane deform, 

(mode V I I I )
1405 125

473 3 P h X  ring out-of-plane deform, (y 1418 41
mode)

20648 17 P h X  ring in-plane deform. (/ mode) 1471
620 4 Ph ring in-planc deform. (5 mode) 15'15 17d
60S 8 Hetero-ring in-planc deform, (mode 151Ish 31

IV ) 16"0 70
689 131 Ph ring out-of-plane deform, (v mode) ItîdiJ 124
708 44 P h X  ring in-plane deform, (r mode) 1004 4
753 100 CH luit-of-plane deform, (/m od e) 1735 51
811 41 ::p - - I l  out-of-planc deform. 1793 1 G|
822 17 :"PI1 out-of-plane deform. 1811 J
905 28 **B hetero-ring sym. stretch (mode 1808 1 ok

H I) 1887 / G|
915 16 :®B hetero-ring sym. stretch (mode 1944 1

H I) 1903 / r>j
908 47 Hctcro-ring in-plane deform, (mode 2051 18

V H ) 200 Ish 7
1002 6 Ph ring in-plane deform. (/> mode) 304Gsh 105
1031 19 CH  in-planc deform. (6 mode) 3053 21
1045 8 B H  in-plane deform. 3073 13 1
1002 200 Hetero-ring A , stretch (mode I) 30S3sh 8 f
1077 17 CH  in-plane deform, (d mode) 3102 5
1091 05 :*B hetero-ring breathing (mode 11) 3115 4.

> C—H  stretches
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symmetry, distributed amongst the symmetry classes 4Â , lÂ , 3B^ 
and IB̂ . The frequencies assigned to these related ring modes 

in the dimethyl and diphenyl C.T.B. derivatives however differed 

considerably, a fact as yet not fully rationalised. Of the 

ring vibrations the N=N stretching mode which was represented 

most nearly by a frequency near I36O cm ^ in the Fiê N̂ BH spectrum, 

occurred at a markedly lower frequency than the comparable mode 

in molecules like FN=NF (1524 cm and the cyclic perfluoro-azo 

compound 1-XLlV (1484 cm where there was little opportunity 

F^C ___ CF^
1-XLlV 

N = =  N

for delocalisation of the %-electron density. The apparent decrease 

in the N=N stretching force constant could be related to appreciable 

transfer of the %-charge from the azo grouping to the C.T.B, ring, 

leading to a reduction in the effective bond order, in agreement 

with the molecular orbital calculations. It was also noteworthy 

that, although the sequence of frequencies of the ring modes for 

N^B and (CH^Ï^B rings were similar, nearly all the individual 

modes of the C.T.B, ring occurred at higher frequencies than those 

of the corresponding boracyclopentane ring. This presumably 

reflected the increased rigidity of the B-N heterocycle as a 

result of the 6-electron %-bonding system in the planar ring.
In both Be^N^BH and ^^2^4̂ ^ the B-H infrared stretching vibrations
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were observed at relatively high frequency reflecting a comparatively
42low electron density on the boron atom as predicted by Perkins.

The internal methyl and phenyl vibrations were assigned principally

by analogy with the spectra of simple compounds like dimethyl ether, 
ndimethyl amine, ' and standard phenyl containing compounds,

e) Other five-mernbered ring systems

The ring system 1-XLV has only recently been reported,
' I /B --- N Four of these rings were shown to exist

_  /  \ / in a polyhedral cage compound which 

N was effectively a dimer of two six-

1-XLV merabered boron-nitrogen rings. This

compound will be discussed in detail under six-membered boron- 

nitrogen rings, section (c) - the l,2,4,5-tetraza-3,6-diborines. 

Six-membered boron-nitrogen ring systems 

a) Hydrazinoboranes

Hydrazinoboranes of the type R^B - NH - NH^ have been shown

to dimerise forming cyclic structures as shown in 1-XlVI,^^^
H • H 

/ N —  <

H

1-XLVI

depending on a coordinate bond formation from the N atom to 

the B atom.
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b ) "Pyrazabolê ŝ ,
These could really be classed with compounds of (a) but 

because of their unusual features, great stability, the dimers 

being undissociable, and a wealth of derivatives they have been 

given the common name ’’pyrazaboles" with atom positions numbered 

as in 1-XLVIa, The pyrazaboles were prepared by refluxing pyrazole"A"
M  ^

<> 1-XLVIb

1-XLVIa 

where R = H, alkyl or aryl

with trimethyl-amineborane in toluene or heating pyrazole with 

boron trialkyls or triaryls to 120 - 150°, as indicated by 

equations 1 - 2 9  and 1-30.^^’^^ Substituted derivatives could be

obtained by the use of substituted pyrazoles, 
Ï

11 I + Ke,NBH,— » 'b + tte,N + M, (1-29)

N ----1

Y
1-XLVII
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+  > B + RH (1-30)
R ^ R

The nature of these compounds was shown by elemental analysis, 

ra. wt. and infrared spectrometry which for 1-XLVII showed the 

presence of a strong BH^ mode and the degradation products from 

boiling v/ith hydrochloric acid which for 1-XLVII gave pyrazole 

and boric acid. Electronic and steric reasons suggested the 

structure shown for 1-XLVII. Equivalence of positions 1, 3, 5 

and 7 and the 2, 6 positions was shown by *H N.M.R, spectroscopy.
The structure contained tetrahedral boron in a symmetrical 

environment, and was considered to be a resonance hybrid of 

l6 structures, two of which are shov/n in 1-XLVIa and 1-XLVIb, 
which would contain positive charges delocalised in the ligand 

and negative charges on the boron atoms. This was consistent 

with the inert nature of pyrazaboles to sodium hydroxide and 

other nucleophiles, Pyrazoles with strongly electron withdrawing
1

substituents reacted to form pyrazaboles at a slower rate due to |

the reduced nucleophilicity at the 2-nitrogen, Pyrazaboles with \

very few exceptions were found to be extremely stable, unaffected I

by air and water and could be stored for long periods of time.
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This stability could be further rationalised, by the use of 

molecular models which showed that the N and B atoms, i.e. the 

prospective targets of electrophilic and nucleophilic attack 

respectively were much better shielded than the BR^ group and the 

corresponding heteroatoms in, for example, analogous acetyl-acetone 

derivatives. It was of interest to note that an unstrained model 

of pyrazabole wais puckered in the boat form, whereas one would 

have expected the molecule to be planar if coplanarity of the 

B-N bonds and tetrahedral angles around boron were preserved.

Such a model however entailed considerable strain. A feature of 

the B unsubstituted pyrazaboles was the complex strong B-H 

stretching frequency observed which was interpreted as evidence 

for this puckered structure. The chemical shift of the

1,3,5,7-hydrogens in 2,6 disubstituted pyrazaboles seemed to 
parallel the inductive effects of the substituents and a similar 

trend was observed but to a lesser extent in 2,6-disubstituted-d,4, 

8̂ -tetraethyl pyrazaboles.

The mechanism of pyrazabole formation may involve a five- 

centre transition state and if it is assumed that coordination at 

the 2 position would precede any bond breaking, the 1-H should be 

sufficiently close to an R group to permit intramolecular departure 

of RH, as shown in reaction scheme 1-31. It may be possible for
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the 1-dialkyl boryl fragment 1-XLVIII, apart from dimerising to

/R
1-XLVIII

react with pyrazole to give hydrogen poly (l-pyrazolyl) borates.

It has been shown however that these disproportionate irreversibly 

at elevated temperatures to pyrazaboles and pyrazole^^. Moreover, 

the electrophilicity of a ought to surpass that of the pyrazole 

hydrogen, and hence the formation of hydrogen poly (l-pyrazolyl) 

borates should be insignificant. Whilst the transition state in 

the borane-pyrazole reaction involves a five-membered ring, the 

electrons are relayed along the pyrazoles % system and in that 

sense an eight-membered ring is formed in the transition state.

The reaction with trimethylamine borane where a strong donor 

molecule was involved probably resulted in an equilibrium involving 

trimethylamine 1-pyrazolylborane being established, the reaction 
being driven to completion by removal of (CH^)^N from the system 

and irreversible formation of pyrazabole.
The reaction of 1,2,4-triazole with Et,B yielded the 

analogous 4,4,8,8-tetraethyl-sym-triazabole. This was obtained 

in lower yield than the corresponding pyrazabole, which was not
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surprising in view of the additional N atom that could interact 

in the coordinating stage of the reaction.

Chlorination, bromination and iodination of pyrazabole 

resulted in a rapid replace,,ient of all four boron-bonded hydrogens, 

and formation of 4,4,8,8-tetrahalo-pyrazaboles; however, the

4.4.8.8-tetralkyl pyrazaboles were completely unaffected by chlorine

or bromine. The 4,4,8,8-tetrafluoro derivative was obtained by 
51Heitsch by the action of an excess of a variety of fluorinating 

agents such as AgF^, IF^, BF^, p-tolyliodine difluoride and SF^ 

and 01^ followed by NaF on pyrazabole. By appropriately limiting 

the quantities of SF^ in its reaction, mixtures could be obtained 

in which the predominant product was 4-fluoropyrazabole,

4.8-difluoro-pyrazabole or 4,4,8-trifluxqoyrazabole. The order 

of stability for the 4,4,8,8-tetrahalopyrazaboles was

F ^ Cl ̂  Br ̂  I. The 2,6-positions in pyrazaboles were remarkably 

inert towards halogénation, and this was considered to be 

compatible with the BR^ acting as a powerful electron withdrawing 

group. The tetrafluoro derivative could be nitrated in 90% 

nitric acid without destroying the centre ring to yield
2,6-dinitro-4,4,8,8-tetrafluaropyrazabole 1-XLIX which could be 

reduced to the diamine. This, in turn, could be converted to 
diamides and other derivatives. Other compounds substituted 

in the 2,6-positions have been prepared, for example the
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2.6-dicyano-, 2,6-dicarboxylic acid and its sodium salt,
2.6-dibromo-, 2,6-dilithio, 2,6-dicarboxaldehyde derivatives.

O^N 2 —

N
1

F

NO. 1-XLIX

The reaction of pyrazabole with an active hydrogen 

compound such as pyrocatechol, produced the 4,4,8,8-bis 
(o-phenyldioxy) derivative 1-L characterised by I.E., N.M.R. 

and direct synthesis.

/ X  V °0 N —  N 0

Similarly with phenol the 4,4,8,8-tetraphenoxy derivative was 
produced, but this was more readily hydrolysed than 1-L. Reaction 

with o-phenylenediamine did not yield the expected bis 

(N,N'-o-phenylenediamino) derivative but rather the known borazole 

derivative 1-LI possibly by the reaction scheme shov/n below, 1-32:-

or N   N

N<. JO
H

HN

-H(pz)

0 ' N'H 1-LI

(1-32)

where pz = l-pyrazolyl
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V/hen pyrazabole was heated with excess pyrazole, 4,4,8,8-tetrakis 

(l-pyrazolyl) pyrazabole 1-LII was formed. Compound 1-LII could

B 1-LII
/ \  / \N  N N — N N   N

ailso be obtained in lower yield from the pyrolysis of the free acid 

derived from tetrakis (l-pyrazolyl) borate ion or from the reaction 

of BCl^ with excess pyrazole. The reaction of just 2 equiv. of 

pyrazole in the reaction with pyrazabole produced the 4,8-bis 
(l-pyrazolyl) pyrazabole. Similarly the 4,8-diphenyl derivative 
was prepared by direct synthesis from the trimethylamine complex of 

phenylborane. Both 4,8-derivatives probably existed as cis-trans 

isomers. The reaction of BX^ and RBX^ (where X = Cl, Br) with excess 

pyrazole resulted in rapid replacement of all halogens by 1-pyrazaboles
saltand RB - (pz)^“ as the pyrazolinium salt as shown in reaction 1-33

R B )C  +  i T ^  -------->

N  NH N   N N   N « ■ —  r

The order of reactivity for the group R dependency was 

halogen ^  hydrogen ̂  alkyl ^  aryl.

X IR— B+N—  N
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c) l,2,4,5-tetraza-3,6-diborines

A number of cyclic borohydrazine heterocycles containing 

both B-N and N-N bonds have been reported. The first tetrazadiborine 

prepared 1-LIII utilised the now general preparative route of a 

transamination reaction. The hydrazinolysis of bis-(dimethylaraino) 

phenylborane or alternatively bis-(N,N-dimethyl hydrazino) phenyl 

borane with h y d r a z i n e ^ ^ ^ i s  represented in equation 1-34.

Ph-B
NMe.

NMe,
or

PhB[NEN(CH )2]z

/+ 2N.B, PhB 2 4 \
\
/
BPh +

4Me NH
or

1-LIII

jlH^N-NCCH )2l

(1-34)

The use of a monosubstituted hydrazine see equation 1-35 gave the

possibility of two isomers. V/hich of these was formed was not

determined, but it was thought that for steric reasons 1-LIV was

more probable than 1-LV.^^’̂ ^’̂  ̂ Ph
B

2PhB[N(C2H )2]z + BPhNHra^-»

/ \HN N-Ph

Ph —  N̂  NH

I
Ph
PhI

PhN NPh

H N ^  ^ N H  
B
Ph

1-LIV

1-LV

-+ )2NH
(1-35)
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The transamination using disubstituted hydrazines, see equation I-36
yielded hexasubstituted cyclic borohydrazines.^^

Ph
aPhBENCCH^)^]^ + 2CH^NHNHCiy — > B

CH — N N - CH, + 4(CH?)_NH3 I I 3 3 2
CH,- N N —  CH,
^ V /  3 (i_36)B 

I
Ph

1-LVI

Several other synthetic procedures have now been developed 

including the use of haloboranes as starting materials by the 

elimination of hydrogen chloride from hydrazobenzene and phenyl 

dichloroborane using the standard tertiary amine technique as 

illustrated in equation 1-37.^^

PhI
B/ \

SPhBCl, + 2PhHHNHPh + 4(C,H.),N Ph-N N-Ph + 4(C,H )_NHCl2 2 5 3  I I ^ J J

Ph-N N-Ph\  /  (1-37)
B
I
Ph

1-LVII

The hexaphenyl derivative 1-LVII was also prepared by 

Noth et al.‘̂ ^from the N,N-dilithiophenylhydrazine by the route 

shown in equation 1-38. A novel preparative route was also provided
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Ph Ph

Ph Ph -N N.
2PhBClp + N —  N --- Ph — B B — Ph + 4BiCl (I-38)

Id'' y - r
Ph Ph

by the reduction of azobenzene with diborane to yield 1-LVIII as 

shown in reaction 1-39.
H Ph Ph
I I I

2PhI'JHNHPh + B^H^ — > - N - N-)^ + 4H2 (1-39)

1-LVIII

Cyclic borohydrazines have not yet been studied in great

detail with a view to elucidating their structure, but the lack

of reaction with an excess of hydrazine on 1-LIII to yield 

bis(hydrazino)-phenyl borane, C^H^B(NHNH2)2 was considered to 
support the concept of resonance stabilisation of the cyclic 

tetrazadiborine system. The infrared spectra showed bands at 

1400 and 1372 cm ^ assigned to B-N modes which were at higher 
frequency than might be expected for B-N single bonds and 

some X bonding was considered to occur between the available
29electrons on the nitrogen atoms and the vacant boron orbitals.

Planarity of the ring was therefore inferred, which was in 

agreement with the 'H N.M.R. of 1-LVI, where only one type of
29methyl proton was observed.
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Chemically, reactions of the cycloborohydrazines with water 

and alcohols proceeded as might have been expected as shown in 

equations 1-40, 1-41 and 1-42.
Ph Ph Ph
I I I

(-B - N - N - )2 + > 2PhNmHPh + 2Ph3(0H)2 (1-40)
1-LVII

Ph Ph Ph 
I I I

(-B - N - N)^ + 4C^H^0H — > 2PhNHNHPh + 2PhB(0C^H )̂  • (1-41)

1-LVII
H Ph Ph 
I I I
(-B - N - N -)_ + 6CH,0H 2PhNHNHPh + 23(0CH_), + H. (1-42)2 3 3 3 2
1-LVIII

The action of eyelohexylamine on 1-LVI gave the l,3,5-triaza-2,5-

diborine system previously described (page 15 ). Controlled addition

of hydrogen chloride to tetrazadiborines allowed the isolation of a
292:1 adduct 1-LIX and a 4:1 adduct 1-LX, and these could be 

considered to be representatives of class a) of these six-membered 

boron-nitrogen rings. At higher temperatures however an excess of

Cl Ph

c.

’ I I S
^ N N- CH,

/ \Cl Ph

Ph Cl
R

■N
H 
R

H B / \Cl Ph

Cl,

1-LIX 1-LX
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hydrogen chloride cleaved the B-N bonds. An addition product 

[PhB - NH-NHI^.SBF^ was apparently formed on reaction of BF^ 

with 1-LIII, which was stable to at least 130°. It was thought 

however since BF^ readily cleaves a B-N linkage that the cyclic 

system was no longer present, but that the compound was better 

formulated as Ph(F)B - NH - NHBF^ which had the required 

stoichiometry.

A novel addition to the chemistry of this ring system
/ Q

has recently been reported. The first polyhedral cage structure 

of a compound containing only boron and nitrogen was produced by 

the thermal decomposition of hydrazine t-butylborane at 140°C 

with evolution of hydrogen in amounts consistent with reaction 1-43 

and provided a white solid product 1-LXI m.pt. l6l - l63°C,

? 140° 
t - C^H - B NHgNHg ---- > (CjH^^BN^)^ + (1-43)

H
1-LXI

Elemental analysis was compatible with the empirical formula 

depicted, and infrared evidence indicated the presence of N-H 

and absence of B-H bonds. Mass spectral data indicated that the 

compound was tetrameric, and ‘H N.M.R. showed the presence of equal 

numbers of two types of hydrogens on nitrogen, and that all the 

t-butyl groups were identical. The "B N.M.R. showed the 

equivalence of all the boron atoms. Hydrolysis of 1-LXI with 

aqueous acid yielded t-butylboronic acid and hydrazine indicating 

that no rearrangement had occurred.
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Chemically 1-LXI reacted with excess methyl isocyanate 

under mild conditions to provide a new compound 1-LXII which was 

composed of 2 equivalents of the isocyanate and 1 equivalent of 

compound 1-LXI. The ’H N.M.R. of 1-LXII showed four separate peaks 

for the t-butyl groups shown to be due to chemical shift and not 

coupling and four types of hydrogen on the nitrogen. The N.M.R, 

and cheraiccüL evidence was interpreted in terms of the structures 

shovm in 1-LXI, 1-LXII, 1-LXIII and 1-LXIV, These could be 

described as dimers of two six-membered l,2,4,5-tetraza-2,6-diborine 

rings in the boat form bonded to each other through four coordinate 

covalent nitrogen-boron bonds thus forming four five-membered rings

Bu
Bu

N-H
Bu N— " H

H-N
Bu

1-LXI

1-LXII#

R» R̂  = R̂  = = H .

1-LXIY

R' = R̂  = H; lf=R^=CONHCH . 
rsf = R^ = R^ = CONHCIL ;
L R' = H.
R* = R̂  = R̂  = R^ = CONHCH^

Only conventional kinds of bond angles were required in 

these structures and a maximum coordination of boron and nitrogen 

was achieved.
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It was considered that nucleophilic reactions of 1-LXI 

should occur at the more basic and less hindered trigonal 

nitrogens. Compound 1-LXII was the product of reaction of 1-LXI 

with 2 equivalents of isocyanate; reaction occuring at one trigonal 

nitrogen in each six-membered ring, 

d ) 1,4-d iaza-2, ̂ ^ , 6-_tetraborines

The one known derivative of this system has only recently
■2'7

been briefly reported, and has already *
\ ^been discussed, (page 21). B B

I

Seven-membered boron-nitrogen ring systems

a) 1.2,4,6-tetraza-^,^,7-nitrosen_rd^g systems
55Only one derivative of this system has been reported.

This was formed by the reaction of 1,8-bis (dimethyl-aminophenyl 
boryl)-1,8,10,9-triazaboradecalin 1-LXV with sym, dimethyl 

hydrazine when a transamination reaction occurred yielding 1-LXVI 

which contained the novel heterocycle consisting of four nitrogen 

and three boron atoms as annular members, as shown in equation 1-44.

CH. N CH. CH N CH1 2 , ,2 I 2 I J ^
CH^ B CH^ + CH,-N-N-CH, CH B CH + (2CH ) NH

U  •'  !I I  I IPh— B B —  Ph Ph — B B — Ph (1-44)
(CH^)^ N N(CH^)^ CH^-N -- N-CH^

1-LXV 1-LXVI
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The boron and nitrogen atoms of the ring system were not all planar. 

Dawson et al. postulated that further simpler derivatives should be 

preparable by the following reaction scheme, 1-45.

where M = alkali metal
.R R R R

^ N — I I I

 ________V  R — I (1-45)
^ N —  B —  N

-2(CH.)_NH I I 1
? R R R

b) 1*1* ̂-triaza-2_L4j_6ĵ 7 ̂tetraborine
\ /The known derivatives of this system have B —  B/ \

only recently been briefly reported in the — N N —
,7 \ /literature and have already been mentioned, ^B^ B^

(page 22). ^

Eight-membered boron-nitrogen rings

a) Cy£lo-1te_traboraz^£

This is the least well characterised of the cyclic borazanes 

reported,and was prepared by treating the"diammoniate of diborane" 

with sodium amide in liquid ammonia, but was not readily purified.
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A characteristic X-ray powder diffraction pattern of the compound 

was obtained,

b) s-tetrazatetraborines _(or borazocines)

The high bond energy of the normal covalent B-N bond linkage 

(104*3 kcals/mole) is shown by the relatively large thermal stability 

of certain boron-nitrogen compounds, but commercially they were 

of little use as high temperature resistant materials owing to 
their hydrolytic stability. Turner et al.56,57,58 searching for 
higher cyclic or linear polyborazynes of greater hydrolytic stability 

discovered the s-tetraz atetraborine (borazocine) ring system 1-LXVII. 

The normal reaction expected for dehydrohalogenation of primary

HI
B   N

1-LXVII

/ \
H — — N B —  H

I I
H —  B N — H

\  /N   BI IH H

amine trichloroboranes was the formation of borazines via the 

intermediate aminochloroboranes, but the use of highly hindered 

primary amines, preferably with the a-carbon atom fully saturated 

resulted in selective conversion into the B-haloborazocines.

The first example of this system 1-LXVIII was prepared by the 

elimination of hydrogen chloride from the t-butylamine-BCl^ 

adduct in the presence of a tertiary amine such as triethylamine 

as shown in equation 1-46.
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4t - Ĉ Ĥ irâ BCl̂  + SnCC^H^)^ — (CIBN - tC^Rg)^ + X^N.HCl (1-46)

1-LXVIII

The B-chloro borazocine was also prepared using potassium 

tetrachloroborate as shown by the following equation 1-47.

4KBC1. + 8(C H ) N + 4(t - C.H.NH.) (Cl-B-N-tC,H^), + 4KC1 4 c 5 3 4 9 2 4 9 4

+ 8(C^H^) N.HCl (1-47)

Gerrard has more recently shown that dehydrohalogenation of each

of the compounds [Bu N̂Ĥ ]"̂ BC1^ jBu^NH^BCl^ and Bu^NHBCl^ by heating
59with triethylamine gave the borazocine in all cases ,

Iso butylamine complexes of phenyl boron dichloride on triethylamine 

dehydrohalogenation yielded the trimer (PhBNBu^)^ (21/6 yield) and 

the tetramer (PhBNBu^) , (4% yield) according to equations 1-48 and

Bu^NH^‘*'PhBCl̂ " + 3St^N (PhBNBu^)^ + (PhBNBu^)^ + ^Et^NECl (1-48) 
Bu^NH^PhBCl^ + 23t N —  ̂(FnBNBu^)^ + (PhBNBu^)^ + PEtyiKCl (1-49)

With similar propylamine, sec. butylamine and tertiary butylamine 

complexes no evidence of tetramer formation was detected. The 

trimer (PhB-NBu^)^ and the tetramer (PhBN-Bu^)^ were both fully 

characterised by elemental analysis and m.wt. determinations both 

by osmometry and mass spectrometry. The B—rl stretching frequency 

of the tetramer occurred at 1401 cm but no deformation mode was 

observed around 725 cm On heating to aoove its melting point
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the tetramer was changed apparently quantitatively and irreversibly 

to the trimer. This change was

(PhBNBu^)^ > (PhBNBu^)

demonstrated by differential thermaĵ analysis (D.T.A.),^^

Borazocines have the empirical formula B.X.N.R. for which4 4 4 4
several possible structures could be written. "B N.M.R. indicated 

a singlet at -30.3 Ppm relative to BCl^ corresponding to that 
expected for three coordinate boron atoms, the single resonance 

indicating an equivalence of the boron atoms. This together with 

the zero dipole moment of the system, the vibrational spectra,^^ 

a consideration of molecular models, and conclusively by an X-ray 

diffraction s t u d y , d i s t i n g u i s h e d  between the two most 

likely structures 1-LXIX and 1-LXX, in favour of the former.

f ? V --------^  B N^ /
R —  N B —  X /

RN-
/

R
+ /

’ I NX-  B N — R /
i xAC------

R X R

Eight-membered ring Cubane structure
1-LXIX 1-LXX

57The infrared and Raman vibrational study by Green et âl. showed 

that the eight-membered ring was most likely to exist in the boat 

conformation 1-LXXI and that the crown and chair conformation were 

unlikely. Such a structure would be expected to have localised
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X
NR B =  N\  / IRN N ---- / —  BX

R y /  \
N B

B N\ I \  //B------- - N N ==. B
X R

1-LXXI 1-LXXII

alternating Tt-bonds 1-LXXII, Hoffman^^*^^ in some extended Huckel 

calculations considered the five possible conformations, tub, chair, 

crown, planar and cubical for (BMH)^ and the isoelectronic 

cycloctadiene CgHg. In each case the tub conformer was favoured 

in agreement with structural conclusions, but relative to this 

the most stable arrangement the cubane structure, was more 

favourable for (BHNH)^ than for CgHg. Calculations for the 

(BRNH)^ negative ions led to the interesting prediction that in 

the anion the tub geometry was still the more favourable, whilst 

for the dianion the tub .and planar forms were of very nearly equal 

energy, the latter being slightly more stable. It was interesting 

to note that for CgHg both the anion and dianion favoured a planar 

form.
18More recent calculations however for system 1-LXXIII 

indicated that the % bond energy increased by relative to a
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1-LXXIII
\
N

1-LXXIV

non conjugated ring. This was evidently insufficient to overcome 

the steric and strain effects associated with a planar eight- 

membered ring since the (BN)  ̂derivatives synthesised were shown 

to be non planar. The net bond orders and p^ orbital charges in 

various BN rings could be summarised as shovm in the following 

sequences:-

B-N bond orders BN >  (BN) >  (BN)^ > (BN)̂

Net charges on B and N (BN)^ )> (BN)^ y (BN)̂  BN 

Calculations on system 1-LXXIV showed that the exocyclic B-N bond 

orders were greater than the ring bond orders and that the ring 

% bond orders were reduced relative to the ring unsubstituted with 

lone pair atoms at the boron. On the basis of structural evidence^^ 

the (NBN)^ molecules were considered to comprise four isolated 

(NBN) units with only very weak conjugation between separate units. 

Even though the Huckel x-bond energy of (NBN)^ was appreciably 

greater than that of four independent (NBN) units, the x energy 

must have been insufficient to overcome the steric and strain
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effects associated with a planar eight-merabered ring.

Borazocines showed remarkably high molecular depression 

constants (53 ->95) which were greater than that for camphor (40). 

The borazocines were indefinitely stable in the laboratory 

atmosphere at room temperature, and irameasureably attacked by 

boiling water, but at l60° in a sealed tube for 20 hours,hydrolysis 
was 97% complete. Similarly metallic borohydrides, Grignard 

reagents, diazomethane, lithium alkyl reagents, iodinating and 

fluorinating agents failed to give any significant reaction, and 

the low reactivity to these reagents was attributed to steric 

effects. The halogen on the boron atom could be replaced in 

reactions leading to the formation of an exocyclic B-N bond and 

several pseudohalogen compounds have been well characterised.

The tetra-B-isocyanate, isothiocyanate, isoselenocyanate and 

azide were formed under relatively mild reaction conditions by 

treating (Bu^NBGl)^ with the allcali metal pseudohalides in a 

suitable solvent but the cyanide and isocyanide derivatives were 

not obtained. Under forcing conditions partial replacement of 

chlorine by methylamino and ethylamino groups in (Bu^NBCl)^ could 

be achieved, but pure species were not isolated. Attempts at 

partial substitution of (Bu^NBCl)^ with potassium thiocyanate and 

separately sodium .azide led somewhat surprisingly to mixtures 

of the tetra-substituted compounds only.
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Initial X-ray work on chloro-substituted borazocines proved 

to be d i f f i c u l t b u t  the borazocine (Bu^N-BNCS)^ was found more 

suitable,The results for both of these compounds indicated an 

eight-membered ring with alternating boron and nitrogen atom and 

B-N bond lengths. In (Bu^NBNCS)^ the ring could be regarded as 

consisting of four identical cis-borazene units 1-LXXV, each unit 

having coplanar atoms. The observed bond lengths and angles

C—  1-LXXV
\ /B =  N / \

indicated considerable '̂ -interaction between the NCS groups and 

the B-N units of the ring. Further support for“Tî interaction came 

from the observation of parent ions in the mass spectrum of 

[Bu^NBNCS]^ whereas [Bu^NBCI]^ did not yield parent ions.

In a series of pseudohalogen substituted borazocines 

red shifts were observed in the U.V. absorptions due to both the 

heterocyclic ring and the pseudohalogen group further indicating 

%-interaction.

Ten-menbered boron-nitroren ring systems 

Cyclopentaborazanes
The preparation of the parent compound has been reported 

by Shore et al.^*^^ by the separate reactions of sodium acetylide 

and sodium amide with the diammoniate of diborane BH^(NH^)^BH^ in
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liquid sjnmonia as represented in equation ^-50. Other cycloborazanes 

were also produced in the reaction in differing amounts depending 

on the conditions employed. In all reactions cyclopentaborazane 

was the major product, but 5% of cyclotriborazane and still smaller

liquid
NaX + BH (ÎNlL)p BH “  > NaBH + KX + Wd + 1 (BH NH ) (1-50)

and varying yields of cyclodiborazane were also formed, 

Cyclopentaborazane was also isolated from the reaction of metallic 

sodium with the diammoniate of diborane.

Cyclopentaborazane was a white microcrystalline solid, 

non subliraable in vacuum, which was extremely resistant to hydrolysis. 

Complete reaction could be effected only by acid hydrolysis at l60° 

for an extended period of time. It was characterised by analysis, 

infrai-ed spectroscopy and its X-ray powder diffraction pattern.

The thermal decomposition of (BH^NH^)^ yielded cyclodiborazane (BR^ud^)^ 

and other unidentified products. Aramoniaborane and a small amount 

of highly volatile material were isolated as shovm in equation 1-51.

^2 H
,B _ B 1 / r O  H„N — BH,

H N
/  125-145“ “2‘ “ 2

f  M g   ^  +  H j B - N H ^ +  [ B j K H y ]

1 ,  H . B ----------- N i L

« 2 %  / K  / ® ”2 (1-51)
N  2  N  

«2 «2
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Two mechanisms have been postulated for the formation of the

cyclic borazanes, and are indicated in schemes 1-52 and 1-53» 
+ __

ILNBH.NIL + NE_ 3 2 2  3

b) 2H NBH^NHg -

c) H H(3H2NH2)^

(1-52)

a) + NH,3 2 3  c H_NBH_NH., + NH, 3 2 2  3 (1-53)

b) H NBH^NH^ + H^NBH^NH^ HyfBH^NH^BH^NH^ + NH^

c) H,NBH_NH_BH_NH_ + NH_" 3 2 2 2 3  2 H,NBH_NH_BH_NH_ + NH_3 2 2 2 2  3

d) H,NBH_NH_BH_NH,
3  2  2  2  c

I— +H^NBH-M_'^—> extension of chain as in(l-55)(b)3 2 3
-NH. cyclisation



CHAPTER II

SOLVENT EFFECTS ON THE B-H INFRAPED STRETCHING

FREQUENCY OF SUBSTITUTED CYCL0TETRA2EN02CRANES
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Only in the last few years have solvent effects on infrared

group frequencies been systematically studied^^ and there still

remains much uncertainty with regard to the nature of solvent

effects on infrared vibrations in many compounds. In addition,

the theoretical treatments which have been applied to solvent

interactions are still far from adequate in accounting for

observed shifts.

This investigation into the solvent effects on the

B-H stretching frequencies of substituted eyelotetrazenoboranes

was initiated in order to obtain evidence for the polarity of

the B-H bond which was not apparent from molecular orbital 
LZstudies or from either the preliminary investigation of the

21,22chemistry of these compounds/" or an attempt to hydroborate 

ethylene or 1-butene using 2,5-dimethyl cyclotetrazenoborane. 

EXPERIMENTAL

The Me2N^BH and Ph^N^BH were prepared by treating the
appropriate amineborane with the particular organic azide and

were purified by vacuum distillation or recrystallisation from

light petroleum (B.Pt. 80 - 100°) in an inert atmosphere,

as will be described in detail in Chapter 3. The solvents were
fildried by standard procedures, distilled and stored over AA 

molecular sieves. The solutions were prepared in a dry, 

nitromen filled glove container, and spectra were obtained using
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a Grubb-Parson.s •Spectromaster' grating spectrometer and 0,5 mm 

path length cell with NaCl windows. The spectromaster was 

accurately calibrated over the region of the spectrum 

2700 cm  ̂- 2A0Q cm  ̂using the vapour spectrum of IiBr,̂  ̂run 

in duplicate. The accepted and observed frequencies, their 

relative errors and the reproducibility of the absorption bands 

are presented in Table 2-A. The frequencies quoted are those

TABLE 2-A
Accepted Observed Observed Corrective Corrective
Literature Frequency Frequency Errors for Errors for Reproducibility
Frequency Spectrum 1 opectrum 2 Spectrum 1 Spectrum 2

—1cm -1cm —1cm -1cm -1cm cm
2687.2 2686.0 2686.1 1.2 1.1 0.1
2674.9 2674.0 2673.8 0.9 1.1 0.2
2662.2 2661.1 2661,3 1.1 0.9 0.2
2648.9 2648.1 2647.9 0.8 1.0 0.2
2635.1 2634.1 2633.7 1.0 1.4 0.4
2620.8 2619.7 2619.5 1.1 1.3 0.2
2606.0 2605.0 2604.9 1.0 1.1 0.1
2590.8 2589.8 2589.5 1.0 1.3 0.3
2575.0 2573.9 2573.5 1.1 1.5 0.4
2542.1 2541.0 2540.7 1.1 1.4 0.3
2524.9 2523.9 2523.4 1.0 1.5 0.5
2507.3 2506.2 2505.8 1.1 1.5 0.4
2489.3 2488.0 2487.9 1.3 1.4 0.1
2470.8 2469.6 2469.2 1.2 1.6 0,4
2451.9 2450.7 2450.3 1.2 1.6 0,4
2432.6 2431.4 2431.3 1.2 1.3 0,1
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for the average of the poorly resolved doublet of each band.

The precision of the measurements was within + 0.8 cm”  ̂of the 

absolute frequency, but the relative shifts were probably 

accurate to + 0.5 cm ^ for non polar solvents and +0.8 cm~^ 

for polar solvents. The figures in Tnble 2-B were quoted to 

0,1 cm  ̂to avoid rounding off errors. The shifts in frequencies 

were quoted relative to the vapour spectrum of Ke^N^BH, and an 

estimated vapour spectrum for Ph^N^BH.

RESULTS juID DISCUBSION

The corrected observed frequenciesv , frequency shifts 

/\V and relative shifts Av/v were observed in a large range of 

solvents and are presented in Table 2-B. Tlie ^̂ 3-iI and ^^B-H 

stretching vibrations wore not completely resolved and the 

frequencies quoted were those for the weighted mean.

Tiie theoretical explanations of solvent shifts were 

summarised by Hallam,^^ who pointed out that the Kirkwood-Bauer- 

Magat (K.B.M.) relationship or its extensions by Buckingham or 

A  v/v = c (G - l)/(2 g+ 1)
Pullin^^ fell short of a complete interpretation. Each of these 

treatments predicted a decrease in frequency with increasing 

polarity of solvent, since they were based on tne model of a 

diatomic oscillator in a spherical solvent cavity and took no 

account of specific interaction between solvent and solute. In
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order to ascertain whether the K.B.M. correlation with the dielectric 

relationship existed, A  for 2,5-dimethyl cyclotetrazenoborane 
and 2,5-diphenyl cyclotetrazenoborane were plotted against 
(S - l)/(2£+ 1) for the solvents used, and the results are 
presented in figures [2-1 A] and [2-IB], It was apparent from these 

graphs t:,at a wide spread of points existed and it was therefore 

concluded that a dielectric relationship between the frequency 

shift and the dielectric constant function of the solvent did not 

exist. This conclusion however must be made with a slight amount
69of reservation as Hallam, obtained a spread of points only 

marginally better for the frequency shifts of C - X (where 

X = halogen) vibrations in a large series of solvents, and 

quoted this evidence in support of the K.B.M, relationship.

For this reason an attempt has been made to draw a best straight 

line through the points. Contrary to predictions made solely on 

the grounds of dielectric effects it was found in general that 

the frequencies of the vibrations increased with increasing 

polarity of the solvent.

Bellamy, Hallam and V/illianis'̂  ̂studied the nature of the 

solvent effects by direct comparison of the relative X-H frequency 

shifts of two different solutes in a variety of different solvents. 

This had the advantage of eliminating all those properties of the 

solvents that operated to similar extents in the two cases. Linear
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plots were obtained, showing that the interaction between the 

solvent and the two solutes was of a similar nature, and few 

deviations from linearity were observed. . It was concluded that 

solvent effects in these cases were purely local in character and, 

as the graphs did not have coincident slopes of 45'̂ but varied 
widely, that overall properties such as the dielectric constant 

of the medium played little or no part in determining the size 

of the frequency shifts.

It had been anticipated that if the polarity of the B-H 

bond in cyclotetrazenoborane derivatives was siiîiilar to that in 

pyrrole, as had been found for decaborane,^^ namely either
-f-B - H , or essentially non polar, a linear relationship between 

v/v 3-H and A v/v N-H would be found. In fact no correlation 

was found as shown in Figures [2-2A] and [2-2?], nor with the 

observed frequency shifts of any of the other X-H vibrations 

reported, although in some cases the range of solvents considered 

was limited'^. The interaction effects of the 3-H of 

cyclotetrazenoboranes and other X-H frequencies in solvents were 

therefore clearly different, suggesting that the major factor in 

the shift of the X-H frequency for cyclotetrazenoboranes was not 

attributable to hydrogen bonding with solvent molecules, in 

contrast to other X-H containing compounds.
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71. Bellamy and Williams further showed that there existed

a linear relationship between the shifts of carbonyl stretching

frequencies in various solvents for a wide range of compounds

containing the carbonyl grouping. In this case the free end of

the dipole available for solvent interaction was exactly opposite 
— <— + + ■—> "»

to that for X - H  i.e. ^C = 0, The observed solvent interaction

effects were different in nature and overall patterns for the

X-H and C=0 dipoles. Dielectric constant factors would not have

been ê cpected to be influenced by the ciiange in direction of the

solute dipole and would have led to similar patterns of behaviour

for the two cases.

It was therefore anticipated that if the polarity of the

B-H bond in cyclotetrazenoboranes was similar to that in carbonyl 
71compounds i.e. B - H, a linear relationship would exist between 

A v/v B-H and Av/v C=0 of acetophenone, Some justification 

for this was presented in that plots of Av/v X-Cl against Av/v 
C=0 of standard compounds had earlier been proved to give tolerable 

straight lines,although some spread of points was observed. It 

is of interest to note, however, that a much better linear 

relationship was obtained between A v/v X-Cl and Av/v X-Cl 
of a standard compound.

Once again non linear plots were in practice obtained 

for A v/v B-H against A v/v 0=0 for acetophenone as represented 
in figures [2-3A] and [2-3D], and also for the frequency shifts of
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71several other carbonyl containing compounds reported,

iiimilarly a non-linear relationship was observed of

Av/v B-IÎ with Av/v X-Cl using the frequency shifts reported

by Hallam.Typical plots are shown in figures [2-XA] and [2-43],

It was anticipated that the nature of the interactions

might more closely resemble those of certain transition metal

hydrides in which similar increases of frequency with increasing
72 73 74polarity of the solvent had been observed. * ’ However the

range of solvents used was somewhat limited, and non-representative 

but mostly non-linear relative shift plots with the cyclotetrazeno

borane derivatives were obtained, a few examples of which are 

shown in figures [2-5-̂ ]"̂  [2-3?] for the Pt-H, Pu-H and Ir-H

frequency shifts in 
H \/ Cl /,

P — I  P
PhEt P — -- ,01

PEt.Ph
Ru

P ----[- P.
H

Similar non-linear relationships existed between the 

relative P-H frequency shifts of a series of phosphorates 

(RO) P(0)H which were also shown to yield an increasing
75frequency shift with increasing polarity of the solvent, 

and the frequency shift of cyclotetrazenoboranes.
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PLOTS OF FREQUENCY SHIFTS FOR M ETAL  H Y D R ID E  

DERIVATIVES AGAINST T H O S E  FOR M e ^ N ^ B H  & Ph^N^BH.
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Representative plots are shown in figures [2-6f.] and [2-oB]. The 

relatively broad P-H stretching frequencies and the small shifts 

observed for t'nese however did not follow the normal pattern of 

other V  (X-H) frequencies as in pyrrole and similar compounds, 

nor did they correlate v/ith solvent dielectric constant or the 
K.B.M. (£-1/2 8+1) function.75

In an attempt to determine whether specific interaction 

of the solutes with the solvent was occurring to a major extent, 

the effect of mixed solvents on the B-H stretching frequency of 

diphenyl-cyclotetrazenoborane v/as also investigated. The 

particular solvents chosen were nitrobenzene and carbon 

tetrachloride since these represented solvents in which large 

and small shifts were observed respectively. It was found that 

no splitting or broadening of the peak occurred, and that the 

frequency shift of the B-H plotted against the volume ratio of 

the solvents was close to linearity as shown in figure [2-?].
This therefore suggested that specific solvent-solute interactions 

did not play a major role, as splitting or broadening of the peak 

and a non-linear plot would have been expected, and this evidence 

favoured the shift being related to a dielectric effect. However, 

all other evidence - in particular the increase of frequency with 

increasing polarity of solvent - strongly favoured the occurrence 

of specific solvent interactions. Conclusive evidence may be
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difficult to obtain by this method since similar anomalous results 

for mixed solvent studies have been reported for carbonyl compounds. 

Instances of the phenomenon of increasing frequency of a
7  c V  “7 *7 P  7 qvibrating group with increasing polarity of solvent are rare. * ’ ’

Tlie small shifts observed for the P-H stretching frequencies in
75alkyl phosphonates, except in the case of the strong electron

donors, acetone and pyridine, were attributed to the similarities

of the electronegativities of P and H, resulting in an unfavourable

situation for the formation of hydrogen bonds. It was however

observed that the shifts obtained in the P=0 stretching frequency
+

in these compounds occurred in the accepted pattern for X = 0 
71dipoles, and it was therefore considered that the abnormal P-H

shifts might be the result of a material alteration in the charge

distribution of the P-H bond, arising from electronic effects from

other groups attached to the phosphorus atom.

Tentative explanations were similarly made for the

occurrence of increasing frequency shifts with increasing
77polarity of solvent in the case of iron carbcnylhalides and 

nitrosyl c h l o r i d e . T h e  explanations were based on valence 

bond descriptions of the molecules. The effects have been 

attributed to interaction of the solvent molecules with regions 

of the molecules remote from the vibrating group under investigation, 

and have been interpreted in terms of increased contributions of
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ionic canonical forms to the total wave function, e.g, 

Cl - m"-*c'="b and Cl“ - 0 = 0

Cl - N = 0 and Cl" 0

causing an increase in the bond order of the C-0 or N-0 bond.

The analogous effects in transition metal hydrides occurred in

compounds in which the vibrating group was trans to a halogen^^*^^

and the explanation for these was that a halogen atom trans

to a hydrogen carried more charge than the hydrogen, and would

consequently be preferentially solvated in polar media. The

tendency would be to increase the ionic contribution of the total

wave function which would cause a corresponding increase in the

strength of the M-H bond.

X - M - H and X" M"*" - H

Although cyclotetrazenoborane derivatives have already
/ 2been treated by an M.O, method, it was useful to consider the 

alternative valence bond approach at least qualitatively.

Canonical forms which can be written are

H H H

\ /  1 / \ / '
N =  N N == N N =  N

+

2-1 2-II 2-III
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"s'" V
w  /  \ // ' \  / \ / ■
N —  IJ- N —  l'-î N =  N N =  N

2-IV 2-V , 2-VI 2-VII

It could therefore be suggested that solvent interaction occurs

at the more electronegative nitrogen atoms, and hence causes

increased contributions of forms 2-1 —> 2-Vll to the total

wave function.

A p lo t  o f  A. v /v  f o r  Me_Iv ,3H v .  A  v /v  f o r  F h -N 3H3 4 2 4
gave approximately a straight line, as shoun in figure [2-c].
Similar linear relationships were observed for the P-H frequency

75shifts in a series of diallcyl phosphonates. This indicated 

that the interaction of any one solvent with the two solutes 

was essentially of the same nature and supported the assumption 

that solvent interaction occurred predominantly with the 

heterocyclic ring. Opposed to this, however, was the observed 

slope of the line in figure[2-8] which approximated to ^5° snd 
would tend to indicate that some bulk factor such as the 

dielectric constant was responsible for the frequency shifts 

and that specific interactions did not play an important role. 

Alternatively the slope could be rationalised if it was 

considered that the specific interactions were highly associated 

with the heterocyclic r in g  and produced very similar solvent shifts 

in the B-H frequency for the two cyclotetrazenoboranes examined.
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CH.OTER III

THE PREPARATION AND PROPERTIES OF B-H (P), B-AIEYL, 

B-ARYL AND B-VINYL SUBSTITUTED CYCD0TETRAZEEO3ORANES
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hESlTLTG AN;) DISCUSJICN

The polarity of the B-H bond is cyclotetrazenoboranes was

not obvious from the solvent shift study on the B-H infrared stretching

frequency described in Chapter II. Attempts to hydroborate butene-1
and ethylene by reaction with M e w h i c h  might have produced

evidence for the polarity, were unsuccessful yielding only unchanged

starting materials.

The intermediate cyclotetrazenoboranes Ke_N BH and Ph^N.BH2 4  2 4
required for the reactions to be discussed in this chapter were in

21 22general prepared by the methods reported by Morris, ’ although

several new methods were attempted for the synthesis of 

The cyclotetrazenoborane ring system was derived in preference to 

the formation of a borazine by the capture of a borazyne intermediate 

in the presence of an organic azide. It was thought possible that 

the reaction of an organic azide with a borazine might also lead 

to the preparation of the cyclotetrazenoborane ring system.

However the reactions of tri-N-methyl borazine with methyl azide 

using variations of reaction time and temperature did not yield

The reaction of (MeNHBH^)^, an intermediate in the

preparation of (MeN - BH) , with methyl azide gave rise to several 

products, from which Ke^N^BH together with N-trimethylborazine 

was isolated by vacuum distillation. The two compounds were confirmed 

by comparison with their known standard infrared spectra.
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One of the major complications during the course of this 

work on cyclotetrazenoboranes was the small quantity of compound 

preparable in any single experiment. This was because it was 

necessary to use sealed ampoules for the reactions in order to 

contain the volatile reactants and solvents. The evolution of 

during the reaction together with solvent vapour pressures therefore 

restricted the scale of the reaction performed.

An attempt was made to achieve a large scale preparation 

of Me^N^BH without the use of sealed tubes by the reaction of 

methylamine hydrochloride, sodium borohydride and dimethyl sulphate 

in monoglyme (B.pt. S3 Ĉ). This complex reaction gave rise to 

numerous uncharacterised products but Me^N^BH was not detected.

A possible reason for this was that the temperature of reflux was 

not high enough for the methyl azide and amine borane produced in 

the reaction, to react together, but practical difficulties excluded 

raising the temperature by use of another solvent.

It has been found that in common with borazines,^^*^^ the 

hydrogen attached to the boron atom in cyclotetrazenoboranes can be 

replaced by organic groups by means of Grignard reagents, and that 

the reaction proceeds through the formation of a magnesium-containing

intermediate, as shown in reaction scheme 3-1*
Et_0

E,N,BH + R'MgX -----   > [R N BH.R'I'gX] ?
 ̂ or T.H.F,

sat, aqueous^ HpipS' (3-1)
NH.Cl 50In.4
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3y this method the new compounds Ph^N^BPh, Ph^N^BMe,

Zt^H^BZt, Me^N^BMe were prepared. The compound Me^N^BVi was also

prepared by this route although some reduction of the vinyl group

took place to give a product contaminated with Me N BEt, and the2 4
latter compound was obtained by catalytic hydrogenation of the vinyl 

substituted compound. During the preparations, the magnesium 

containing intermediates separated as yellow crystalline solids from 

fluorescent solutions in the phenyl substituted compounds, or as 

colourless oily liquids or white crystalline solids in the fully 

alkylated compounds, and were readily decomposed \-dth saturated 

aqueous ammonium chloride to give B-organo-substituted cyclotetra

zenoboranes with hydrogen evolution.

The reaction of the hydrogen attached to boron with Grignard 

reagents therefore suggested that the B-H bond was essentially

polarised 3 - H.
02Paetzold has (see Chapter I) shown tiiat the thermal 

decomposition of diphenylboron azide proceeded through the loss.of 

nitrogen, followed by a Curtius-type réarrangèrent to the boron iraide 

intermediate [Ph - B = N - Ph], and that although this could be 

isolated as the dimer (PhBHPh)̂ , cycloaddition with 1,3-dipolar 
compounds did occur. For example, on heating the pyridinate of 

diphenyl boron azidê '̂  in the presence of 2,5-diphenyl tetrazole, then 
l,2,4,5-tetraphenyl-l-bora-2,3,5-triazacyclopentene- 3 was formed in
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5/i yield as shown in equation 3-2,

-Np - py
Ph^BN-.py --------> PhB = NPh H = c - Ph

/ \Ph-N N - Ph

N /  (3-2)
/  %   ^  PhC = N - NPh T

PhC N Ph

^  N - Ph
N

The mechanism of the formation of aryl boron imides was 

considered in some detail and in view of the fact that nitrene 

products were identified only in low yields, a "SYNCriRONCUS" 

mechanism was postulated involving the formation of a phenyl anion 

intermediate as shown in the reaction scheme 3-3»
Ar\  ' 2

^2^^^3 ---^ —  N -----► + 1 ( ArB — NAr (3-3)
a ^

X

In general it was concluded from experimental data that 

diorganoboron amides decomposed in a synchronous process with 

assistance from neighbouring organic groups. This assistance 

increased with electron-attracting properties and the bulky 

character of the neighbouring group.
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The formation of triphenyl cyclotetrazenoborane was achieved

by the thermal decomposition of diphenylboron azide in the presence

of phenyl azide. Tliis was considered to occur through 1,3 dipolar

capture of the boron imide intermediate, as shown in reaction

scheme 3-4. Ph
Ph I
I

-IL . B B
Ph^BN ----- > Ph - ir  ^ Ph —  N K—  Ph (3-4)

N — Ph [ I
I N =  N

N

Physical Properties

The physical properties of the compounds prepared are

presented in Table 3-A except the principal bands in the vibrational

spectra which are discussed separately, and the detailed mass spectra

which will be reported in Chapter 5*

Electronic Srectra

The effect of substitution at the boron on the first

electronic transition was slight for methyl, ethyl or phenyl

groups, and the value of A of 239 for Fh^N.BMe comparedmax / 2 e
reasonably well with the earlier prediction of 244 r.ji for that

42compound. However a bathochromic shift v/as observed v/hea the 

substituent group was vinyl. This suggested that some “X-intenaction 

took place between the vinyl group and the boron atom since an 

isolated olefinic group would have been expected to absorb near 

IbO - 190 mji. It is probable therefore that the absorption near
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215 nîji corresponded to a % transition of the system, and the

extrapolated intensity was comparable vith that for fully alkylated 

cyclotetrazenoboranes. It is interesting to note that it was not 

found possible to detect n tc* transitions in these compounds, 

whereas such transitions usually of weak intensity were often 

observed in compounds containing the azo-grouping.^^

Nuclear ivagnetic Resonance Soectra

The substitution of the hydrogen at boron by methyl, 

ethyl or phenyl groups resulted in a dovmward displacement in the "B 

N.K,R. chemical shift of the expected single resonance of about 

6 ppm. This effect was of the same order of magnitude as that 

observed in borazines although there are some ambiguities in the 

literature.B-vinyl substitution resulted in a downfield 

displacement of only about 2 ppm, and the difference was again 

probably attributable to %-interaction of the vinyl group with the
85boron atom. A similar effect was observed for borazines. Thie "B 

N.K.R, spectrum for showed the characteristic doublet shovm

in figure [3-l] from which a value for the coupling constant 

was obtained. The "B N.H.R. of Me^N.BD is one of the few examples 

in v/hich B-D coupling is observed as shovm in figure [3-I]. The 

poorly resolved essentially symmetric triplet was analysed graphically 

to yield of 31 c/s, whiich compares well with the calculated value
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of 26 c/s on the basis of 

= k Yi
kTFg

= k^ y assuming k^ = k^ and the 

observed of I66 c/s

The proton N.M.R, of the compounds prepared are summarised 

in Table 3“*-̂ and Figures [3-2] and [3-3]. In all cases the observed 

integral ratios were in agreement with those expected for the 

protons in the compounds. It was observed that protons on a carbon
O |—

atom adjacent to the boron were shifted to high field in a similar 

manner to that observed in borazines. However in B-trimethyl-N-triphenyl 

borazine the methyl resonances were shifted so far to high field that 

they occurred upfield of Me and this was interpreted as strong
evidence for the phenyl rings lying perpendicular to the plane of 

the ring. In 3-methyl-N-diphenylcyclotetrazenoborane the

methyl resonance occurred significantly downfield from that in 

B-methyl-N-dimethylcyclotetrazenoborane, suggesting therefore that 

the phenyl rings were coplaner with the 3N^ ring, since the ring 

current effect in the phenyl rings would then favour a downfield 

displacement. Similarly substitution of a phenyl group on the 

boron to yield Ph^N^BPh gave a very small downfield shift in the 

observed resonance for the phenyl group attached to the nitrogen 

when compared with that in Fh2N\BMe, possibly indicating that the 
phenyl group on the boron atom was also in the same plane as the 

N^B ring.
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V.lien the substituent on the boron atom was an ethyl group 

the CH^ protons accidently coincided with those of the CH^ group, 

and a broad absorption showing some structure was observed near

8,9 'T for both I-'e.h',Blt and Zt.N.BBt, This coincidence of the
Cm  ̂ cL ^

methylene and methyl resonances in an ethyl group attached to a

boron atom was readily understood by consideration of the
87electronegativity of the boron atom.

The effect of substitution at the boron atom on the 

electronegativities of the nitrogen atoms adjacent to the boron
88 89was estimated using the revised Dailey-Schoolery formula,

E = 0.684 (Tg,. - T qii ) + 1-78

for 3 = 5*55 Et^N.BEt, 3 = 3.54» with the implication2 4  2 4
that the B-N % bonding is greater with the B-ethyl-substituted

42compound. This was in qualitative agreement with earlier

calculations on Ph.N.BH and Ph.̂ N.BKe, in which the ^-densities at 2 4  2 4

boron were respectively calculated as 0,114 e and 0.148 e, but did 
not conform to the calculated slight decrease of the B-N -x bond 

orders on B-methyl substitution (0,314 and 0,299 respectively).

In Ifê ^̂ B̂Vi, the vinyl group occurred as a broad poorly 

resolved multiplet near 3«59 T, and the methyl groups were unresolved 
at 40°. It would be interesting to examine the proton n.m.r. 

spectrum over a range of temperatures when information on the barrier
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to rotation of the vinyl group and hence the extent of ^-interaction

might be obtainable.

Infrared Spectra

The principal bands in the infrared spectra of the substituted

cyclotetrazenoboranes a.re listed below and are illustrated in

Figures [5-4] [3-13]• A number of the bands of the spectra were

assigned by analogy with the previously examined compounds

and Ph^N shown in Tables 1-D and 1-E,2 4

He^N^BD l i q u i d 303l wsh; 3004 msh; 2977 ms; 2947 s; 2931 sh; 2898 m; 
2854 w; 2825 w; 2601 w; 2635 m; 2028 wsh; 2004 sh; I988 ms; 1957 wsh;

1672 w; 1621 w; 1539 wbsh; I482 ms; 1475 ms; 145& sh; 1451 ms ; 1441 ms;

1431 s; 1409 vs ; 1387 ms ; I36I ms ; 1355 ms ; 1342 rns; 1227 ms ; 1214 ms ;
1202 ms; 1135 w; 1078 w; 1067 raw; 1055 ms; 1031 i'li ; 987 ms; 979 ms ;
951 w; 934 w; 915 vw; 826 w; 815 m; 733 w; 709 w; 691 m; 642 ra; 416 vw. 
Vapour spectra gave type A bands frequency (PR separation) in era ^

642 (12.8), 733 (13.8), 815 (11.3), 979 (9.7), 1055 (12.0).
Type B bands: 1135 (8).
Type C bands: 69I, 709.
Ke^H BMe:- 3002 sh; 2967 sh; 2941 s; 2915 sh; 2893 m; 2822 w;
1616 vw; 1520 sh: I5II sh; I506 s; 1495 sh; i486 s; I464 ra; 1456 ra;
1445 ra; 1429 sh; 1422 sh; I416 s; 1403 sh; 1397 sh; 1393 s; 1376 s;
1337 wra; 1318 m; I285 vw; 1253 s; 1202 s; II6I w; 1126 vw; 1101 vw;
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1083 w; 1070 ras; IO3I vw; 1007 sh; 992 s; 908 sh; 898 m; 856 vw;
754 ras; 643 w; 575 w; 566 wra; 46O vw; 456 w; 452 vw,

2731 vw; 2710 vw; 1567 w; 1546 w; 1522 sh; I51I sh; I502 sh; 1493 s; 
i486 s; 1471 s; 1458 sh; 1429 s; I416 s; I403 sh; 1395 s; 1377 s;
1339 w; 1292 w; 1242 s; 1202 s; 1153 m; IO86 vw; 1075 w; 1026 sh;
1015 sh ; 1005 s; 959 w; 797 ra ; 746 w; 728 w; 665 v.v; 64O vw; 612 vw. 
Ke N_,BVi:- 3429b w; 3068 w; 2989 sh; 2967 m; 2945 s; 2933 sh; 2891 m; 
2860 w; 2821 w; 1916 vw; I62O m ; I52O sh; I506 sh; 1493 s; i486 s; 
1429 s; 1395 s; 1366 s; 1337 w; 1322 vw; 1295 vw; 1247 s; 1203 s;
1166 w; 1082 sh; 1070 ra; 1021 s; 1014 sh; 973 sh; 96O s; 794 ra;
748 vw; 713 w; 693 s ; 632 w; 559 vw.

2980 s; 2937 ras; 2911 sh; 2899 ra; 2893 ra; 2821 vw;
2641 ras ; 1616 vw; 1477 sh; I464 ra; 1451 ras ; 1429 ras ; I4IO s;
1381 s; 1370 ras; 1344 s; I3OO ra; 1292 sh; 1199 ras; 1182 ras; 1093 w;
1070 ra; 1018 s; 943 vw; 928 w; 827 w; 815 ra; 794 w; 708 w.
Etji BH harnan shifts:- 2986 s; 2940 s; 2913 s; (F.) 2824 raw; 2493 ras;

2460 raw; 2234 w; 1458 raw; 1414 vw; 1376 ras ; 1352 raw; 1094 vw; 1026 raw;
989 w (P); 934 s; 594 vw; 181 w; 151 raw.
Et^N B E t 2976 s; 2960 s; 2935 s; 2915 sh; 2873 ras; I626 vw b;
1504 sh; 1495 ra; 1471 s; 1453 sh; 1447 ras; 1416 sh; I403 ras; lj33 s; 
1355 m; 1300 m; 1279 w; 3 220 ras; 1176 s; 1147 vw; IO88 w; 107^ w;
1023 s; 969 vw; 951 vw; 936 vw; 8OI vw; 792 w; 7l7bvw.
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Ph^N^B X e 3104 vw; 3059 w; 3049 w; 2969 w; 2923 vw; 2352 vw;

1949 w; 1373 w; l8l3 vw; 1795 vw; 1742 w; 1713 vw; 1701 vw; l675 vw; 

1597 G; 1590 sh; 1570 sh; 1558 sh; 1537 vw; 1530 vw; I5IO sh; 1502 s; 
1471 m; 1464 m ; I458 sh; 1437 m; 1432 rn; 1415 sh; 1412 m ; I3S9 s ;
I3S3 s; 1331 sh; 1323 s; 1312 sh; 1290 ra; 1274 w; 12ol ras; 1176 w;
1159 w; 1149 vw; 1109 w; I0S5 s; IO6O 5; 1021 m; 1004 w; 988 w;
963 vw ; 952 w; 908 wra; 894 wra ; 886 \\rai; 855 w; 829 vw; 76l s; 756 s ;
717 in; 694 s; 68O wra ; 665 m; 623 w; 6l4 w; 606 w; 585 sh ; 58O w;
519 vw; 516 w; 508 ra; 507 ra; 493 sh; 423 sh; 422 w; 417 w.

Pĥ N̂ ,BPh : - 3104 vw; 3069 sh ; 3047 w; 3020 sh; 2916 vw ; 2852 vw;
2679 vw; 2523 vw; I969 vw; 1953 vw; 1942 vw; I8S0 vw; 1838 vw;
1812 vw; 1799 vw; 1770 vw; 1733 vw; 1715 sh; 1701 sh; l672 vw;

1645 vw; 1634 vw; 1597 ras; 1572 sh; I558 sh; 1543 sh; I5II sh;
1497 s; 1456 w; 1433 ra; I416 ra; 1393 ras; 13S2 ras; 1370 sh; I326 w;
1311 raw; 1302 a; 1292 sh; I264 sh ; II90 vw; 1174 w; II64 w; 1155 vw;
1135 wa; 1109 vw; 1086 ras; 1074 w; 1057 s; I03I sh; 1026 w; 1020 sh;
1000 w; 996 vw; 988 w; 976 w; 968 vw; 963 vw; 953 w; 949 w; 912 w;
907 w; 879 vw; 867 w; 840 w; 834 w; 819 vw; 763 s; 759 s; 754 s;
721 w; 697 s; 689 s; 667 wra; 649 w; 6l7 w; 612 w; 588 wra; 523 wra ;
504 wra; 467 w; 423 sh; 421 w.

Ping Modes
21 43It was shown * that cyclotetrazenoboranes with 

symmetry had nine skeletal fundamental modes of vibration distributed 

amongst the symmetry classes as follows 4Â , lÂ , 33̂  * lÔ  of
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v;hich 3-^ and 2B^ modes were essentially stretching modes. These 

modes are summarised in table 3-B together \>lth the tv/o different

nomenclatures utilised for Me^N BH and in the previous
2 1  •'-"4assignments"' ’ " . The frequencies at which these modes occurred 

was sensitive to the nature of the substituents on t"e ring, and 

in particular to the substituents at nitrogen. It should also be 

mentioned that when the boron or nitrogen substituent is ethyl or 

vinyl, the molecule would no longer belong to the point group, 

and it might be anticipated that inactive modes for molecules) 

become allowed, although their intensities might be too low to be 

observed.

A number of bands in i-iê N̂ BH were previously assigned to 

the ring stretching modes. In the present series of N-Me and N-Et 

substituted compounds corresponding frequencies were observed which 

varied only slightly on changing the substituents at the boron and 

these were therefore assigned to the analogous modes, and are listed 

in Table 3-C,
T.4BL3 3-C

RING STRETCHING MODES CF N-Me AND N-Et CYCLGTETRAEENCBCRANES
Mode of 
Vibration

^ 4
CO5

‘<̂ 2 n |

lOj
11,

Group X in Me^N^BX
H D i ;e VI H

CtJT.BX2 4
Et

1408 1409 1397 1395 1395 1410 1413

1353 1355 1376 1377 1366 1344 1355
1342 1342 1337 1339 1337 1300 1300

987 1007 1026 1021 
991 979 992 1005 1014 1018 1023

908 - 974sh 943 951
953 951 898 959 960 927 936
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It was less easy to identify corresponding ring deformation 

modes, but the band at 736 cra"̂  in which was assigned to

the b^ rijig deformation C^, had counterparts in the other compounds 

as indicated:- Me^N^BD, 732 cra"̂ : Me^N^BMe, 754 cra~̂ : He^N^EEt, 797 cra” ;̂

Me^M^BVi, 794 0%"̂ : Et^N^BH, 794 CüT̂ : Et^H/BEt, 792 'cm

The assignment of ring modes in Fh^N^BH was necessarily more
21tentative in the absence of infrared band contours and Parnan data, 

and a number of bands differed considerably from those in Me^N^BH. 

However, the bands assigned to ring vibrations in the spectrum of 

Fh2N^BH had counterparts in the spectra of Ph^N^BMe and Ph2N̂ BPh, 

and these are listed in Table 3-B.

TABLE 3-D

RING MODES CF PilENYL-SUBSTITUTED CYCLCTJCTR.-.ZENOBCEANES

Ring Mode V VI II I VII

PhgN BH 1418,1405: 1200,1190: 1109,1091: 1062: 968:
Ph^N.BMe2 4 1412,1389: . 1274,1261: 1109,1086: IO6O: 988:
Ph^N BPh 1416,1393: - ,1264: 1109,1086: 1057 : 953:

III IV VIII

PhJf.BH E 4 915,905: 668: 420
Fh^N^BMe 894,886 : 665 : 422
PhgN BPh 912,907: 667: 422
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C-N modes The C-N stretching modes of dimethylcyclotetrazeno-
-1borane were previously assigned to bands at IO46 (â ) and 1213 (b̂ ) cm , 

and the band at 1231 cm was assigned to a combination band. In the 

series of N-methyl substituted compounds examined, a consistently 

strong band was observed near 12/|0 cm and could now preferably be 

considered as the antisymmetric C-N stretching mode. The band at 

1213 cm ^ would then be the symmetric C-N stretching frequency. The 

C-N antisymmetric and symmetric stretching modes for the series of 

N-phenyl substituted compounds were attributed to consistent bands 

around I3II and 1290 cm  ̂respectively. Bands attributed to C-N 

\dbration.al modes in the cyclotetrazenoboranes are summarised in 

Table 3-2.

TABLE 3-2

Compound Ne IqBX Etglf.BX4 Ph.N.BX 2 4
X substituent H D Me 2t Vi H Et H Me Ph

ilntisyra C-N 
stretch

1231 1227 1283 1242 1247 1199 1220 1311 1311 1311

Sym C-N 
stretch

1213 1202 1202 1202 1203 1182 1176 1291 1290 1302

C-N def - 641 643 640 632 - - — — -

The C-N deformations of Ke^N^BH were originally assigned to 

bands near 411 and 203 cm” .̂ Weak bands were observed near 640 cm  ̂

in many of the substituted compounds, see Table 3-2 and it is possible
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that this may be one of the C-N deformation modes. The C-N deformations 

for N-2t and N-Pli substituted cycletetrazenoborane derivatives were not 

readily assigned.

Substituent vibrations(a) N-substituents. The internal vibrations 

associated with N-Ke groups in the substituted compounds occurred at 

similar frequencies to those in He2N̂ BH, and C-II stretching frequencies 

(3ICO - 2850 cm CH^ deformation (1500 - 1400 cm and CH^ rocking 

(1200 - 900 cm regions could be identified.

Bands associated with N-ethyl groups were necessarily more 

complicated and complete assignments were not attempted due to severe 

overlapping of bands.

Phenyl modes for N-phenyl substituted compounds were

obiserved at frequencies close to those previously reported for Ph^N^BH 

i.e. the C-H stretching frequencies (3IIO - 2910 cm \  the four 
combination bands of C-H out of plane deformations (1970 - I64O cm ^ , 

C-C (Ph) stretches (162O - 1430 cm )̂, C-H in plane deformations 

(1200 - 1000 cm~̂ ), C-H out of plane deformations (770 - 750 cm 

and Ph and Ph-X deformations (720 - 400 cm )̂ were found. Some of
90the deformation modes are listed in Table 3-P*
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TABLE 3-F

FÜZNYL AND PH2NYL-X DT702XÀTICN F32:UENCIES

CM 0.0.p. def. Ph.N.BH2 4 ' 753

PhgZijBMe 756,761

Ph_H.BPh2 4 754,759,768
PhX i.p. def. Ph^NjBH 708

Ph^M/BMe 717
PhgH BPh 721

Ph ring 0.0.p. def. Ph^H BH 689

Ph^N.BMe2 4 694

Ph NjBPh 697,689

PhX i.p. def. Ph_N.EH2 4 548

Ph^N BMe 508

Ph^N^BPh 523

(b) B-substituents, The C-H stretching modes of B-He groups

little affected by the proximity of the boron, and were not 

distinguished from other C-H vibrations in the vicinity in Me^N^BMe, 

but were readily recognised at 2973» 2919» 2552 cm  ̂in Ph^N^BMe.

In the deformation region, the antisymmetric modes were obscured 

by other vibrations, but the symmetric modes were probably best 

assigned to the band at 1318 cm  ̂in i-iê N̂ Blie and the band at 

1323 cm“^ in Ph^N/BMe.
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In Me^N^BVi, the vinyl C-H stretching frequency occurs 

at 3065 cm  ̂and the C=C stretching mode was observed at 1620 cmT^.

Tlie in-plane and out-of-plane hydrogen deformations which are normally 

observed near 990 and 910 cm  ̂probably occurred in this compound 

as components of the complex bands observed near 1021 and 96O cm” .̂ 

Again no attempt was made to characterise the ethyl vibrations in 

B-ethyl compounds due to the complexity of the spectra,

B-X vibrations: The poorly revolved 3-H stretching frequencies of 

^^2^4^^ at 2641 cm  ̂together with in-plane deformations 1093,
1070 cm  ̂and out-of-plane deformations 827, 815 cm  ̂were readily 

assigned in similar manner to those for ra^N^BH, Consideration 

of the spectrum of the deuterated Ke^N^BD further confirmed this 

assignment when the ^^B-D and ^^B-D stretching modes were observed 

at 2004 and I988 cm” .̂ The ^^B-D and ^^3-D in-plane and out-of-plane 

deformations occurred at 825, 816 cm  ̂and 708, 69O cm
The B-C stretching frequency was found near 1070 and 

1080 cm~^ for methyl, ethyl and vinyl substituents, but probably 
occurred at higher frequencies for phenyl substitution. The B-C 

deformation modes are less certain but the in-plane modes probably 

occurred near 565 cm  ̂for Miê N̂ BI'.e,aC6 cm  ̂for ^^2^4^̂ *' The 
out-of-plane B-C deformation modes were probably below 400 cm
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EXPERIMENTAL 
Preparation of solvents and intermediates

Solvents were dried and purified by standard 

procedures . Commonly obtainable intermediates were used as 

supplied by commercial organisations except where otherwise 

stated. LiD and LiBD^ were used as supplied by Fluka (A.G. 

Chemische Fabrik Bucks S.G.). Methylamine and ethylamine 

were obtained by distillation from their aqueous solutions 

under vacuum, dried over KOH pellets and stored at -lÔ C. 

Preparation of methyl and ethyl azides

An aqueous solution of sodium azide was placed in a 

flask fitted with a water condenser and tap funnel containing an 

excess of dialkyl sulphate. The top of the water condenser was 

connected to a trap cooled to -78°C, The dialkyl sulphate was 

added carefully to the refluxing azide solution and the alkyl 

azide was collected in the -78 Ĉ trap, assisted by reduction of 

the pressure within the system. This was further purified by 

fractionation on the vacuum line, dried over KCn pellets or 4A 

molecular serve a::d stored at -lÔ C,

keaction:- PNalT̂  + (R 2̂^^4 ---  ̂ Na^SC^ + 2R ly

Preparation of phenyl azide
Ph.enyl azide was prepared by the method of Lindsay 

and alien,hater (300 ml) and conc. ?IC1 (55*5 ml) were placed 

in a one litre three necked flask fitted with a mechanical stirrer.
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thermometer and a dropping funnel. The flask was then surrounded 

by an ice-salt freezing bath and phenylhydrazine (33.5 g.) was 
added dropwise with stirring. When the temperature of the flask 

contents had fallen to Ô C, 100 mis of ether was added, followed 
by dropwise addition of a freshly prepared solution of NaNOp (25 g.) 
in 30 mis of water, ensuring that the temperature did not rise 
above 5^0.

The reaction products were then steam distilled until 

400 mis of distillate was obtained, and the ether layer was 
separated. The aqueous layer was extracted once with 25 mis of 

ether and the combined ether solutions were dried over 10 g. of 
anhydrous CaCl^. Tlie dried ether solution was placed in the 

flask of a distillation apparatus talcing care to surround the 

flask by wire gauze and surround it with blast screens. The flask 

was immersed in a water bath at 25° - 30° and the ether was 
removed under reduced pressure, Tlie temperature of the bath was 

then raised to 60 - 65° when the phenyl azide distilled under 
reduced pressure (B. pt. 49 - 50° at 5 mrns) as a pungent pale 

yellow oil. Yield 65k.
HNO _ -HO

Reactions:- PhNH.NH_.HCl ------ > Ph - N - > PhIL2 I 5

Préparation of Lithium azide
This was prepared by the method of R. Huisgen and 

I. Ugi^^ lithium chloride (5O g. , 1.2 g. mol) and sodium azide 
(76.5 g , 1.2 g.mol) were placed in a flask containing dry
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methanol (400 mis), and refluxed under a stream of dry nitrogen.
The methanol solution was filtered free of the sodium salt, and

concentrated by removal of the methanol by distillation [care was

taken not to let the distillation boil dry as Lily decomposes

explosively at r\/ 200°Cl. The last of the solvent was removed

under high vacuum at 100° for 12 hours. Lithium azide is

extremely deliquescent^rapidly forming the monohydrate Lily.H^O

and v/as therefore stored in a dessicator.

Reaction; LiCl + NaN_ -- > LiN^ + KaCl2 2
Diborane

The diborane used in the experiments to be described

was obtained mainly from a cylinder first cooled to -78°C obtained

from the Gallery Chemical Company, U.S.A., but prior to the

availability of this supply was prepared by the method of
93Freeguard and Long.

A three necked 250 mis flask was fitted with a tap 

funnel, an inlet, and an outlet tube which was in turn connected 

to a vacuum frame and hence through a series of traps, the first 

cooled to -78°C and subsequent ones to -196°C, Na3:y (4g , 0.1 g.aol) 

was placed in the flask and stirred magnetically with 20 mis of 
dried diglyme. Iodine (6.7 g. ,0.053 g.mol) was dissolved in 

diglyme and placed in the tap funnel. The flask was well swept 

out with nitrogen and the pressure within it reduced to near that
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of the solvent vapour. The solution was then added in small 

portions from the tap funnel, when the reaction was immediate and 

exothermic. Pumping was continued for Ih minutes after the final 

addition of iodine to ensure complete transfer of the diborane to 

the liquid nitrogen traps, the -73°C trap removing volatile solvent, 

Tlie yield of diborane was approximately quantitative.

Reaction: 2Na3H^ -f --> 2NaI +

Preparation of triphenyl boron

A one litre flask was fitted with a mechanical stirrer 

and oil seal, a 250 mis tap funnel and a reflux condenser, all 
the apparatus having been thoroughly dried overnight in an oven 

before use. Clean dry magnesium turnings (28 g.,0.11 g.mol) and 

a trace of iodine catalyst were placed in the flask and covered 

with dry ether and the whole apparatus was flushed carefully with 

dry nitrogen. A dry inert atmosphere v/as maintained throughout 

the experiment by means of a flow of nitrogen above the top of 

the condenser and tap funnel. A small amount of dry bromobenzene 

was added from the tap funnel and the mixture stirred vigorously 

until the Grignard reaction started. The rest of the bromobenzene 

(180 g., 0.11 g.mol) was added slowly, and when the reaction was 
complete the whole Grignard product was cooled to 0°C, and 

redistilled boron trifluoride etherate (54*3 S», O.O3S g.mol BF̂ ) 

was added dropwise with stirring when a vigorous reaction was 

obtained. Cn completion of the addition of BF^.Et2C,water (3C0 ml)
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was added and the flask and contents stirred thoroughly. The product;

were filtered under an atmosphere of nitrogen and the remaining

solid extracted once more with a further portion of ether. The

ether extracts were concentrated by distillation of the ether

from the solution, the final traces being removed under vacuum

leaving solid boron triphenyl. Yield = 62.2 g 6?;̂ Theoretical).
Et 0

Reactions:- PhBr + Mg ----5* [PhMgBr]

3[PhMg3r] + BF .St^O — > BPh^ + 3>%BrF

Preparation of diphenyl boron chloride

Boron triphenyl (29.3 g., 0.12 g.mol) was weighed 

into an ampoule in a dry nitrogen containing glove box and 

BCl^ (7.1 g., 0.06 g.mol) was condensed into it using a vacuum 
frame. The ampoule was sealed under vacuum and heated to 80*̂ 

for two hours. The ampoule was opened in the oxygen free glove 

box, the contents transferred to a distillation apparatus, and 

the reaction products distilled under vacuum with heating when 

Ph^BCl was obtained as a colourless low melting solid.

(Yield 30k).
Reaction: 2Ph_B + BC1% 3Eh^3Cl3 2 2

Also produced v;as PhBCl^ which was collected in a

trap at -196°C on the vacuum frame, probably due to a side 

reaction or disproportionation while some residue possibly of 

BPh^ was left in the distillation flask.
Preparation of diphenyl boron azide

82This was prepared by the method reported by Paetzold.
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Diphenyl boron chloride (11.73 g., 0.059 g.mol) was refluxed in 

benzene with a suspension of excess LiN (7.62 g., 0.l6 g.mol) for
j

60 hours under an atmosphere of dry nitrogen. The benzene solution 

was then filtered free of the lithium salts in a dry nitrogen containing 

glove box, and the benzene solution was concentrated by vacuum 

distillation. The remaining solution was transferred to a small (60 ml) 

distillation apparatus and the last of the benzene removed by further 

distillation under vacuum. The remaining azide was rapidly distilled 

with some decomposition between 100 - 120° under high vacuum using a 
mercury diffusion pump. Tlie i'ĥ Biy was confirmed by its infrared 

spectrum which showed a strong azide band at 2120 cm . A glass-like
I Isolid, probably (Ph-N-B-Ph)^, remained in the distillation flask.

Yield of Ph^BN^ = 4.0 g. ('v 33k Theoretical).

Reaction: Ph_BGl + LiN  Ph-BN + LiCl2 3 2 3
The preparation of N,N',N"-trimethyl-cyclotriborazane

Tliis was prepared by the reaction of me thy lamine and diborane 

in a molar ratio of 2:1 in a sealed ampoule at 130° for l6 hours. Cn 

cooling to room temperature a crystalline product of (KeNHBH^)^ 

was obtained together with uncharacterised volatile products which 

were removed by vacuum distillation. The (MeNHBiy)^ was used without 

further purification.
3MeNH2Biy ,_above 100  ̂ (i.eNHBiy)̂  + 3Ĥ

The preparation of N-trimethyl borazine

Methylamine and diborane were sealed in an ampoule under 

vacuum in the molar ratio of 2:1 as in the previous experiment, and 
pyrolysed at 220°C for l6 hours. The ampoule was opened under vacuum 

and the N-trimethylborazine collected by distillation of the reaction
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products through a trap at -78°C, The product was further 

purified by fractional vacuum distillation.

Reaction:  ̂ (KeNIEiy)^  > (MeNBH)^

The nrenaration of Grignard rearents

The following general method was used for the

preparation of Grignard reagents Meiîgl, EtMgl and PhMgBr. The

quantities of Grignard reagents prepared were determined by the

quantity of the appropriate cyclotetrazenoborane- derivative with

which it was to be treated (shown in Table 3-G). A three-necked

flask (250 mis) was fitted with a ICO mis tap funnel, a mercury
sealed mechanical stirrer and a reflux condenser. The theoretical

quantity of magnesium was placed in the flask and covered with dry

diethyl ether and a small trace of iodine was added to activate

the magnesium. The required alkyl or aryl halide in slight excess

was dissolved in diethyl ether and placed in the tap funnel.

The whole apparatus was carefully flushed with dry nitrogen and

this atmosphere was maintained throughout the experiment by a

flow of nitrogen at the top of the condenser and tap funnel. A

small amount of the halide was run into flask with vigorous

stirring. If the reaction did not start immediately it was

initiated by warming the reactants with a hot water bath. The

rest of the halide was slowly added until reaction was complete.

Reaction: Mg + RX  ̂ RÎIgX (R = Me, Et or Ph,
X = I or Br)
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Préparation of vinvl magnesium bromide

This W8-S prepared in a similar manner to those 

previously described except that the water condenser was replaced 

by an acetone - solid CO^ condenser and the solvent used for the 

preparation was in this case tetrahydrofuran.^^ The reaction was 

initiated using one drop of methyl iodide,

Reaction: Mg + CH = CHBr — — ^ CH_= CUM Br ̂ 2 g
Preparation of diphenyl cyclotetrazenoborane

In a typical preparation of Ph^iyBH as reported by
21Morris a B.24 (250 ml) quickfit conical flask was charged with 

aniline (5*0 g., 0.034 g.mol), v/rich had been dried by refluxing 

with KOH pellets and redistilled. Ether (50 ml) was condensed 

into the ampoule, by cold distillation under vacuum from LiAlH^, 

together with diborane (58O mis.,0,027 g.mol), and the mixture 
was allowed to warm slowly to about 10°. Phenyl azide 

(6.4 g., 0.054 g.mol) was added and the mixture allowed to stand 
at room temperature for 60 hours. The product separated as large 

crystals which were filtered off and the mother liquor continued 

to deposit crystals until a total of 8,39 g (705) was obtained. 
Reaction: PhNiyBiy + Phiy ----> Ph^N^BH +

Preparation of dimethyl cyclotetrazenoborane

The preparation of Me^hySH was carried out as reported 

by Morris.Diborane (.0052 g.mol) and methylamine (.0104 g.mol) 

were condensed together vith diethyl ether (10 ml) distilled from
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LiAlîy under vacuum into a heavy walled glass ampoule at -196°C 

and were allowed to react by warming up slowly. Methyl azide 

(0.69 g, .012 g.mol) was then condensed into the ampoule using the 
vacuum line, and the ampoule was sealed and heated to 140° for 
16 hours. The tube was cooled and opened on the vacuum line the 

reaction products being distilled through traps at -30°C, and 

-196°C, giving an almost quantitative yield of and the 

Me^N^BH was isolated in the -30°C trap. The product was further 

purified by fractional vacuum distillation, /m unidentified 

involatile crystalline product remained in the ampoule. The 

presence of the solvent was not necessary for the reaction since 

equally good yields were obtained by direct heating of the amine 

borane with methyl azide in a sealed ampoule. Caution however 

must be used in this preparation as occasionally, when all three 

reactants were condensed into the ampoule at -196° without first 
allowing the amine and diborane to react, extremely violent 

explosions were obtained,
95It is of interest that Morris has recently found 

that Me^iyBH can also be prepared by heating equimolar quantities 

of Ne^BO^, méthylammonium azide and lithium borohydride in ether 

solvent in a sealed ampoule at 120° for 48 hours. The product 

Me_N,BH was isolated in good yield by high vacuum distillation2 4
through a trap at -30°C.
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The attempted preparation of Mê N^BH by the reaction of N-trimethyl 

borazine with methyl azide

N-trimethyl borazine (1.31 Q.Oll g.mol) and excess 

methyl azide were cold distilled into an ampoule and sealed under 

vacuum. Several ampoules were set up in this manner and heated either 

at 130° for 16 hours or lSO° for 20 hours. In both cases some 

free nitrogen was produced and vacuum distillation produced colourless 

liquids in traps at -30°C. Methyl azide and its volatile 

decomposition products were collected at -196°C. An examination 

of the infrared spectra of the colourless liquids showed the absence 

of any but the presence of an intense H-H stretching

frequency and the reduction in intensity of the B-H vibration 

suggested that amino substitution of the B-H occurred. Elemental 

analysis was inconclusive.

Attempted reaction: 1 (MeN - BH)_ + MeîE --- > Me_N.BH~ 3 3 2 4

The reaction of N,N*,N"-trinethyl cyclotriborazane v.ith methvl azide 

Crystalline (MeNHBH^)^ was heated with excess Meiy 

in a sealed ampoule at 130° for 48 hours, when a free flov/ing 
liquid was produced. Vacuum distillation of the products through 

traps at *-30°C and -196°C yielded unused Meiy in the -I96 C and 
a mixture of Me^ILBH and N-trimethyl borazine, which were not 

readily separated by further fractional vacuum'distillation, in 

the -30°C trap.
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Reaction: 1 (MeNIIBH ) + MeN — > (MeN-bll)^ 2 3  3 3
The attempted larme scale rreraration of Me_N,BH    1-------- ---— " "----:--------2—4-

NaBH^ (3.88 g. , 0.10 g.mol) and dry MeNH^.HCl 
(6.9 g. , 0.10 g.mol) were stirred in a flask at room temperature 
with 100 mis of methylene glycol dimethyl ether (monoglyme B.Pt. 83°) 
under an atmosphere of dry nitrogen. Sodium azide (6.64 g. , 0.10 g.mol) 
was quickly added to the flask and (Ciy)2S0  ̂(6.42 g., O.O5 g.mol) was 
added dropwise, and the contents of the flask refluxed. Great 

difficulty was experienced in keeping the Meiy produced in the 

reaction vessel, even with the use of an acetone-solid CO^ condenser.

A white solid product sublimed in the condenser and its infrared 

spectrum showed the presence of a strong band around 2100 cm  ̂

possibly characteristic of an azide stretching frequency, together 

with complex B-H, C-H and N-H stretching regions. The reaction 

products were filtered free of solid sodium salts at room temperature, 

and vacuum distilled through traps at -35° and -196°C, Solvent 

and an azide product were collected at -196°C, while the -35 C 

trap yielded a small amount of liquid whose infrared spectrum was 

complex and probably due to a mixture of products, but showed the 

absence of any Me^N BH. The bulk of the reaction product was 

involatile and was not fully characterised.
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The attempted exch-nre reaction between LiD and (CH_) N BH
 — -------------------------------------------3^ 2-4—

Lithium deuteride (0,59 g., 0.066 g.mol) was transferred

to an ampoule in a dry nitrogen containing glove box, and Me_N BH2 4
(0.83 g. , 0.0084 g.mol) was vacuum distilled into the ampoule 
which was then sealed. The reactants were allowed to stand at room 

temperature for 12 hours, followed by heating at 90° for two hours. 
On opening the ampoule under vacuum a gas O.OOI8 g.mol) was 
collected, the mass spectrum of which indicated an approximate 

composition as follows [m/e 2 (Ĥ ) = 57,0>c; m/e 3 (HD) = 8,2k; 

m/e 4 = 0.6k; m/e (ly) = 34.2 k]. The infrared and mass spectra 

of the fraction, collected by vacuum distillation at -30°C, 
showed only the presence of unchanged He2N B̂H.

Attempted reaction: Me^N^BH + LiD ^^2^4^^ BiH

The attempted exchange reaction between Ke^N^BH and LiBD^

1102̂ 3̂2 (0.53 g.t 0.0054 g.mol) was condensed into
an ampoule into which LiBD^ (0,133 g.,0.0052 g.mol) had been
introduced in a dry nitrogen filled glove box. Diethyl ether

was cold distilled from LiAlH, into the anrooule, which was then4
sealed under vacuum and heated to 140 C for I6 hours. The fraction 

collected by vacuum distillation of the reaction products through 

a trap at -40 proved to be essentially unchanged Me^N^BH



- 127 -

(0.20 g.,0,00204 g.mol), but the presence of some Me^iyBD was

indicated by the 3-D stretching frequency of weak intensity at

I9S8 cm  ̂in the infrared spectrum. Infrared evidence also

indicated that the solid product left in the ampoule was found

to contain some Me^N.BH even after prolonged vacuum distillation.

Attempted reaction: LiBD + Me_N.BH Me IT BD + LiBD H
4  2 4  2 4  3

The rrepar^tion of 2,5-dimethyl,1-deuterocvclotetrazenobora.ne (Me_H,ED) -------------   — I------ -------------2—4—
Methyl ammonium chloride (l.lO g,0,0l6 g.mol), lithium 

boro-deuteride (O.4 g,0.0l6 g.mol) and methyl azide (I.38 g,0.024 g.mol) 
were heated in an ampoule at 130° for 60 hours in diethyl ether solvent 
distilled from LiAlpy. (0.35 g, 23^ Theoretical yield) was

collected as a colourless oily liquid by vacuum distillation through 

a trap at -40°C and further purified by distillation from a trap 

at 0°C, The compound v/as confirmed by infrared, K.M.R. and mass 

spectra. The intensities of the parent ion peaJus at m/e 93, 99 

due to and isotopes were in the expected ratios.

The preparation of diethylcyclotetrazenoborane

This was prepared by the general route already 

described for Ke^N^BH, by heating ethyiamine-borane (prepared 

from ethylamine and diborane in a 2:1 molar ratio) with ethyl azide 
and dry diethyl ether solvent in a sealed ampoule at 130° for 
24 hours. The gas evolved during the reaction was collected using 

a Topl^r pump when an almost quantitative yield of Ĥ  was observed 

(1170 ml.,0.05 g.mol., 98k Theoretical). The colourless oily
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product of Et^N^BH was isolated by vacuum distillation through 

a trap at -10°C and further purified by redistillation. A small 

amount of a non-volatile liquid remained in the ampoule.

Found: G, 38.32; H, 8.91; N, 44.50; 3, 8.36,'-'. requires

C, 38.14; H» 8.SO; IÎ, 44.48; B, 8,58k. Molecular ion peal-:s were 

observed at m/e 125, 126 in the expected ratio for the isotopes 
and ^̂ B.

The reaction of Grignard reaments with cyclotetrazenoboranes 

A solution or slurry of the cyclotetrazenoborane 

in ether solvent was added slowly from a tap funnel to the Grignard 

reagent, prepared as described previously, and the mixture stirred 

at room temperature for about 24 hours, under an atmosphere of dry 
nitrogen. It was also found that the utilisation of a tipping 

tube in place of the tap funnel made the experimental procedure 

for the addition of Ph^N^BH somewhat easier. V.hen Hi^N^BH was 

added to Fhi'gBr the first small addition produced a deep green 

fluorescent solution. Cn further addition, the green fluorescent 
colour was replaced by a bright yellow precipitate and a bright 

yellow fluorescent solution. Similar coloiu' changes were observed 

on addition of Ph^N.BH to MeMgl, but the complex was much gore 
soluble. When was added to EtMgl, no fluorescence was

observed but a colourless viscous oil separated on standing.
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and MeMgl produced a similar oil, but the addition of 

an ether solution of Ke^N^BH to ViMgBr produced a white 

crystalline complex. In general, the products were treated with 

an excess of saturated aqueous ammonium chloride solution and 

effervescence occurred, with evolution of hydrogen. The 

ethereal solutions were separated and the aqueous layer extracted 

with several portions of diethyl ether. The combined ether extracts 

were dried over anhydrous magnesium sulphate or molecular seive, 

filtered and concentrated. In the case of Tĥ iyBPli however this 

latter method had the disadvantage that had a very low

solubility in ether, and it was found that a better yield was 

obtainable by soxhlet extraction of the complex with moist ether 

in the normal laboratory atmosphere.

Fh_N.BPh and Fh_K.3Me were obtained as white 2 4  2 4
crystals from the concentrated ether solutions, and were 

recrystallised from ether-light petroleum (3. Pt. 60 - 80°),
Me_N,BMe, HeJT.BVi and EtET.BEt were isolated as colourless liquids2 4  2 4  2 4
by distillation on the vacuum line and were collected in traps at 

-40°C, They were further purified by distillation from traps at 0°C. 

Gas-liquid chromatography of the vinyl substituted compound showed 

it to be a mixture of two products in the approximate ratio of 5:1 

but an attempt to separate these by both vacuum fractionation and 

preparative scale G.L.G, proved unsuccessful. An examination of the
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mass spectrum showed parent ions at m/e 123, 124, 123 and 126 in the 
ratios for a 5.25:1 mixture of He^N^BVi and Me^N^BEt. The subsequent 

fragmentation pattern further confirmed both compounds in the light 

of the generalised fragmentation which has been observed for these 

compounds, (see Chapter 5)» Tlie details of experimental quantities, 

yields and analysis data for all the Grignard reactions are summarised 

in Table 3-0.

During the preparation of Ph^N^BPh and Fh^N^BMe, the 

magnesium containing complexes were isolated by concentrating 

the ethereal solution after the parent compound had been added to 

the Grignard reagent, and the product filtered in a dry nitrogen 

filled glove box. Analysis on the complex formed from Ph^N^BH 

and PhMgBr found C, 56.75, H, 4.77; N, 13.28; B, 2.62; Mg, 3.06.

This gave an empirical ratio of Mg:B:N:C:H of approximately 

1:2:8:39:40 indicating possibly a 2:1 complex 2Ph2N^3H.PhMgBr 
coordinated with diethyl ether solvent. The analysis figures 

however were not readily rationalised with any simple theoretical 

stoichiometric complex. The complexes were extremely sensitive to 

air and moisture, rapidly changing colour from yellow to white, 

and were not characterised further.

Reaction: R'MgBr + R^N^BH --- > [R’Mgrir,R2 T̂̂3Hj(?)
Hydrolysis
Bat lai.Cl soln. 4

R^N.BR' + MgBrCH +
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Preparation of Ph^N.BPh usin^ dirhenvlboron azide--     Ü-----------
Diphenylboron azide (4.00 g . , 0.019 g.mol) and phenyl 

azide (2,30 g.,0.019 g.mol) were dissolved in dry ether in a 200 ml, 
ampoule which was previously flushed with dry nitrogen in a glove 

box. The ampoule was sealed under vacuum and heated at 90 - 100° 

for 60 hours in a protective metal tube, A dark brown liquid was 

produced which on cooling deposited colourless crystals, and the 

nitrogen evolved during the reaction measured 3^4 ml at N.T.P.

(84k of the theoretical quantity) using a Topler pump. The gas 

was identified by mass spectrometry. The crystalline compound 

was filtered in the glove box and recrystallised from ether or 

light petroleum. The product was shown to be identical with that 

obtained from the Grignard reaction by its infrared and mass spectra, 

The molecular ion peak at m/e 298 was measured as m/e 293.13^6 
(theoretical m/e 298,1411). Yield 23k.

Catalytic hydrogenation of the BVi mixture

The mixture of Me^N^BVi and T^gN^BEt (0.4996 g.) 

was dissolved in light petroleum (b.p. 60 - 80°), and placed with 
PtO catalyst in a standard hydrogenation apparatus, A typical 

zero-order reaction was observed, as shown in Figure 3-14, and a 

total of 83.0 ml. of hydrogen was absorbed (theoretical for a 
5.25:1 mixture, 84.9 ml). The product was isolated by vacuum 

distillation, and showed parent ion peaks at m/e 125, 126,
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Attemnted hyclroboro.tion of ethvlene with M e ,BH  --- - '---------------- '----------- 2~4—
Equimolar quantities of and ethylene, obtained

from a cylinder supplied by the Gallery Chemical Co. Ltd., together 

with ether solvent were sealed under vacuum in an ampoule and 

heated at 130^ - 140^C for 48 hours. The reaction products were 

vacuum distilled through traps at -lp°C, -40^C and -196°C,

The -15^C trap did not contain any Me^N^BSt compound that might 

have been expected, while the -40°C trap was shown to contain 

unreacted and the -196^0 trap unreacted ethylene plus

solvent ether.

Attempted reaction: Ilê N̂ BH + C^H^   ̂He^N^BEt

Attempted hydroboration of butene-1

and butene-1, from a cylinder kindly donated 

by B.P. Chemicals U.K. Ltd., in equimolar ratios into two ampoules 

under vacuum. The ampoules were then sealed and one was heated 

at 60^C for 24 hours and the other one at 110° for 50 hours. In 

both cases vacuum distillation of the products through traps at 

-30°C and -196°C yielded the unchanged reactants.

Attempted reaction: Ke^N^BH + C^Hg > '̂°2̂ 4̂ 4̂̂ 9
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3-îiALOGENO SUBSTITUTED CYCLOTETRAZZUOBOPAlfIS
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RESULTS AND DISCUSSION
The preparation of B-halogeno cyclotetrazenoboranes proved 

to be unexpectedly difficult, but the two derivatives Me^N^BCl 

and Ke^N^BBr have been isolated and examined by a variety of 
physical techniques,

Cne possible route for the preparation of B-halogeno 

derivatives was the dehydrohalogenation of a primary amine- 

haloborane adduct and the capture of the borazyne intermediate 

by an organic azide. Attempts to prepare Ee^N^ECl, Ph2N^BCl 
and Ph2N^BF from the reactions of boron halides and organic azides 
with both equimolar and excess quantities of primary amines gave 

numerous products, mostly uncharacterised, but in no case was the 

required B-halogeno cyclotetrazenoborane derivative isolated, A 

large number of competitive reactions could be postulated, and 

further work is required to determine the nature of the often 

readily hydrolysable products obtained.

The dehydrohalogenation reaction was proved to occur in 

the presence of the stoichiometric quantity of triethylamine, 

and in this manner B-chloro,2,5-dimethylcyclotetrazenoborane was 

isolated as a-colourless, readily hydrolysable liquid in 26% yield
as shown by equation 4-1. The compound was confirmed

Cl
I

MeNH. + BCl, + MeN, + 2Et=N — > Me B Me + 2Et,N,HCl 2 3 3 N N ^
I I (4-1)

4-1
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by elemental analysis, ’H N.M.R., "B N.H.R,, infrared and mass 

spectrometry*

It was of interest that the infrared spectrum of the crude 

reaction product indicated the presence of an azide group and this 

was further explained by the mass spectrum which showed ions of low 

intensity at m/e 139, 133 in the isotopic ratio expected for a 
compound containing one boron atom. This indicated the presence 

of the compound He^N^EN^, possibly formed by the secondary reaction 

of Me^N^BCl v/ith MeN̂ . This impurity was removed from the 

B-chloro derivative by vacuum fractionation.

An anomaly exists in that the analogous reaction of BBr^ 

with MeNH^ and MeN^ in the presence of 2St^N did not yield the 
expected Me^N^BBr, but a colourless, readily hydrolysable liquid 

was isolated in very low yield. The infrared spectrum of this 

product showed a very intense band at 2140 cm probably due to 

the presence of an azide band. The mass spectrum of the product, 

however, did not show parent ion peaks for any readily rationalisable 

cyclotetrazenoborane derivative, and further work is required to 

determine the nature of the reaction observed.

The reaction of MeMH^.BH^Cl with MeN^ which it might have 

been anticipated to produce Me^N^BCl with evolution of hydrogen did 

not yield any of the required compound. Furthermore direct 

halogénation of N-substituted cyclotetrazenoboranes proved 

unsuccessful. The attempted chlorination of Ph^N^BH gave products
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not fully characterised, whereas the attempted iodination of

in the presence of a small quantity of picoline, to

eliminate any HI formed, led to the recovery of unchanged St^N^BH.

The reaction of ^^2^4^^ with iodine in the presence of
pyridine led to the formation of a deep red compound which

analysed to give the approximate empirical formula

but a large proportion of the Ph^N^BH v/as recovered unchanged.

A successful method of preparation of Me^N^BBr in high

yield was achieved by the reaction of N-bromo succinimide on

Me2N^BH in refluxing CCl^ solution, as shown in equation 4-2.
Me Me ^
I 0 ^  I \N —  N C —  CH, N —  N C —  CH\  / 2B —  H + Br —  N/ \

\ /B — Br + HN
/ \

2

Me

(4-2)

The Me^N^BBr was isolated as a colourless readily hydrolysable liquid 

and was identified by elemental analysis, *H N.M.P., "B N.M.H., 

infrared and mass spectrometry. The latter showed the parent ion 

peaks in the expected isotopic ratios at m/e 178, 177, 176, 175.
A further interesting piece of information was derived from the mass 

spectrum taken on an instrument that was apparently contaminated 

with moisture. The base peak of the spectrum in this instance was 

not that for the parent ion Me^N^BBr but was consistently that of a
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group of pealcs at m/e 211, 210, 209, 208 in the expected isotopic 
ratios for the presence of two boron atoms but zero bromine atoms 

in the ions. This can be interpreted by hydrolysis of the Me^N^BBr 

to give compound 4-II.

Me Me

N ,N —  N
^ B - O - B  [I 4-II
/  \  'N N —  N

hfe Me

The reaction of Me^N.BH with N-chloro succinimide did not 2 4
lead to the isolation of any Me^N^BCl even though initially a pale 

yellow solution was obtained due to the formation of free chlorine 

in solution. The attempted reaction between St^N^BH and N-chloro 

succinimide, even on addition of a trace of free radical initiator 

and irradiation with a low intensity Ü.V, lamp, led to the recovery 

of unchanged Et^N^BH and N-chloro succinimide.

It was further anticipated that, in an analogous manner to 

that observed for borazines,^^ the reaction of Me^N^BH v/ith SnCl^ 

in carbon tetrachloride solution might lead to the formation of 

B-chloro 2,5-dimethyl cyclotetrazenoborane by the reaction scheme

shov/n in 4-3. In practice it was found that when the reaction
Me M'S
I I

N   N N —  N
|j '^B— H + SnCl^ —  ̂ II B— Cl + SnCl^ + HCl
N --  n '" N --- N (4_3)/

1j0 Me

4-1
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was performed at -3°C in carbon tetrachloride solution a white 
adduct readily subliraable in vacuo was obtained.

SnCl^ + -----> [SnCl^. x (?)

The mass spectrum of the product showed the highly characteristic

isotopic patterns expected for BnCl̂ , onCl̂ , SnCl̂ , SnCl, Sn and

Me^N^BH ions, but no parent ion for a simple stoichiometric adduct

could be observed even on reducing the electron voltage of the

mass spectrometer.

The presence of He^N^BCl 4-1 in the product was also

confirmed by the characteristic isotopic pattern at m/e 131, 132,
133, 134, and in addition ions were observed at m/e 211, 210, 209,
203 attributable to its hydrolysis product identical with that

previously mentioned, namely 4-11. Other ions detected were those

for HCl. Elemental analysis on the sublimed white product again

failed to establish a simple stoichiometry for the SnCl^yMe^N^BH

adduct. /in infrared spectrum of the solid showed the presence of

the Me^N.BH in the adduct.2 4
Prior to the performance of this latter experiment of SnCl^

with Ke N.BH it had been anticipated that derivatives of the 2 4
cyclotetrazenoborane ring system might be able to act as donor 

molecules in the formation of cr complexes with metal halide 

acceptors. It was found th.at solid products could be isolated 

in each case from the reactions of Me^N^BH or with metal

halides such as SnCl^, HgCl^ and TiCl^, but that these were not
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soluble in common organic solvents and could not be recrystallised# 

Infrared spectroscopy again showed the presence of the 

cyclotetrazenoborane system in the products but elemental analysis 

tended to indicate that the products were not pure compounds.

An important extension of this work, would be to study 

the reaction of one of the hydrolytically stable B-alkyl or B-aryl 

substituted cyclotetrazenoboranes (e.g. He^N^BMe or Fh^N^BPh) with 

an acceptor metal halide such as SnCl^ or HgCl̂ . This would have 

the advantage of reducing the number of possible side reactions 

such as the halogénation of the cyclotetrazenoborane derivative. 
Summary

The preparation of the B-halogeno cyclotetrazenoborane 

derivatives now opens a vast field of chemistry, and it is 

conceivable that many reactions analogous to those already 

substantiated for borazine chemistry will be found to occur.

Physical properties of B-halogeno cyclotetrazenoboranes

The physical properties of the B-halogeno cyclotetrazenoborane 

derivatives are summarised in Table 4-A, except the principal bands 

in the vibrational spectra which are recorded on page 143, and the 
detailed mass spectra which will be reported in Chapter V.

TABLE 4-A

PHYSICAL PROPERTIES OF B-HALCGETs-O CYCLOTETRAZENOBORANES

Compound H.Ft.
°C m^

"B NMR 
f(ppm)^

’H NKiR Mass spectra 
'Y ̂  parent ions (m/e)

Ke_N,BC1 2 4 12.3 214 -23.2 6.50 114, 133, 112, 131

Me.NBBr 2 4 11.5 212 -21.1 6.43 178, 177, 176, 175

^ Ref BF^.Et^O b ts-u values, ref I-fe .Si 4
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El£c;trQn^c__S£e£tra

The effect of halogen substitution on the boron atom on the 

first electronic transition was to produce a bathochromic shift of 

similar magnitude to that observed for B-vinyl substituted cyclotetra

zenoboranes. This suggests that some % interaction talces place between 

the halogen and boron atoms. Again n-+%* transitions were not observed 

for these compounds.

Nuclear Magnetic Resonance Snectra

The substitution of the hydrogen at the boron by chlorine or 

bromine produced the expected single "B N.H.R, resonance similar to those 

for Mê î̂ B̂Me etc, shovn in Figure [3-I] Chapter 3* A downfield "B 

N.H.R. chemical shift of about 2 - 3  p.p.m. was observed which was less 

than that given for B-alkyl or aryl substitution, but was of the same 

order as the B-vinyl substitution. These observations were in 

qualitative agreement with the observed relative shifts of B-halogen,
O c

B-alkyl, B-aryl and B-vinyl substituted borazines. The "B resonance 

of the B-chloro compound occurred at slightly lower field than that 

for the B-bromo compound and could be attributed to the greater 

electronegativity of the chlorine atom.

Single methyl resonances were observed in the 'H N.H.R. spectra of 

the B-halogeno, 2,5-dimethyl cyclotetrazenoboranes similar to those 

obtained for other dimethyl derivatives shcv/n in Figure [3-3] Chapter 3.
The chemical shifts of these methyl protons were displaced to slightly 

lower field, than in the 3-H(D), B-alkyl or B-aryl substituted derivatives.
Infr^ed_spectra

The infrared spectra of the B-chloro and 3-brorao cyclotetra

zenoborane derivatives are shown in figures [4—l] and [4—2], and the
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principal bands in the spectra are listed below.

Ke^NBCl: 2972 ms; 2937 s; 2874 m; 2797 wm; 2155 w; 2105 w; 1742 w;

1590 sh; 1577 m; 1563 sh; 1553 sh; I546 sh; 1539 sh; 1534 s; I508 sh;
1493 sh; 1486 vs; I464 vs; 1454 vs; 1439 vs; 1421 sh; 1410 vs; I362 vs; 
1351 s; 1344 sh; 1333 ssh; 1232 w; 1261 m; 1241 vs; 1202 vs; 1147 s;
1124 vs; 1068 m; IO56 vs; 1035 ms ; IOO4 w; 988 ssh; 98O vs; 906 w;
810 w; 794 w; 78l s; 753 w; 728 sh; 719 m; 706 m; 683 w; 667 w; 664 w;
639 V/; 625 m ; 606 s; 593 wm ; 585 v/; 472 w; 464 m; 458 w.
Mê IL,3Br: 3082 v/sh; 3058 wsh; 3026 wsh; 2972 in; 2937 s; 2882 m; 2829 vwsh;

2797 w; 2151 w; 2096 w; I961 w; I58O sh; 1572 sh; I563 sh; 1553 m;
1536 sh; 1529 sh; I52O sh; I513 sh; I502 ssh; 1493 ssh; I482 vs;
1460 6 ; 1449 sh; 1441 vs; 1433 vs; 1409 vs; I385 sh; I366 vs; 1332 m;
1289 w; 1233 vs; 1203 vs; II36 ssh; 1119 s; 1094 vs; IO66 s; 1053 vs;
985 s; 976 vs; 912 w; 791 w; 776 vs; 682 m; 673 wsh; 635 w; 614 m;
596 s; 582 m ; 576 w; 459 w; 456 m; 453 wsh.

A number of the bands have again been assigned by analogy 

vd-th the previously examined compounds as'in Chapter 3»

Ring modes: Analogous ring stretching modes to those observed 

in the spectra of other cyclotetrazenoborane derivatives are 

listed in Table 4-B.
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TABLE 4-B

Ring stretching modes of B-chloro and B-bromo, 2,5-dimethyl

cyclotetrazenoboranes

Mode of 
vibration

Me-N.BCl
cm

Me^N^BBr
—1cm

1410 1409
1362 1366
1333 1332
988 985
980 976
-

906 912

Again it was less easy to identify the corresponding ring

deformations, but strong bands at ?8l cm  ̂in Me^N^BCl and

776 cm“  ̂in Me^N^BBr agreed very well with bands attributed to 

the b^ ring deformation in previously examined compounds.

C-N modes: The C-N antisymmetric stretching modes were readily

assigned to bands at 1241 cm in Me^N^BCl and 1233 cm in

Me^N^BBr and the corresponding symmetric modes were attributed to

the bands at 1202 cra“  ̂and 1203 cra”^ respectively. Again, very 

weak bands were observed at 639 cm and o35 cm respectively 

for Me^N^BCl and Me^N^BBr and these were consistent with previous 

assignments for one of the C—N deformation modes.
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N-substituent vibrations: Internal vibrations associated with the 

N-Me groups occurred at similar frequencies to those observed 

for Ke^N^BH and the other B-substituted 2,5"dimethylcyclotetrazeno" 

borane derivatives discussed in Chapter 3. The C-H stretching,

CH^ deformation and CH^ rocking regions could be identified with 

the bands observed in the regions 3100 - 285O cm“ ,̂ I5OO - 1400 cm“  ̂

and 1200 - 900 cm  ̂respectively,

B-halogen vibrations The consistency with which the B-substituent 

stretching vibrations occur at relatively high frequency and in all 

cases at higher frequency than in similar borazine derivatives is 

encouraging, and this comparison is summarised in Table 4-0.

The ^^B-X and ^^B-X stretching vibrations in rfê ^̂ BCl and 

Me^N^BBr were observed as extremely sharp well-resolved bands at 

1068, 1056 cm ^ and IO66, 1052 cm  ̂respectively.

TAELS 4-0

Comparison of 3-substituent stretching vibrations in 

borazine and cyclotetrazenoborane derivatives

Borazine
derivative

B-X stretching q- 
f re quency. crn“l

Cyclotetra
zenoborane
derivative

B-X stretching 
frequency cm ^

(MeN-BH)
(ZtN-BH)
(PhN-BH)
(MeN-BMe
(MeK-BCl)
(MeN-BBr)

B-H 2565,2515,2455
B-H 2480

B-H 2556, 2504
B-C 880
B-Ci 975
B-Br 962

Me^N^BH
St^N^BH
Fh-N.BH 2 4
Me_N,BH c 4
We^N/BCl
Me^N BBr 4 4

B-H 2643, 2630 
B-H 2641 
B-H 2661,2651 
B-C 1083,1070 
B-Cl 1068,1056 
B-Br 1066, 1052
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The B-halogen deformation modes in the cyclotetrazenoborane 

derivatives were not readily assigned.

EXPERIMENTAL

Solvents and intermediates Solvents and intermediates were again
89purified and dried by standard procedures . The preparations of 

Me^N^BH, ^^2^4^^ 8.nd were performed as described in
Chapter 3*

Preparation of methylamine borane; This was prepared as reported
98by Noth et al , Finely powdered methylamine hydrochloride 

(8 g., O.lPg.mol) was dried under vacuum and placed in a 
two-necked flask fitted with a reflux condenser and a tap funnel, 

and covered with dry ether, A sludge of LiBH^ (2.6 g., 0.12 g.mol) 

in ether was added dropwise under an atmosphere of dry nitrogen 

from the tap funnel, to the cooled methylamine hydrochloride solution 

until the hydrogen evolution ceased. The reaction products were 

filtered and the ether solution evaporated under vacuum and 

recrystallised from benzene and light petroleum.

Reaction: MeTJÊ .HCl + LiBH^ ---  ̂MeNH^BK^ + LiCl +

j^eparation of__KeNĤ BĤ Cl : The preparation of MefH^BH^Cl was
04 99prepared as reported by Noth et al. ethereal solution of

HCl was prepared by passing dry HCl through ether and was 

standardised by titration against standard NaCH solution.

Methylamine borane (2.31 S* O.O5I g.mol) in solution in 40 mis 
ether was titrated dropwise with the required quantity of ethereal
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HCl solution (39.5 mis,I.6I M HC1,Q.05 g.mol) for the reaction 
shown below. The products were filtered after O.5 hours and the 

+ HCl ----> MeNH^BH^Cl +

ether evaporated under vacuum to yield KeHH^BH^Cl. The product 

was recrystallised from benzene and light petroleum (30 - 40°)
M.pt. = 47°. (Lit = 47°). Yield = 3.42 g. (86% Theor.).
Attempted preparation of Fh^N^RCl from the dehydrohalogenation of 

aniline and boron trichloride in the presence of phenyl azide

Boron trichloride (2 g., 0.017 g.mol) was condensed into 

a solution of aniline (4.76 g. 0,051 g.mol) in toluene (10 ml) 
and on warming a white precipitate of the FhNH^BCl^ adduct v/as 

obtained, to which was added a solution of phenyl azide 

(2 g., 0.017 g.mol) in toluene (I5 ml). The reactants were shaken 

at room temperature when a yellow coloured solution v/as obtained 

together with an insoluble white compound, which was filtered in a 

dry nitrogen containing glove box, and shoivn to be aniline 

hydrochloride (4 g., O.O3I g.mol). Yellow-white crystals (1.55 g) 

were isolated by removal of the toluene from the filtered solution 

by vacuum distillation. The product could be recrystallised from 

diethyl ether although a darkening of the product sometimes occurred 

yielding greenish coloured crystals. The infrared spectra of both 

the crude yellowish product and these green crystals were however 

almost identical. Further attempts to isolate a pure compound by
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recrystallisation from toluene light petroleum (60 - 80°) and 
chloroform led to further decomposition of the product. An 

analysis obtained on the yellow crystalline compound (C = 51.77,

H = 5*37, N = 10.61, B = 5*91, Cl = 20.31 %) was incomplete and not 
readily rationalised. It was interesting that exposure of the 

yellow crystals to the atmosphere resulted in fairly rapid 

decolonisation of the product with the evolution of HCl as an 

acid gas. Hydrolysis of the crystals in water yielded a white 

insoluble compound which could be recrystallised from acetone and 

water, but was subject to decomposition possibly by oxidation 

or photolysis. The infrared spectrum of the hydrolysis product 

showed the presence of an intense -OH stretching frequency, but 

analysis obtained for the compound was unreliable.

Attempted reaction: 3HhHH^ + BCl^ + PhN^ — f Ph^N^BCl + BPhNIÎ .HCl

The attempted preparation of Ph^N.BF from the dehydrohalogenation of-------------    2-4------------- -------- ----------
aniline and boron trifluoride etlierate in the presence of phenyl azide 

Boron trifluoride etherate (2.24 g*, 0.028 g.mol BF^), aniline 

(7*92 g., 0.085 g.mol) and phenyl azide (3*36 g., 0.023 g.mol) were 
left to react at room temperature in diethyl ether solvent in a 

stoppered 250 ml flask. After several days a viscous red oil insoluble 

in ether was produced. The reaction products were vacuum distilled, 

when isolation of unreacted phenyl azide and aniline in a trap at 

-35°C and the ether solvent in a trap at -19o°C was obtained. The
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residue was a red-black coloured tar-like compound, the infrared 

spectrum of which showed many complex, broad poorly resolved bands, 

B-F, N-H and phenyl vibrations being indicated. The compound was 

not characterised further.

Attempted reaction:

BF .Zt^O + PhN + 3PhNH^ -- > Ph^N^BF + Et^O + PPhNH^.HF

The attempted preparation of Me^N.BCl by the dehvdrohalorrenation of    -  2—  ̂  ---------
methylamine and boron trichloride in the presence of methyl azide 

Methylamine and boron trichloride in the molecular ratios 

of (a) 1:1 and (b) 3:1 respectively were condensed into two 
separate ampoules together with dry light petroleum (40 - 60°) 
solvent. The ampoule contents were allowed to warm up and react 

and then methyl azide (1 molar ratio relative to the BCl^) v/as 

condensed into each ampoule. The ampoules were sealed under vacuum 

and heated to 120°C for l6 hours and the reaction products were 
fractionated under vacuum, when in both experiments only solvent 

was found to be volatile.

A white crystalline residue remained in the ampoule in 

case (a) and a similar product was obtained by a small scale 

distillation of the products in case (b) the residue from which 

proved to be methylamine hydrochloride (2 molar equivalent 
relative to BCl^). The infrared spectra of the crystalline products 

obtained showed the presence of many complex broad vibrations and
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elemental analysis although showing the presence of C, H, N, B and 

Cl did not indicate the formation of any single compound.

Attempted reactions:
S

(a) KeNH^ + BCl^ + KeN ---> Hê N̂ \gl + 2HC1
B(b) + BCl + MeN^ --->• Me^N^ÿl + 2MeNH^.HCl

The preparation of Ke^N̂ B̂Cl from t' e dehydrohalogenation of 

methylamine and boron trichloride in the presence of trietbylamine 

and methyl azide

Triethylamine (4.64 g,, 0.046 g.mol) was transferred to 

an ampoule and BCl^ (2.7 g, 0,023 g.mol), MellĤ  (0.71 g., 0.023 g.mol) 

and Meiy (1.31 g., 0,023 g.mol) were condensed into it under vacuum 
in the order indicated, and the ampoule sealed. In three separate 

experiments the contents of the ampoule were allowed to react at 

room temperature for three days, 70°C for 19 hours and 130°C for 

19 hours. The ampoules from each experiment were opened in turn 

under vacuum and the reaction products were distilled through a 

trap at -40°C. Both of the ampoules that had been heated yielded 

a very small quantity of ^^2^4^^^ colourless readily
hydrolysable liquid from the seemingly solid mass of reaction 

products, but the experiment performed at room temperature did not 

give rise to any of the required product.
A much better yield of Me^N BCl was produced by the 

introduction of an ether solvent distilled from LiAlH^ in the
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ampoule together with the reactants as in the previous experiment, 

and heating to 130° for 15 hours. The product could be isolated by 

either fractionation of the products directly or by initial filtration 

of the ether solution in a dry nitrogen containing glove box, followed 

by vacuum distillation of the ether solution through a trap at -40°C. 

The crude product was purified by further vacuum fractionation through 

a trap at 0°C, the required product again being collected at -40°C. 

Found C 18.38; II 4.48; N 42.29; B 10.82, Cl 24.62%; C ILN^BCl 
requires C l8«14, H 4.57, N 42.33, B 8.17, Cl 26.77. Mass spectrometry 
showed parent ion peaks in the expected isotopic ratios at m/e 134,
133, 1^, 131. Yield = 26%.
Reaction :

MeNH_ + BCl- + MeN_ + 2Zt=N — > Me-N,BCl + 23t-N.HCl 2 3 3 3  2 4  3

The attempted preparation of Me-N.3Br from the dehvdrohaloaenation-------- L----i-- ------------- 2—4----------------------- --------
of methylamine and boron tribromide in the presence of triethylamine 

and methyl azide

Triethylamine (6.67 g., 0.067 g.mol), boron tribromide 

(8,30 g., 0.033 g.mol) from which traces of free bromine were 
removed by shaking with mercury, methylamine (1.03 g., 0.033 g.mol), 
methyl azide (I.89 g., 0.033 g.mol) and ether distilled from LiAlH^ 
were sealed in an ampoule under vacuum as in the previous experiment 

and heated at 130° for I6 hours. Vacuum distillation of the products 

through a trap at -40°C gave rise to a small amount (0.19 g.) of a 

colourless readily hydrolysable liquid with physical characteristics
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similar to those expected for Me^N^BBr. The infrared spectrum was

however, different and more complex than that of Ke^N^BBr prepared

from Me^N^BH and N-bromo-succinimide, (see page 142 )• The mass

spectrum of the product showed groups of peaks possibly containing

a single boron atom around I3I, 117, 103, 101, 89, 87 and 73*
Attempted reaction:

BBr= + MeN^ + HeNH- + 2Et_N -- > Me-N.33r + 23t,N.HBr3 3 2 3  2 4  3

The attempted preparation of Ke^N^BCl from i.eMĤ BH^Cl and Meiy

Methyl azid e and MeNH^BH^Cl in equimolar quantities were 

sealed together with dry benzene solvent in ampoules under vacuum. 

The reactions of these compounds both at room temperature and on 

heating to 100°C for I6 hours gave rise to numerous products which 
could be partially separated by vacuum fractionation and sublimation, 

The gas liberated during the reaction was shown by mass spectrometry 

to be mainly nitrogen and not the expected hydrogen. Attempts to 

characterise the products by infrared spectroscopy and elemental 

analysis proved unsuccessful.

Attempted reaction: I-ieNĤ BĤ Cl + HeN^ y '̂̂ 2̂ 4̂ ^̂  ^

The attempted chlorination of Ph^N^BH

Chlorine (0.34 g., O.OO48 g.mol) was condensed under 
vacuum into a solution of Ph^N^BH (0.21 g., 0.009;? g.mol) in 
carbon tetrachloride to which a single small crystal of iodine 

catalyst had been added. The reactants were warmed to room 

temoerature and stirred magnetically for two hours. Infrared
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and mass spectra of a sample of the gas obtained from the experiment 

showed a small quantity of HCl to be present, together v/ith unused 

chlorine. Concentration of the carbon tetrachloride solution and 

addition of light petroleum (60 - 80°) precipitated a white compound, 
the infrared spectrum of which was complex, but showed the presence 

of some unchanged Ph^N^BH. The attempted recrystallisation of the 

small quantity of inhomogeneous material obtained, using chloroform 

and light petroleum did not yield a pure compound.

Attempted reaction: + Cl -̂-► Ph^N^BCl + HCl

The attempted iodination of Et-N.BH

Iodine (2 g., 0.0079 g.mol) and a small amount of picoline 

(0.5 g., 0,0054 g.mol) dissolved in carbon tetrachloride were added 
slowly from a tap funnel to a solution of Bt^N^BH (l g., 0.0079 g.mol) 

and picoline (I.5 6*1 O.OI6 g.mol) in carbon tetrachloride under an 
atmosphere of dry nitrogen. A brown deposit collected on the side of 

the reaction flask which did not dissolve or react on refluxing. The - 

reaction products were fractionated under vacuum when Et^N^BH and 

picoline were both isolated in large amounts. The nature of the 

brown solid was not determined.

Attempted reaction: Et^N^BH + + pic — > Et^N^BI + (pic H)I

pic = picoline

The attempted iodination of Ph/-Î,BH-------- -------------------- 2—4—
A solution of iodine (2.93 g., 0.012 g.mol) and pyridine 

(0.912 g., 0.012 g.mol) in benzene was slowly added from a tap
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funnel to a benzene solution of (2.56 g-, 0.012 g.mol)
with vigorous magnetic stirring under an atmosphere of dry nitrogen. 

Decolourisation of the iodine did not occur as had been observed on 

a small test-tube scale, but a deep red coloured compound was 

precipitated. After several hours stirring followed by refluxing 

for 30 minutes the red product was filtered in a dry nitrogen 
containing glove box. The benzene was removed by vacuum distillation 

from the filtrate leaving a pale yellow crystalline compound (1.5 g.) 

v/hich was s' own to be unchanged Ph^N^BH by infrared spectroscopy, 

the yellow colour probably being accountable to traces of iodine. 

Exposure of the compound to the atmosphere resulted in its rapid 

decolourisation. The red product showed the presence of free 

in its mass spectrum, and analysis (Found C 29.08; H 2.59, N 8.37,

B 1.26, I 56.0) gave an empirical ratio of C:H;N:3;I; 20.9:22.4:5.16: 
1:3.8.

Attempted reaction: Ph-N^BH + + py — ► Ph^N^BI + (py H)l

py = pyridine

The preparation of Me^N.BBr from the reaction of Ne^N,3H with 1-- 1------------ 2—4------------------------- 2—4------
N-bromo succinimide

Freshly distilled Me^N^BH (0.95 5», 0.0097 g.mol) was

dissolved in dry carbon tetrachloride (60 ml) and placed in a
250 ml. flask fitted with a reflux condenser. The apparatus

was purged with nitrogen and this inert dry atmosphere was

maintained throughout the experiment by means of a nitrogen by-pass
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connected to the top of the condenser. N-bromosuccinimide 

(1.78 g., 0.01 g.mol), dried under vacuum, was added to the flask.
No apparent reaction occurred at room temperature, but on refluxing 

a brown solution due to the formation of free bromine was obtained. 

After half an hour refluxing the reaction solution was decolourised, 

and the flask was quickly stoppered, Tr,e reaction products were 

filtered free of the solid succinimide in a dry nitrogen containing 

glove box. The filtrate was vacuum distilled through a trap at 

-15°C v;hen the Me^N^BBr was isolated as a clear colourless readily 

hydrolysable liquid. The product was purified by several 

fractionations on the vacuum line. Yield = 0,77 g. (43/° Theoretical) 

Found: C, 13.75; H, 3.53; N 31.77, 3 7.74, Br 43.16, C^H^N 35r 

requires: C = 13.53, H 3.42, N 31*69, 3 6.12, Br 45*18. Mass 

spectrometry showed the presence of the expected parent ion peaks 

at m/e IJ8, 177, 176, 175*
Reaction :

CH --- C( CH --
I N-Br + Me^N.BH— y Me_N,BBr + 1 ^  N-H
I /  2 4  2 4  I /
CH --- C^ CH —  C.

0 ^0

The attempted preparation of Me-,N̂ 3C1 and Et^N^BCl by the reaction

of N-chloro succinimide with Me_,N,3H and Et^N,BH----------------------------- 2-4-------- 2-4—
In the same manner as in the previous experiment equimolar 

quantities of Me_N,BH and Et-N.BH were refluxed ’with N-chloro ̂ 2 4  2 4
succinimide in carbon tetrachloride solution. In the experiment 

with Me^N^BH a pale yellow coloured solution was obtained after



-  156 -

refluxing for 20 minutes. Further vigorous refluxing for 

50 minutes led to an unexpected darkening of the solution together 
with a black solid probably of charred succinimide. Fractionation 

of the reaction products under vacuum did not give evidence for the 

formation of any Me^N^BCl, but a small quantity of chloroform was 

isolated and identified by mass spectrometry.

Gently refluxing with magnetic stirring of the reactants 

in the experiment with did not produce any colouration in

the solution even on irradiation with a low intensity ultraviolet 

lamp and the addition of a small quantity of benzoyl peroxide as a 

potential free radical initiator. Fractionation of the reaction 

products under vacuum led to the recovery of unreacted 

and unchanged N-chloro succinimide.

Attempted reaction:

CH   CH ---
I N -  Cl + S' N.BH -- > I  ̂ N-H + SLN.BClI / 2 4 I / 2 4
“ 2 —

B = Me or St

The attempted nrenaration of Me^N^BCl bv the reaction of SnCl^-------- 1----      2—4---------------  4
with Me.,N,BH ------ 2-4—

A solution of SnCl^ (3*33 g*, 0.013 g.mol) in carbon 

tetrachloride was slowly added with mechanical stirring from a 

tap funnel to a solution of Me^N^BH (I.I8 g., 0.012 g.mol) in 
carbon tetrachloride at -3°0 under an atmosphere of dry nitrogen.
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A white precipitate was immediately formed and stirring was continued

for an hour. The reaction products were then fractionated under

vacuum when a white solid sublimed and was collected in a trap at

-15°C. Further less volatile white solid was also sublimed under

vacuum onto a cold finger at -78°C placed in the reaction flask.

Infrared and mass spectrometry showed the existence of both SnCl^

and Mê N̂ BII in the sublimed products, A rather interesting feature

was that of the effect of passing infrared radiation throu;;h the

sample dispersed in a IvBr pressed disc, which caused its

decomposition, and the disc initially white became deep red in

colour. Elemental analysis on the less volatile SnCl^.f'e^N^BH

product was not readily understood on the basis of simple

stoichiometric adducts of SnCl. and He_N.3H or other simple4 2 4
compounds.

Found C 6.93, H 1.97, N 9.30, B 4.01, Cl 35*28, Sn (by difference)

= 42.51%$ which gives an empirical ratio of B:Sn:N:Cl:C:H; 
1:0.95:1,75:2.62:1.52:5.2.

The attemnted nreraration of an adduct of SnCl, and Me_N,BH---------------- ---- ---------------------------------- 4--------2-4—
SnClj (0.91 g., 0,0035 g.mol) and ( C K ^ ) g*,

0.0034 g.mol) were condensed under vacuum together with dry 
benzene into an ampoule. The reactants were allowed to warm 

up to room temperature when a clear solution was obtained.

The solvent benzene was removed by vacuum distillation leaving 

a v/hite solid (1.20 g.), which would not redissolve in benzene, 

nor could it be recrystallised or soxhlet extracted unchanged
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from any of the common organic solvents tried. Elemental analysis

on both the adduct and its aqueous hydrolysis product proved to be

irreproducible indicating that the compounds were inhomogeneous.

Attempted reaction; SnCl + He^N BH -- > [SnCl, ,»Me-N ,BH]4 £1 4 4 c 4

The attemnted prenaration of an adduct of HgCl^ and Ke-N,BH-------- ----- ------------------------- — —̂ 2------ 2-4—
Ethereal solutions of Me^N^Bh/C.EE g., 0,0022 g.mol) and 

HgCl^Cj.^S g., 0.0018 g.mol) were mixed in a dry nitrogen containing 
glove box. Precipitation did not occur, but removal of the ether 

by distillation left a white solid (0.62 g.) which it was not found 
possible to recrystallise unchanged from ether, benzene, toluene, 

carbon tetrachloride or chloroform, /m infrared spectrum of the 

white product showed the presence of the He^N^BK system, but 

elemental analysis was not informative.

Attempted reaction: HgCl- + Me.N 5H — > Me_N,BH.HgCl-2 2 4  2 4 2

The attemnted nrenaration of an adduct of TiCl, with Ph^N,BH-------- ----- --- -------------- ------------- 4------- 2-4—
A deep red solution was immediately produced by the mixing 

of dry benzene solutions of TiCl^ (1.15 S*» 0.0072 g.mol) and 

Ph2N^BH (1.37 g., 0.0062 g.mol) in a dry nitrogen containing glove 
box. Concentration of the solution by vacuum distillation of the 

benzene produced yellowish crystals. These were quickly filtered 

and stoppered, but the crystals had a distinct tendency to 

decolourise even in the glove box, probably due to decomposition. 

Infrared spectroscopy showed the presence of the diphenyl 

cyclotetrazenoborane derivative in the crystals.



CHAPTER V

THE MASS SPECTRA OP B- AND N- SUBSTITUTED

CYCLOTETRAZENOBORANES
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A detailed inveatir-ation of the maoü spectra of three series 

of cpclotetrasenoborane derivatives was undertaken (a) to analyse f.e 

fray.;,entation an- rear-an ;e .ent patterns of the molecnles in an attempt 

to obtain a generalised pattern for the breakdown of the 

cyclotetrazenoborane riny system and (b) to confirm the proposed 

structures of the molecules. The only reported mass spectrum of the 

cyclotetrazenoboranes was a preliminary communication of the spectrum 

of

Tîie t'Tee series of compounds studied were:- 

■Series 1 B-H(D) substituted cyclote trazenoboranes, ke^N^SH, ke^N^ED, 

kePhN BH, and Ph^N^Bh,

Series 2 B-alkyl, aryl or vinyl substituted cyclotetrazenoboranes,

Me^N Eke, ke^M^Blt, ke^N^BVi, Zt^N^BEt, Ph^k^Bke, Ph^N^BPh.

Series 3 B-halo^eno substituted eyelotetrazenoboranes, ke^n^BCl,

Me_N,B3r.A 4
Series 1 has been considered in the greatest detail, an 

attempt being made to assign the complete fragmentation of the 

molecules. Inevitably some of the postulated electron transfer 

mechanisms and fra.nment ion structures must be somewhat speculative 

but are presented here as a rationalisation of the observed fragmentation, 

Series 2 and 3 were examined and shown to follow the same generalised 

major fragmentation as for Series 1.
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The molecules were particularly suited to mass spectral

analysis because of the natural abundance of the *̂̂ 3 and

isotopes which occur in the ratio 19.6:S0.Zu.^^^ lliese gave a

readily recognised triplet in the parent and fragment ion peaks

due to contributions from ^^3, ^^3, '̂̂ 1 and isotopes, and peaks

due to metastable ions containing boron were also easily

distinguished due to the ^^3, ^^3 isotopic ratio. In all of the
101abundance ratio calculations the parent peak was taken to be

monoisotopic with respect to ^^3, and H + 1, M + 2 to the

appropriate contributions from ^^3, etc, Tlie major peak was

always M + 1 and has been underlined in the text. In the compounds

Ke.N.BCl and he N B5r the presence of the characteristic chlorine 3 4 3 4
and bromine isotopes also assisted the mass spectral interpretation 

of the fragmentation.

Table 5“'̂ records all peaks of relative abundance greater 

than 1); of the base peak for the compounds studied,

TABLE 5-A

MASS SPECTRA 0? CYCLCTTTR^ahhCBCk^NZS

Series 1

lethyl-cy'Clotetrazenoborane

ei/q 10 11 12 13 14 15 25 26 27 28 29
o/o 1 5 5 9 1 7 2 6 13 23 2
m/e 30 33 34 37 38 39 40 41 42 43 52
o/o 2 6 1 2 6 12 38 28 82 5 2
m/e 53 54 55 56 66 67 68 69 70 93 97

o/o
m/e

o/o

4
98

100

4
99

4

9 1 2 4 7 20 2 2 25
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2,5 Dimethyl, l-deutero~cyclotetrazenoborane

m/e 14 15 23 29 31 32 39 40 41 42
o/o 1 3 1 3 2 1 1 8 9 10

rn/e 43 44 54 55 56 68 69 70 71 98
o/o 44 1 1 1 5 1 2 11 1 26
m/e 99 100

o/o 100 3

2,5-“Diethyl-cvclotetrazenoborane

m/e 13 14 15 24 25 26 27 28 29 30
o/o 7 1 7 1 2 10 48 80 32 13
m/e 33 36 37 38 39 40 41 42 43 44

o/o 2 1 2 5 13 11 17 26 6 3
m/e 50 51 52 53 54 55 56 57 65 66

o/o 1 3 6 15 47 30 90 3 2 3
m/e 67 68 69 70 71 80 81 82 83 84
o/o 5 7 7 1 1 2 7 6 20 1

m/e 96 97 98 110 111 125 126 127
o/o 1 4 10 3 10 25 100 7

2--Methy;ljL5::Dhenyl-cyclotetrazerioborane

m/e 14 15 16 17 18 25 26 27 28 29
o/o 1 6 1 2 8 1 4 10 25 3

m/e 30 31 36 37 38 39 40 41 42 43

o/o 17 7 3 12 16 34 27 15 36 7

m/e 44 45 47 48 49 50 51
o/o 3 1 1 1 6 18 24
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m/e 52 53 54 55 56 57 58 59 60
o/o 13 5 5 4 2 4 3 1 2
m/e 6l 62 63 64 65 66 67 68 69
o/o 5 7 14 13 30 26 2v.i 2 1
m/e 70 71 72 73 74 75 76 77 78

o/o 2 5 1 2 5 9 17 24 11

m/e 79 80 8l 82 83 84 85 86 87
o/o 7 5 6 2 4 2 3 1 1

m/e 88 89 90 91 92 93 94 95 97
o/o 1 3 6 17 6 22 4 1 1

m/e 98 99 100 101 102 103 104 105 106
o/o 2 1 1 4 31 100 38 10 2

m/e 113 114 115 116 117 118 119 120 121

o/o 3 6 1 3 9 1 1 4 12

m/e 122 123 127 128 129 130 131 132 133
o/o 18 5 2 3 1 7 33 48 4

m/e 154 159 l 6o l6l

o/o 1 19 80 7

2,5-Diphenyl-cyclotetrazenoborane

m/e 16 17 18 26 27 28 37 38 39

o/o 2 24 97 2 4 12 5 8 28
m/e 40 41 43 48 49 50 51 52 53

o/o 3 3 2 1 5 18 26 10 2
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m/e 54 55 56 57 61 62 63 64 66

0/0 1 1 1 1 4 8 16 17 19
m/e 67 69 73 74 75 76 77 78 79
0/0 2 1 2 7 16 24 pu 6 1

m/e 81 83 84 85 86 87 88 89 90
0/0 1 1 2 6 1 2 3 4 5
m/e 91 92 93 94 96 97 99 100 101

0/0 22 3 18 1 2 8 1 3 11
m/e 102 103 104 105 111 112 113 114 115
0/0 24 41 18 1 1 1 3 4 5
m/e 116 117 118 119 125 126 127 128 129
0/0 4 4 3 1 6 2 7 23 8

m/e 137 138 139 140 141 142 150 151 152
0/0 • 2 3 5 6 3 1 1 3
m/e 153 154 155 163 164 165 166 167 168
0/0 3 3 1 2 4 18 27 16 12

m/e 169 176 177 178 , 179 190 191 192 193
0/0 1 1 5 3 3 2 10 24 44

m/e 194 195 196 221 222 223
0/0 100 29 2 15 60 8
Series 2
1,2 ,̂ -trirne thyl-cyclote trazenoborane

m/e 11 13 15 17 18 24 25 26 27
0/0 1 1 2 2 10 1 3 6 11
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m/e 28 29 30 37 38 39 40 41 42 43

o/o 4 2 4 1 2 4 16 15 13 2

m/e 44 51 52 53 54 55 56 57 66 67

o/o 1 1 1 4 18 11 36 1 1 2

m/e 68 69 70 62 83 84 111 112 113
o/o 3 14 1 4 21 2 22 100 3

2,̂ -diniethyljLlpiGtĥ l-cyclojbetr‘a ze nob ora;le

m/e 28 29 30 31 32 39 40 41 43 44

o/o 63 2 1 7 8 2 3 5 3 53

m/e 45 46 53 54 55 56 57 66 67 68

o/o 4 3 1 3 4 9 5 1 3 5
m/e 69 70 71 81 82 83 84 86 95 96
o/o 5 4 2 1 4 17 2 1 1 1
m/e 97 98 99 111 112 125 126 127

o/o 4 2 1 1 3 25 100 7

2,^-dimet'^%iii:■viny;l-cy;clo_tetr'azenoboran£

m/e 26 27 28 29 30 32 35 36 37 38
o/o 14 14 24 1 3 2 1 3 9 4

m/e 39 40 41 42 43 47 50 51 52 53

o/o 9 19 7 35 4 1 1 2 4 8

m/e 54 55 56 57 58 59 62 64 65 66

0/̂ 0 10 13 1 7 1 2 2 2 5 11

m/e 67 68 69 70 71 79 80 81 82 83
o/o 6 10 3 1 1 1 2 4 1 1

m/e 94 95 96 123 124 125
o/o 2 4 1 24 100 5
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1.2,5~triethylcyclotetrazenoborane

rn/e 13 15 18 26 27 28 29 30 32 36
o/o 1 1 3 2 9 10 11 3 1 1
m/e 37 38 39 40 41 42 43 44 51 52
o/o 3 2 11 21 6 7 2 3 1 3

m/e 53 54 55 56 57 58 65 66 67 68
o/o 12 42 10 27 1 2 1 3 7 21
m/e 69 70 71 78 79 80 81 82 83 84
o/o 9 9 1 1 1 2 9 30 16 34

m/e 85 91 92 93 94 95 96 97 98 108
o/o 2 1 1 1 1 2 3 7 1 1
m/e 109 110 111 112 125 126 137 138 139 140
o/o 2 7 27 2 3 6 7 3 14 5
m/e 153 154 155
o/o 23 100 7

•Dipheny;ljLl:-methyl-cyclotetrazenoborcme

m/e 17 18 26 27 28 37 38 39 40 41
o/o 2 8 2 3 .7 22 3 12 2 2
m/e 43 44 49 50 51 52 53 55 57 61
o/o 1 1 1 3 9 8 1 1 1 2
m/e 62 63 64 65 66 69 74 75 76 77

o/o 2 4 6 6 1 1 2 4 5 6

m/e 78 79 87 88 89 91 92 93

o/o 11 1 2 3 5 3 1 1
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m/e 100 101 102 103 104 105 106 113 114 115
o/o 1 5 11 4 17 24 1 2 2 3
m/e 116 117 118 127 128 129 130 131 139 140
o/o 18 48 3 2 4 1 2 2 1 1

m/e 141 164 165 166 167 178 179 180 181 182
o/o 1 1 3 5 3 2 2 3 2 1

m/e 190 191 192 193 194 205 206 207 208 209
o/o 1 2 6 19 3 2 9 47 100 15
m/e 210 235 236 237 238
o/o 1 19 85 12 1

-triphenyl-cyclotetrazenoborane

m/e 24 26 27 28 29 31 32 36 37 38
o/o 1 3 5 52 2 1 4 1 2 3
m/e 39 40 41 42 43 44 49 50 51 52
o/o 11 1 7 2 9 8 1 4 10 4

m/e 53 54 55 56 57 58 60 61 62 63
o/o 1 1 7 3 11 1 1 5 4 5

m/e 64 65 66 67 68 69 70 71 73 74

o/o 5 9 2 3 1 5 4 6 1 4

m/e 75 76 77 78 79 80 81 82 83 84

o/o 5 5 18 19 2 1 4 2 4 1

m/e 85 86 87 88 89 90 91 92 93 94

o/o 4 2 6 4 6 1 4 1 3 1

m/e 95 96 97 98 99 100 101 102

o/o 4 2 3 1 2 3 6 8
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m/e 103 104 105 107 108 109 110 111 112 113
o/o 2 3 1 1 1 3 1 3 2 7
m/e 114 115 116 117 119 120 121 122 123 124
o/o 11 4 1 1 1 1 2 1 2 1

m/e 125 126 127 128 129 133 134 135 136 137
o/o 3 5 4 5 1 1 6 7 1 2

m/e 138 139 140 141 142 149 150 151 152 153
o/o 1 3 3 2 8 2 3 4 3 1

m/e 154 162 163 164 165 166 167 168 169 175
o/o 1 1 2 3 7 11 8 1 1 1

m/e 176 177 178 179 180 181 185 186 190 191
o/o 2 2 12 50 5 1 2 1 1 3
m/e 192 193 194 203 204 205 216 217 240 241
o/o 2 3 1 1 2 1 1 1 1 1

m/e 242 252 255 266 267 268 269 270 271 272

o/o 2 1 1 2 6 28 67 100 20 2

m/e 297 298 299 300
o/o 8 50 8 1

Series 3

imeth'Zlj.1:■ c h lo r 0 - c y c 101 e trazenoborane
m/e 13 14 15 26 27 28 29 30 31 33

o/o 4 2 11 1 4 13 4 8 2 1

m/e 35 36 37 38 39 40 41 42 43 44

o/o 5 38 4 16 10 25 2 7 34 1

m/e 45 46 47 48 49 50 51 52 53 57

o/o 3 12 16 4 5 7 4 1 1 3

m/e 58 59 60
o/o 2 5 7
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m/e 6l 62 63 64 66 67 68 71 72 73

o/o 18 10 7 3 2 5 1 1 5 18
m/e 74 75 76 77 78 87 88 89 90 91
o/o 42 22 42 7 9 1 5 20 2 6

m/e 101 102 103 104 105 106 131 132 133 134
o/o 3 4 9 5 2 1 25 100 12 31
m/e 135

o/o 1

2,5--dimethylĵ l-'bromo;-cyclotetrazenoborane

m/e 13 14 15 16 17 18 24 25 26 27

o/o 2 9 23 1 1 5 2 3 5 13
m/e 28 29 30 32 33 35 36 37 38 39

o/o 83 5 10 8 3 4 31 8 23 30
m/e 40 41 42 43 46 47 51 52 53 54

o/o 88 9 48 65 1 1 1 3 5 7

m/e 56 57 58 59 60 61 62 63 64 65
o/o 1 33 2 2 1 2 1 2 2 1

m/e 66 67 68 69 70 72 73 74 75 76

o/o 8 23 20 64 4 8 8 3 1 3

m/e 77 78 79 80 81 82 83 88 89 90
o/o 1 1 7 14 7 13 3 1 5 15
m/e 91 92 93 94 95 96 103 104 105 106
o/o 18 15 16 4 1 4 2 8 22 15
m/e 107 108 114 115 116 117 118 119 120 121

o/o 19 •7 1 1 3 8 28 23 54 5
m/e 122 131 132 133 134 135 145 146 147 148
o/o 21 2 10 16 6 14 1 2 5 3
m/e 150 175 176. 177 178 179
o/o 1 28 100 31 ICO 4
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ScCiUKO 1

The fragmentation of 2,3~dir-ethYlcvclctetrezer.oborane 

has been summarised in the spectrum shov.r in Figure [5-I].
Peaks due to the relative isotopic abundances of the parent ion

[îdê N̂ B]!]̂  S-I were observed at m/e 97, 99 in the ratios

(M + 1)/^ = ^*140,(M + 2)/h = 0.156 (calculated Z.OOO, O.I6O)
and t)ie peak at 98 was the base peak of the spectrum. Farlier 

work^ suggested that the initial ionisation was by loss of an 

electron from the lone pair of one of the azo-nitrogen atoms.

The first major fragmentation occurred by loss of + H*) to 

give peaks at m/e 63, 69, 70, vr.ich could possibly be interpreted as 
the ion [CH^ = by the fragmentation and

rearrangement scheme
- H + H

H 1 H • 1
1

H — C —
/ \

U  N -
I
C - H

-(N^+H.) 
----------------------- >

3
CĤ  = N ^ N - C H

1-^
H

n\ / n

I
H

98 ■> 69 = *48,6
97 + 63 = *47.7

2 3

4-

5-1 m/e 97, o8 5-IIA m/e 68, 69

In view of the recent interest in possible small ring 

aromatic boron systems^^^ an attractive alternative would be the 

cyclic structure 5-113 which is formally isoelectronic with the 

triafulvene system 5-III*
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CH —  N
CH,

N

5-IIB 5-III

There was a small pealc at m/e 83 presumably corresponding 
to loss of CH^. from 5~3 and the peak at m/e 55 probably occurred 

either by loss of + CH , ) from 5-1 or by loss of CH^ from 5-H* 

The next major fragmentation occurred through loss of HON from 5-IÏ 

accompanied by hydrogen transfer giving rise to the prominent pealc 

at m/e 42, of probable structure 5-ï^b 

H

N y  N —  CH3

II H

70-+Z3 = *26.4 
69-+42 = *25.6 
6S-+41 = *24,7

BII

ri

5-II

5-IV 
m/e 41, /2, 43

/vn alternative but minor fragmentation of 5-II occurred through 

loss of successive hydrogen atoms to give pea s at m/e 66, 67, 63, 69 
and the observed metastable transitions were 70-»69 = *68.0;
69-» 68 = *67.0; 68-+ 67 = *66.0; 67-»66 = *65.0. Ion 5-17 also 

readily lost hydrogen atoms;-
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-H'
5-IV -» CH -N = BH

43-»42 = *41.0 5-7 m/e 40, 41, 42

42-» 41 = *40.1

41-»40 = *39.1

-------------- > CH = N = BH

42-»41 = *40.1 5-71 m/e 39, 40, 41

41-*40 = *39.1 

40-»39 = *33.1

5-IV -2H' 5- v i

42-*40 = *38.1 
41-*39 = *37.1

The source of the pealc at m/e 55 was not established by an 

observed metastable transition, although it probably arose by loss 

of (N^ + CK^,) from 5-1 and had a possible structure [HH-BH-NcCH^]^ 5-711. 

This then broke down further with loss of HCN viz;

H
I

/ \H —  N I N
1̂1

H H

5-VII m/e 54, ^

-HCN

55*28 = *14.3
54*27 = *13.5

H N = BH

5-VIII m/e 27, 28

The fragmentation pattern outlined above satisfactorily accounted

for all the major pealcs in the spectrum of dimethylcyclotetrazenoborane.

The mass spectrum of 2,5-dimethyl,1-deuterocyclotetrazenoborane 

corrected for a small amount of Me^N^BH impurity is shown in 

Figure [5-2]. The molecular ion peaks occurred at m/e 98, 92» a^d 100
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in tlie expected isotonic ratios and tie peak at m/e 99 was the base 

peak in the spectrum.

The first major fragmentation was by loss of (N̂  + H*) to 

produce peaks at m/e 69, 70 and 71 (s ecies 5“I^or ^-TAB),
(99-*70 = f/9.5; 98^69 = *48.5). CH^

[CH^ = N - 3D - ViCn^Ÿ or CH - NtdlZZrB - D

9-IXA 5-1X3

In agreement with the fragmentation nattern of ke_N,BH loss of ÎL2 4  2
only did not occur, Since the species m/e 70 was produced and not 

69 this was confirmatory evidence of the earlier statement that the 
H‘loss was from the side chain and not loss of deuterium from the 

boron. All major breakdowns in ke^X^BD produced peaks at one mass 

unit higher than in showing that the D was retained throughout

the subsequent fragmentation.

Loss of KCn with H transfer occurred from smecies 5-IX 

to produce the prominent peak at m/e 43 5“-̂ of possible structure;- 

C H j - H  = BD 70 * = 26.4

69-* 42,  ̂= 25.6
m/e 42, 44

As in Me N BH th.ere was a loss of (Ik + CH • ) to produce peaks at2 4  2 3
m/e 55, ^  and again no metastable realms were observed for this 

transition. Loss of HCII from the neak at 58 was proved by metastable
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transitions viz;

D
I

CII^= N N-H
-HCN

m/e 55

56-* 29 = *15*0 
55->28 = *14.3

4"
E N  = BD

m/e 29, 2u

The spectrum and principal fragmentations of

2,5-diethylcyclotetrazenoborane are shown in Figure [5-3].
Strong peaks due to the parent ion [Bt^N^BH]^ (5-XI) were observed
at m/e 125, 126 and 127 and the isotopic ratios of these were
(M + l)/M = 4.162, (M + 2)/H = 0.249 (calculated 4.O6I and 0.286).
The peak at m/e 126 was also the base peak of the spectrum. The

fragmentation of Et^N^BH was more complex than that of Me^N^BH,

and a study of the metastable transitions enabled most of the peaks

in the spectrum to be assigned.

Fragmentation of the parent ion [Et^N^BH]^

'The fragmentation of the parent ion was significantly

different from that of Ne_N,BH, since several routes nov/ occurred.2 4
(i) Loss of CH_.

^ H 
I

1.— \GIL N N -  CH^— CH_3 2 , I 2 3
N =  N

5-XI m/e 125, 126

-CH^.

H
I

^  C H ^ C H - N  = CH2 ^ 1  I ^
126->111 = *97.9 
125->110 = *96.8

N N

5-XII m/e 110, 111
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The isotopic ratios for 5-XII were (M + l)/M = 4.05 and (M + 2)/M = 0.215 

(calculated 4.43 and 0.214).

(ii) Loss of N^, and hydrogen atom transfer.

H

/ \  ÏCH^CILN N - C -  CH,
K  y i  H
N =  N

-N,

126 -* 98 = *76.2 
125 ->97 = *75.2

CH,CH_ - N
^ I

H

H 
I
B

/  \
N = C

CH.

5-XI 5-XIII m/e 97, 98

(iii) Loss of (N̂  + H*) and hydrogen atom transfer

CIu CH^“1m
I
N

H

/ \  /-N T-jZ r> —l i — w — L/H.
I
H

H

- ( N  +11') / B  +
  --- ^ ClyCH^ -N N =  C-CH.

5-XI 5-XIV m/e 96, 22

(iv) Loss of (N_ + C H ')2 2 5
II

CH_CH_-N N-CH_-ChZ3 2 I I Z t)

N N

-(N^+C^H ')

126-+69 = *37.8 
125-468 = *36.9

N N-CH^CH_

5-XI 5-XV m/e 68, 69
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It was apparent from the intensities of the peales in the 

range rn/e 96 - 99 that route (ii) was the major fragmentation 
process, however it was difficult to interpret the intensity 

ratios solely on the basis of route (ii) and route (iii) was 

proposed in order to account for the observed peak intensities 

without the supporting evidence of metastable transitions.

The further breakdown of the species formed by routes (i) 

to (iv) became involved, but the large number of metastable 

transitions observed greatly assisted the interpretation of the 

fragmentation, and most of the peaks at lower masses could be 

assigned.

Fra-mentation of nrimany dau-hter ions

(v) Species 5-XII lost 55 mass units and was probably best interpreted

as loss of (IÎ2 + HCn] with H rearranged to give the species 
+C^H^NH = BH ^-XVI which was analogous to the species '̂ -TJ and 5-X

formed in the fragmentation of Ke^N^BH and Kê Ĥ B̂D,

H
I
B

/  X J  H -(N +HCN) with +
C_H — N N=C'^ rearrangement C H^—  M =  3H2 5 I I A^\ ----------------:------ > 2 p I

111-456 = *28.25 H

110-455 = * 27.5
5-XII m/e 110, 111 5-XVI m/e 55, 26

(vi) A minor fragmentation of species 5-XIII, produced by route (i), 

probably involved the loss of (C^H^*) to contribute to the peaks
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at 6 8 , 69̂ and 70, although this was not confirmed by the appearance 

of metastable ions. However, the major fragmentation occurred 

through loss of and wa.s confirmed by appropriate me testable

transitions but was further complicated by the possibility- of 

two routes

(a) H

C.H. - H  N

x hH CH
H

3j

-CH '

98-483 = *70.3

97 “*82 = *6 9 .3

5-XIII m/e 97, 98

H

B
C_H_N"^^ 0 I

H

5-XVII m/e 8 2,8^

(b)

r\ / \CHjCI^-N K

H C
/\H CH.

5-XIII

-CH '

98-483 = *70.3 
97-» 82 = *6 9 .3

H

CH =N N

H C
H ^  CH.

5-XVIII m/e 8 2,

It was necessary to postulate both routes for the fragmentation of 

5-XIII since metastable ions indicated that ions of mass 82 and 8^ 

yielded daughter ions at both 55, S6 and 41, 42.

(vii) Since species 5-XIV was, at the most, only a minor constituent 

of the peak at m/e 9 7, its subsequent fragmentation was not observed.
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(viii) The fiirf er fragmentation of species 5-XV probably occurred 

through loss of since metastable peaks were observed 

corresponding to the transitions 69 -440 - *23.2 and 68-4-39 = *22.4< 
Fragmentation of secondary dau;vhter ions

(ix) Species 5-XVII lost HCN to give species 5-XVI identical to 
t'-at produced from route (v).

H
-HCN .

h ' y — ;,r 83-56 = *37.8’
H

5-XVI m/e 55, 56

c 82-455 = *36.9
H

5-XVII m/e 82,

+
(x) The peaks at m/e 41, 42 of possible structure CH^ = NK - 

5-XIX could occur from both species 5-XVI by loss of CH^
(56-442 = *31.5, 55-441 = *30*6) and from species 5-XVIII by
loss of CH CN (83-442 = *21.3, 82-441 = *20.5).
Fijrther fragmentation Furth.er fragmentation occurred from 

species 5~X̂ /I and 5-XIX through hydrogen loss. Several other 

transitions were observed leading to peaks in the range 

m/e 24-4 29, e.g. 52-425 = *12.0 and 51->24 = *11.3.
The breakdown pattern of S-methyl-S-phenylcyclotetrazenoborane 

has been summarised in figure [5-4].
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'Ihe introduction of a phenyl substituent on the ring 

necessarily made a complete assignment more difficult since much 

of the fragmentation was associated with breakdown of the phenyl 

group, however, the essential details of the fragmentation were 

obtained, and the major peaics were assigned.

The isotopic contributions to the parent ion [he(Fh)N^3H]^, 

5-XX, gave rise to peaks at m/e Ig9,l60, l6l in the ratios 
(”+l)/h = Z.194, (H+2)/H = 0.382 (calculated 4.211 and 0.363), 
and although these were still very intense, the base peak of the 

spectrum occurred at m/e IO3. Other major peaks occurred at 

m/e 132, 122, 93 and 77.
Fragmentation of the narent ion [re(Fh)N^BK]^

As in St̂ N̂ BII, both loss of and (N̂  + K* ) could occur 

since the pealcs at m/e 131 and 132 were of comparable abundance.
(i) Loss of N_

H
I
B H 

/ \  IC.H —  N N-C-Ii
A .

-N,

160-^132 = *108.8

Ĥ .

C.H6 5 :

5-XX m/e 159, 1 ^  159-*‘131 = *107.6 m/e 132

(ii) Loss of (N  ̂+ H*)
H
I
B H 

/  \ I C. H.-N N-C-H
-(n^+h O

160-►131 = *107.2

H

6 5 2_ 
5-XXIIa

or

H

^N=CH_6 5  + 2

5-XXIIb
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Species subsequently/ lost HCN with accompanying II transfer

to produce [C.H 5-XXIV (13I-+IO4 = *62.6, 130-^103 = *3l.6).
Structure 5-^xIV was analogous to structures 5"^ and 5-XVl in
the previously considered cyclotetrazenoboranes.

Fragmentation of primary daughter ions

The fragmentation of daughter species was not simple although

mass losses could be identified from the appearance of metastable

ions. For instance, the loss of Ip mass units from was

probably best interpreted in terms of the fragmentation route (iii).
H

(iii)
-CH^.

I
B

C.H N6 55-xx i 132->117 = *103.7
131-Mlo = *102.7 5-XXIII m/e 116, 117

Alternative fragmentation occurred with loss of 29 mass units 

and could be interpreted in terms of loss of CH^N* from to

produce N = BH]«, (132-»103 = *80.4, 131-M02 = *79.4).

A further mode of fragmentation of species involved

the loss of 41 mass units, which could occur in several ways such 
as loss of CHyiBH*, CH^CN or from partial fragmentation of

the phenyl ring. There was a metastable ion corresponding to 

132->91 = *62.8 but no metastable ion for the transition 131->90 
which should arise if was retained in the charged fragment. 

Loss of CH^NBK» was therefore the most probable route to produce 

the species of m/e 91 (132-*91 = *62.8).
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T;̂ e peaks in the ranges ra/e 74 - 75 and 6j> - 67 together 
with a number of metastable ions resulted from the further 

fragmentation of -̂XX.1 and 6-XXÏI and were probably due to 
breakdown of the phenyl ring.

Fragmentation of the secondary dau-hter ions

Species underwent several fragmentations which were

probably best interpreted in terms of rupture of the phenyl ring 

since losses of 26, 27, b2 and 33 mass units occurred, e.g.
117-^91 = *70.8, 117-»90 = *69.2, 117-»65 = *36.1, 117^64 = *35.0.

The peak at m/e 93 was probably due to produced

by thermal decomposition in the heated inlet system. This was 

confirmed in the mass spectrum of diphenylcyclotetrazenoborane by 

mass measurement.

The spectrum below m/e 77 was presumably mainly due to 

fragmentation of this species and breakdown of the phenyl ring 

from the parent compound.

The fragmentation of 2,3-diphenylcyclotetrazenoborane 

is shown in Figure [3-5]. The spectrum was much more complex 

than the simpler derivatives and it was therefore difficult to 

assign much of the fragmentation unambiguously.

Parent ion peaks of moderate intensity were observed at 

m/e 221, 222 and 223 with the isotopic ratios (H+1)/M = 4.249 
and (M+2)/M = 0.614, (calculated 4.010 and 0.533).
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Fragmentation of the molecular ion occurred through loss 

of although the relative intensities of the peaks at m/e 193, 

194 suggested that come loss of (N + H*) still occurred.

(i) H
-Ik

5-XlV m/e 221, 222^ 223

223-+195 = *170.5 
222-»194 = *169.5 
221->193 = *162,6

H
I

0 5  6 5

5-XXVI m/e 193, 194  ̂195

Species would appear to have considerable stability

since the peak at m/e 194 was the base peak of the spectrum. It 
10')has been suggested " t/at the benzene ring opens upon electron 

impact. If this were to happen in this system, a possible structure 

for 5-kXVI would be H

IkC = C -  C = C -  C =  C -  -
^ 1 1 1  

H H H

C - C  = C -  C = CH.

H H H

in which extensive delocalisation of the charge could occur.

Subsequent fragmentation of 5-4XVI occurred predominantly 

by cleavage of successive carbon atoms from the phenyl substituents 

and hydrogen loss, producing groups of peaks around m/e 177, loo, 154, 
141, 128 and 117. Many of these cleavages were supported by metastable 

transitions, Table
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b-B

ST.dIT;': IGN Pm.'.KS Fk(

194 -27
*

167 = 143.76

193 -27 166 = 142.78
194 -17 177 = 161,49
193 -17 176 = 160.50

194 -40 154 = 122.25
194 -54 140 = 101,0*

194 -66 123 = 84.5
194
193

-79 115 = 68.2 
114 = 67.3-79 — j»

ether fragmentation of 5-XXVI possibly occurred through less 

of . to give peaks at m/e ll6, 117 due to or loss of

[Ĉ Iî N*] to give peaks at m/e 102, 103, due to [Ĉ îkN3Il]t, although 

neither was confirmed with metastable transitions. Alternatively, 

decomposition of y-XXVI could occur so as to eliminate [C^H^NBH] 

and produce a daughter ion of m/e 91 of structure
(194^91 = *42.7, 193 “►91 = *42.9). Only one metastable was observed 

as might be expected if the boron atom were eliminated in the neutral 

fragment,

The large peak at m/e 77 was presumably due to 

which could be produced by many routes. Peaks at lower mass numbers 

were mainly due to breakdown of the phenyl ring with contributions
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from small fragments containing B and N.

Series 2

The fragmentation of 1,2,^-trimet'^yl^yclotetrazenoborane 

has been summarised in the spectrum shown in figure [5-8],' The base 

peal̂  was the "B parent ion at m/e 112 5-%%^!! and the peaks at 

m/e 111 and 113 were in the correct ratio.

One of the most significant features was that a large peak 

(20/j) due to loss of (N̂  + H* ) and zero loss of was observed

probably yielding the ion 5-^^VTIIA or .

C l ,  / \  ?3^N N - C — H
+ —( +H•)

Me

= CH^

5-XXVII m/e 111, 112,113

5-XXVIIIA 
m/e 82,83,84

Me

or

N = CH.

The next major fragmentation occurred through loss of KCN
+

from 5-XXVIII to yield GH^— N = BGK^ 5-XXIX m/e 57, 55 and this

was confirmed by metastable ^transitions, (83->58 = *37.8,
82-*55 = *37,0). The source of the peak at m/e 69 was not established 
by an observed metastable transition, although it probably arose by 

loss of (N̂  + GH^.) from 5-^711 and had a possible structure 

[IIM - B(Giy) - N = GH^]^ 5“^^» Tills then broke dovm further by

loss of IÎGN viz:
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H —

7 ,
B

V i,'

-ÎICN

5-XXX n/e 69,68

69- *42 = *25 .6  

68->41 = *24.7

[lî N = Bî'îe] 

m/e 42, 41

The mass spectrum of 2,9~*̂ i-''ethyl,l-ethylc,yclotetrazenohora.ne 

is shown in figure [5-7].

The molecular ion peak containing the "3 isotope at m/e 126 

was again the base peak in the spectrum. Loss of + H*) produced 

the pea:s at m/e 96, 9%, 98 or S-XXXIB although in this case

no metastable peaks were observed for the process.

[he-N-BTt - N =

5-XXXIA

B
Me-N  ---   N = CIL

5-XXXIB

Species 9-XdŒI then lost IÎCN to produce species

CH. •BEt

5-XXXII m/e 69, 70 
assuming a hydrogen transfer also occurred.

The molecular ions could lose (N̂  + CH^,) to produce the 

peaks at m/e 82, 84 (l26->83 = *54.7; 125-+82 = *53.8),
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probably represented by the species QiN -B(Et)N=

This was the first occasion on which this fragmentation for the 

2,$-dinethyl substituted cyclotetrazenoboranes had been confirmed 
by the presence of a metastable transition, /ui intense raelastable 

ion proved tlie loss of HCN from 5“^4XIII to yield ^-XXXIV,

Et
I
B

/  \  
H —  N J ‘

-HCN

83 ->58 = *37.8 
82->55 = *36.9

H N = BEt

5-XXXIV

5- x x x ii i

The peak at m/e 111 was presumably due to loss of CH^ from 

the molecular ion. It was curious that the peak at m/e 112 was 

slightly larger than the peak at m/e 111 since in Me^N^BH the peak 
at m/e 84 due to loss of CH^ was very small. No metastable peak 

for this transition was observed.

The mass spectrum of 2, S-dirnethyl ,1-vinylcyclotetrazenoborane 

corrected for the presence of a small amount of 2,5-dimethyl,1-ethyT 

cyclotetrazenoborane impurity formed during its preparation is 

shown in figure [5-8].
Once more the molecular ion at m/e 124 was the base peak 

in the spectrum. The major molecular ion fragmentations were again

loss of (N̂  + H*) to produce '̂ X̂X'AIVA or ^-XXXIVB, and the loss of
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CH=CH,

MeN-B-N=CH,

5-XXXVA

CH=CH,

Me-N  N=C1L

,5-XXXVB

124-*95, * = 72.78 
123-^94,  ̂= 71.84

(N̂  + Ciy" ) to produce peaks at m/e 80, Loss of HCN v/as

observed from ^-XXXV to yield 5-^^VI.

CH = OH, 95-4 68 = *48.67 
94-467 = *47.75+ I

Me~N=B
I
H

5-XXXVI

The fragmentation observed for 1,2,5-triethylcyclotetrazeno- 

borane is shown in Figure [5-9]. The base peak was again the 

parent ion containing "B as for the 2^-diethylcyclotetrazenoborane, 

Fragmentation of the parent ion

Mgain methyl loss occurred to give peaks at m/e I38, 139,
140 which could be assigned to structure 3-XXXVII.

Et

CH_ - CH_ - N N = CH_3 2 I , 2

154-^139 = *125.4 
153-*138 = *124.5

N N
5-X](XVII m/e 2^, I38

Loss of also occurred from the parent ions to give 

peaks at m/e 125, 126, 127 due to species 5-X:vXVIII although 

the high intensity of the 125 peal: indicated that loss of (N^+H*)
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also occurred.

CH CH^ - N

St
I
B

N - CH^CH

5-XXXVIII 

Further fragmentation

5-XXXVIII further fragmented by loss of an ethyl group 

to produce peaks at m/e 96, 97, and 98, although this did not 
now occur simultaneously with loss as in the diethyl compound.

loss occurred from ^-XXXYII to give peaks at 110, 111,

112 which then gave peaks at m/e 83, 85, by loss of HCN together
with hydrogen transfer.

Et 
I

CE, GH^ - N N'*'= CH^
-N,

Et

NIhiy'i} 139-»111 = *88.6 

138-4.110 = *87.7

CH^CH^-N -N = CH.

5-XXXVII m/e 138,139,140

-HCN

5-XXXIX m/e 110, 111, 112

5-XXXIX
111-+84 = *63.6
110-+83 = *52.6

]t —  N =  BEt
I

. H

5-XL m/e 83, 84» ^5

This fragmentation observed was similar to that observed in 

the dietriyl derivative except that there was no metastable in the 

triethyl compound corresponding to the simultaneous loss of and HCN,
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Ion 5-XE was analogous to ions H-IV, 5-%, 5-%^!, 5-^XIV, 5-%%l%, 
5-XXXII, 5-X.vXVI in the previously considered cyclotetrazenoborane 
derivatives.

Ihe mass spectrum of 2,S-dipherp'l,1-methylcyclotetrazenoborane 
is 8;':own in figure [5-IO]. The intensities of the parent peaks at 

235; 236 and were in the correct ratios. It was interesting
AO-/

that a loss of CHy from the parent ion was^observed, again 

supporting the stability of the bond between the boron atom and 

the exocyclic substituent.

was again lost from the parent ion to give peaks at 

m/e 207, 208,209 and again as in the diphenyl compound (N̂  + H«) 

loss also occurred since the peak at m/e 207 was too intense to 

arise solely from loss.

-N,

236 208 = *183.3 
235-» 207 = *182.4

Me
I
B.

;-XLi

/in intense set of peaks was observed at m/e II6, 117, II8 
and this probably corresponded to a loss of [PhN ] from the 5-^1 

to yield [Ph - N = B - Me]* 5-%Bll although this was not confirmed 

by metastable ions.

Metastable peaks were observed however for the brealcdown 

of the peaks at m/e 207, 208 to give the species at m/e 192, 193>



- 199 -

The only reasonable postulate in this case was the loss of a 

methyl group from the boron to give 5-XLII, although it does not

m/e 192, 194

5-XLII 208-» 193 = *179.0 

207-»192 = *178.1

seem likely that a positive charge would reside on the boron atom.

The spectrum of 1,2,5-triohenylcyclotetrazenoborane is 

shown in Fi,gure [5-II]. The parent ion peaks at m/e 297, 298, 299 

were a little less intense than in the diphenyl compound. The peak 

at m/e 298 was mass measured and proved to be (m/e

observed 298.I386, m/e calculated 298.13897)?^ Loss of from the 

parent ion occurred to give the species 5-%EIV and again loss of 

(N^ + H’) was responsible for the high intensity of the m/e 269 
peak.

C,H -ND 5 I . 0 5

N N

-IL

298-^270
297-^269

*244.5
*243.8

2
C . H c - N N - C . H e6 5  6 5

5-XLIV 
m/e 269, 270, 271

m/e 297, 298, 299

The other significant loss was of PhN from 5-%Elll to 

yield the species ^-XL.y but this loss was not confirmed by 

metastable peaks. The peak at m/e 179 was mass measured and proved
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[C^H^ - N = B _ C^H ]+ 5-XLV m/e 178, ]J9, l80

to be as expected (Observed m/e 179.092, Calculated

m/e 179.09063).^^
Series 3

The mass spectrum of 2, '^-dimethyl, 1-chlorocyclotetrazenoborane

is shown in Figure [5-12]. Molecular ion peaks were observed in the

expected isotopic ratios due to the presence of species containing

the isotopes ^°B^^C1 (m/e I3I), (m/e 1]2), ^^z^^Cl (m/e 133)
11 37and B Cl (m/e 134). Fragmentation by loss of (N̂  + H") occurred

to produce the peaks at m/e 102, IO3, 104 and IO5; attributable to
Cl[He - N - B(C1) - N = CH_]+ or •/B +

Me - N   N = CH
5-XLVIA

5-XLVIB

Loss of (N^ + CH^') to produce the peaks at m/e 88, 89, 90 and 91 
was also observed. HCN loss from 5-XLVI gave rise to 

species CH^fe = BCl 5-X17II. None of the fragmentations at the 

higher m/e values involved breakdown of the B-Cl bond.

The mass spectrum of 2,5-dimethyl-l bromocyclotetrazenoborane is 

shown in Figure [5-13]. Once again the molecular ion peaks containing 

”B isotope were the base pealcs, there being two of almost equal 

intensity due to the almost equal isotopic abundances of ^^Br and ^^r. 

Tlie molecular ion peaks were observed in the expected ratios at



- 203 -

S
§

Od
ss
i

M
D

10
eu

n

Im
L üoc
3
O

o 2

z
0
MH

1I

3 0 N b a N T ia ü  3 A IX U T 3 y



- 204 -

ra/e 175, 176, 177 and 178, The major fragmentations were analogous 

to those observed in the previously examined 2,5-dimethyl substituted 

cyclotetrazenoborane derivatives,

(i) Loss of (N_ + H*) to pro'̂ uce peaks at m/e 146, 147, 14-’, and 149, 

of probably structure or 5-XEVlIIB
BrIB +

[CH^ - N - BBr - N = CH^]* or OIL - N<--^N = CH^

5-XLVIIIA 5-XLVIIIB

(ii) Loss of HCN from 5”^EVIII to produce species 5-^1^»
H1

CE, - N = BBr at m/e 119, 120, 121 and ]^. The ion 5-XLIX 
^ +

was analogous to ions 5-1^, 5-%, 5-XVl, 5-%%l%, 5-̂ OXXII,

5-XXXVI, 5~^ and 5-^BVII in the compounds previously considered.

(iii) Loss of (N^ + CH^*) from the parent ion accounted for the

peaks at m/e 132, 133, 134 and 135.

It is interesting to note that the B-Br bond appears to 

have been retained in the fragment at m/e 104, 105, 106, 107

probably from the species (ffi'J = BBr)^ and also at m/e 89, £0, 91 and

92 which correspond to (B - Br)^.

In summary, derivatives of cyclotetrazenoboranes yielded 

strong parent ion peaks which were the base peaks for 2,5 aliphatic 

substitution in the ring. The loss of (N^ + H*) from the parent 

ion was virtually complete for 2,5 dimethyl derivatives whilst
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for other derivatives fragmentation by loss of was predominant

together with a slight contribution from (N̂  + H«). The loss of

(N  ̂+ H*) involved loss of the H* from the side chain and not from

the boron substituent, and it was apparent that the B-R" bond was

remarkably stable under electron impact conditions, even for such

dissimilar substituents as H(D), alkyl, aryl, vinyl and halogen.

It also appeared that the subsequent fragmentation was

determined largely by the nature of the 2,5 substituent groups.

A predominant fragmentation involved loss of HCN in some stage of

tlie breakdown of compounds containing only alkyl substituents at
+

nitrogen to produce an ion of the type R - N = BR". In 2,5-dimethyl
H

derivatives a different initial fragmentation led to species 
+

(H^N = BR") by loss of HCN. However when one or more of the 

2 or 5 substituents v;a.s phenyl,loss of R-N could occur to give 

the ion [PhN=3X]^. It was interesting that this should be such a 

common stable ion and tended to confirm the stability of the 

borazyne entity discussed in Chapters 1 and

A generalised fragmentation for cyclotetrazenoborane 

derivatives is shown in table 5-C.

Earlier work (discussed in Chapter l) strongly indicated 

that symmetrically substituted cyclotetrazenoborane derivatives 

were molecules with C^^ symmetry, but did not conclusively decide 

between possibly structures 5~B and 5“EI. A molecule with the
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structure 5“LI would be less likely to eliminate , and the mass 

spectral results strongly supported structure $-1, since the primary 

fragmentation of all the molecules studied involved the loss of N̂ ,



CHAPTER VI

THE PREPARATION OF UNSYMMETRICALLY N-SUBSTITUTED

CYCLOTETRAZENOBORANES
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H.;3ULT3 AND DIoCUOOION 
104Perkins has carried out molecular orbital calculations 

by an improved method on a number of diphenyl cyclotetrazenoboranes 

in which one phenyl ring had been substituted and has predicted the 

bond orders, v-electron charge densities, the ring and total 

%-energies, and the position of the first electronic transition 

in these compounds, Tlie results of these calculations are summarised 

in tables 6-A and 6-B, although the results for the methyl-substituted 

phenyl derivatives were considered to be less reliable than those 

for the chlorine substituted phenyl derivatives.

It was anticipated that the unsymmetrically K-substituted 

cyclotetrazenoboranes (6-II) — >  (6-VIl) would be preparable by the 

reactions of the appropriate o -, m-, p-methyl or chloro- 

substituted aniline-boranes with phenyl azide by the evolution of 

hydrogen as shown in reaction scheme 6-1,

(X)_____ (X) (X)_____ 00
(X)<^  > (X) ^ - N  = 3H + 2H^

(X) (X) ? (X) (X)
H

(X)^  + N -  Ph — » ( X ) < ^  Ph

N =  N 

where X = Cl or Me

N ==; N 

(6-1)
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T A B L E  [ 6 - A ]

C A L C U L A T E D  r r  -  BOND ORDERS AND  CHARGE D IS T R IB U T IO N S .

0-665
(6-l) 1-007
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0-%2 N
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0-108
N -?-- N

0-962

|o -l08

X M ! ! l

i l ? r
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1-014

0-188

N
0-961

023J 0482
H1-007

0-656 \
0-161 |vi N
0-108 0-108

N
0-962

0190-!a2\>986

0-6712

( 6 - V l l )

013

B- -083
_ -  ̂002 y V
0 6  7 \  \

0-159 N N

0-189j |S
N — —  N

0-961

(83

BOND ORDERS AND CHARGE D ISTR IBU TIO N S IN BN^ AND UN SUBSTITUTED 

RINGS WHEN NOT SHOWN ARE THE SAM E AS IN  STRUCTURE (6-l).
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TABLE 6-3

C.-vLCUL-iTED RING LLE3GIB3 AND POSITIONS OF THB FIRST ELECTRONIC

TB.ETBITION

Compound E tc (p units)
Ring only Total E tc

Electronic
A  ( p )

Spectra 1st band
A  * ( m ^ )

(6-1) 3.016 29.106 1.04942 243
(6-II)(o-Cl) 3.056 29.056 1.03746 246

(6-III)(m-Cl) 3.056 29.056 1.04051 245

(6-iv)(p-ci) 3.056 29.056 1.02270 249
(6-V)(o-Me) 3.191 35.191 0,98220 260

(6-VI)(ra-Me) 3.192 35.192 0.99773 256

(6-VIl)(p-Me) 3.191 35.191 0.96226 265

* Calibrated arbitrarily by setting 1st eiierg}' gap# of (6-1) = 243

This gave p  = 3*1^ (which was reasonably satisfactory as the 

S.C.F. value was 2,39 eV),
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In all cases white crystalline solids were isolated from the 

reactions. The yield obtained was dependent on the nature of the 

phenyl substituent and decreased in the order p- ̂  o -, the

very low yields of product from the reactions involving o -substituents 

possibly being attributable■to steric factors.

The infrared spectra of all the products showed the 

characteristic high B-H stretching frequencies around 265O cra”  ̂

as well as many other vibrations attributable to N-aryl substituted 

cyclotetrazenoborane derivatives, C-H and C-Cl stretching 

frequencies were observed around 2900 - 3000 cm ^ and 8OO - 85O cra*"̂ 
respectively, characteristic of the methyl and chloro vibrations 

in the substituted phenyl products.

Elemental analyses on the products were in poor agreement 

with those expected for the simple compounds (6-II — *■ 6-VIl) with 
the exception of the product from the reaction of p-toluidine 

borane and phenyl azide, which on one occasion agreed well with

2-p-tolyl,5-phenyl cyclotetrazenoborane although this was 
possibly fortuitous,

nuclear magnetic resonance studies on the compounds 

showed broad, poor resolved doublets, characteristic of 

cyclotetrazenoborane derivatives, with coupling constants of the 

order of I60 - 170 c,p,s. and chemical shift of -I8 —  ̂-21 p,p,m, 
from BF^.Et^O, nuclear magnetic resonance studies showed the 

presence in all cases of aryl resonances around 2,1 — ► 3*0 7̂ ,
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and for methyl substituted phenyl derivatives, methyl resonances 

at 7.65 — > 7.75 y' • Integral ratios for the number of protons in 

the phenyl groups relative to those in the methyl groups was often 

found to vary from the expected 3*1 ratio, and for the products 

derived from the reactions of o -, m-, and p-toluidine-boranes 

with phenyl azide the approximate ratios obtained were 

respectively, 39:1, 7:2 and 2:1,

Mass spectroraetric studies on the products led to the 

explanation of these results. It was observed that for m- and 

p-chlorine and methyl derivatives, not only were parent ions 

observed for molecules (6-III), (6-IV), (6-VI) and (6-VII) 
respectively, but that in each case parent ions for species (6-I) 
and also those for a derivative in which both the phenyl groups 

contained the methyl or chlorine substitutent as in (6-VIIl) were 

present,

(X) H (X)
I (X)

^  6 - v i i i

N === N 

where X = Me or Cl

For o-substituted derivatives the mass spectrum did not show the 

presence of any species 6-VIII, but the presence of small amounts 

of either species 6-II or 6-V together with a large quantity of
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species 6-1 was indicated. In all cases the derivatives described 

were confirmed not only by their characteristic parent ions, but 

also by their subsequent fragmentation which followed the generalised 

pattern established in Chapter 5*

The mass spectral results readily accounted for the poor 

elemental analysis, in particular the high C and Cl analysis for 

m- and p-derivatives due to the presence of some 6-VTII in each 
case. The low C and H figures for the o-methyl derivative were 

also consistent with the presence of very little 6-V relative 
to the high proportion of 6-1. The one acceptable analysis for 

6-VII obtained for the product from p-toluidine-borane and phenyl 
azide was possibly fortuitous and may have been accountable to a 

statistical production of the 6-1, 6-VII and 6-VIII derivatives. 
Similarly, the high ratio of methyl protons to phenyl protons shown 

by the *H N.M.2. integrals indicated the formation of 6-VIII 
derivatives for m- and p-substituted phenyl compounds, and the 

high proportion of 6-1 formed relative to 6-V accounted for the 
low ratio observed for the o-CH^ substituted phenyl derivative.

Attempts to separate tie cyclotetrazenoborane isomers 

by fractional crystallisation, did not lead to the isolation of 

any single species, although the composition of the mixture was 

altered. It was also anticipated that chromatography might lead 

to the separation of the isomers, but thin-layer chromatography 

on silica and alumina indicated that many compounds were often
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formed, some of which were probably caused by decomposition of the

compounds on the stationary phase. A possible route for separation

of the isomers would be to react the cyclotetrazenoborane mixture

with an alkyl or aryl Grignard reagent, followed by isolation of

the mixed hydrolytically stable, B-alkyl or B-aryl cyclotetrazenoboranes

and separation of the isomers by column chromatography,

V.hen p-Cl was reacted with PhN in the presence

of excess p-chloroaniline a large increase in yield occurred, but

three cyclotetrazenoborane derivatives were again produced.

Fractional sublimation of the products under high vacuum using an

oil bath over a range of temperature of 140° - l60° led to a partial
separation of the products, but once again a pure isomer could

not be isolated.

In the reaction of p-nitroaniline with diborane and phenyl

azide a bright yellow precipitate was obtained but this was not

characteristic of a cyclotetrazenoborane product.

The reaction obtained by heating ethylamineborane with

methyl azide led to the formation of He^N^BH, MeBtN^BH and Et^N^BH

in a similar manner as for the previously mentioned substituted
95phenyl derivatives, Recent work by Morris showed that the reaction 

of these products with phenyl magnesium bromide gave a mixture 

of the B-phenyl substituted derivatives Me2N^BRi zIIeEtN̂ BPh zEt^N^BPh 

in the statistically expected ratio of 1:2:1,
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It was also found that on heating Ke^N^BH and Et^N^BH at
130°, and in a separate experiment on heating He^N^BH with ethyl
azide at 130°, the reaction products contained a mixture of
He^N.BH, MeBtK.BK and Bt^N.BH. The three compounds in all of 4 ' 4  c: 4
the above experiments were characterised by mass spectrometry and 

vapour phase chromatography.

EtNIÎ BK̂  + MeN Ke^N^BH, MeEtN^BH, Et^N^BH (6-2)

Me^N^BH + Et^N^BH ■ Me^N^BH, MeEtN^BH, Et^N.BH (6-3)

Me^N^BH + ZtN > Me^N^BH, MeEtN BH, Et^N^BH (6 -4 )

This series of experiments represented by 6-2 —> 6-4 indicated 

that the "scrambling" of the N-substituent groups could occur at any 

stage. The mechanism previously postulated for the formation of 

cyclotetrazenoboranes, shown in 6-5 must now be considered an 
oversimplification•

= [RN = BH] + 2H^

I

[RN = BH] + R'N = R . R*

N

One possible mechanism to account for the observed reactions 

would be that of a free radical exchange of groups. Opposed to 

this, however, was that E.S.R, experiments by Sales^^^ on solutions 

of cyclotetrazenoboranes did not give evidence for the presence of
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free radicals. However Pearson^^^ has shovm that dimethyl cyclotetra

zenoborane was capable of acting as a polymerisation initiator for 

methyl methacrylate CH^ = CH(CIi^)CC(OCH^) at 0°C in the absence of 

oxygen probably by a free radical process.

.-inot' er plausible mechanism which could be postulated to 

account for all the observed reactions would be the attainment of a 

dynamic equilibrium, in which the cyclotetrazenoborane molecule 

cleaved by a reaction of unknown molecularity, to produce transiently 

in two ways boron iraide and azide intermediates. The recombination 

of tnese could lead to three possible products as shown in reaction 

scheme 6-6 .

R”

[R"3 = NR] + R'N

N

R"

A  -  , ,R —  N N — R» -c------—  [R"B = NR'] + RN
I I "
N =  N

[R" - B = N - R] + R^N^BR"

[R" - B = N - R'] + R'N  ̂ R'^ N BR" (6-6 )

/ui attempted to study the kinetics of the formation of

MeEtN.BH from the reaction of Me N.BH and Et_N BH at 130° using 4 2 4 2 4
mass spectrometry proved unsuccessful because the sensitivity 

readings were found to be insufficiently reproducible. A possible
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way for future study of this reaction would be to analyse the products

using vapour phase chromatography.

The preparation of 2-methyl,5-phenyl-cyclotetrazenoborane 
22was achieved by Morris'"̂  from the reaction of anilineborane with

methyl azide. To establish the generality of the production of

mixtures from the reactions of primary amineboranes with

organic azides R'N^, and also to further establish the equivalence

of the 2 and 5 positions in the cyclotetrazenoborane ring, the
preparation of 2-phenyl, b-^ethyl-cyclotetrazenoborane wa.s further
investigated. The alternative reactants to those used by Morris,

i.e. methylamineborane and phenyl azide on heating in an ether

solvent led to the isolation of pure Me^N^BH and MePhN^BH by vacuum

distillation, Tlie products were confirmed by mass, infrared, *H

and "B N.M.k . spectrometry. The infrared spectrum of the residue

indicated the nresence of some Ph_N,BH but this was not isolated2 4
in a pure form.

In order to test the calculations by Ferkins^^ for one 

pure compound the di-p-chloro-phenyl-cyclotetrazenoborane derivative

6-IX was prepared by the reaction of p-chloroaniline borane with
HI

" " " O ' "

N =  N
p-ClC^H^NH^BH + p-ClCgH^N^ ---- > (p-ClCgH^)2N^BH + 2H^ (6-7)

6-IX
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p-chlorophenyl azide as shown in equation 6-7. 'The compound was 

identified by its elemental analysis, mass, infrared, 'H and "B 

and electronic spectra.

Physical Properties

As the products obtained in most cases from the reactions 

of aryl amine boranes v/ith phenyl azide were mixtures

of compounds, the actual physical properties observed have no absolute 

meaning and are only briefly summarised in Table 6-C,

TABLE 6-C

PHYSICAL PROPERTIES OF PRODUCTS FROM REACTIONS OF XC.HhNH^BH,____________________________   0 4 2 3
WITH PhTL

Product of 
Reaction from
3 0 4 2 3

u.v,
A max mp

Calc.U.V. 
A max miy

"B H.M.R, 
rel.to 
BF EtgO

•H N.M.R.
ppm

X = o-CH 242.0 260 ^ =-lS,8ppm T'ph 2.1-»3.4 
7.70

X = Q-CH - 256 - '7'Ph 2.2-»3.6 
7.71

X = p-CH 244.0 263 S =-21,0ppm 
^B-H =173 cps

'7'Ph 2.2-+3.4 
he 7,66

X = 0-01 - 246 S = -19.3ppm 
=154 cps

T"Ph 2.1-»3.5

X = m -01 243.5 245 S = -iS.Bppra
J3-E =177 ops

'7'ph 2.1-»3.1

X = p-01 250.3 249 = -19. Ippra 
Jg ^ =166 cps

Tph 2.1->3.6
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The physical properties of 2,3-di-p-chlorophenyl 

cyclotetrazenoborane are summarised in Table 6-D, except the infrared 
spectrum which is listed separately.

TABLE 6-D
PHYSICAL PROPERTIES OF 2,5-DI-p-CHLGRCPHTHYL CYCLOTETRAZENOBORANE

U.V.
A max(mp)

Calc. U.V. 
X raax(m|i)

'H N.M.R.
ppm *

"B N.M.R. 
rel to 
BF .Et^O

Mass Spectra 
Parent ions

M.Pt.
°c

250.2 251 "Tph=2.48 S =-19.2ppm m/e 289,290, 
J=l66cps 3^51,J92.

158

*'7' value Quoted as the symmetric centre of the observed resonance.

Electronic spectra

The excellent agreement between the predicted^ and observed

red shift for the first electronic transitions for 2,3-di-p-chloro-
phenyl cyclotetrazenoborane was very satisfactory and gave extra

vindication for the treatment of these molecules as cyclic structures

with some %-electron delocalisation. It was not considered

justified to compare the X  values observed for the mixedmax
phenyl substituted products obtained with the calculated figures 

for unsymmetrically N-substituted aryl cyclotetrazenoboranes.

Infrared Spectra

The infrared spectra of the products from reactions of 

0-, m-, p- with phenyl azide (where X = Cl or Me)

have already been briefly discussed and the principal bands have
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not been tabulated or the spectra reproduced here since pure compounds 

were not isolated.

Trie observed infrared spectrum of di-p-chlorophenyl is shown 

in Figure [6-lJ and the principal bands are listed in Table 6-F,

TA3LE 6-S
SPTCTRUM GF 2 ,5 -:I-(p C h L 0 2 G F H F IT Y L )

CYlLCTFThAZhhOBOhÂNE

3096 w; 3084 w; 2845 vw; 2660 w; I908 w; I894 w; I653 sh; I642 w;
1621 w; 1603 w; 1590 sh; I363 sh; 1546 sh; 1497 vs; 1432 sh; I464 msh; 
1439 m; 1425 sh; 1399 sh; 1393 m; 1370 m; 1359 sh; I300 m; 1277 w;
1267 sh; 1201 m; 1193 sh; II89 s; 1174 ms; 1170 sh; 1117 w; 1107 w;
1099 s; 1073 vs; 1053 sh; IO3I sh; 1009 s; 976 m; 970 ms; 962 sh;
945 w; 930 w; 922 w; 917 sh; 903 w; 835 vs ; 83I vs; 821 ms; 810 ms;
747 w; 726 w; 702 V / ;  638 wb ; 629 wb ; 571 ms; 545 ms ; 503 sh ; 499 sh;
490 6 ; 487 8 ; 418 w.

Substitution of the chlorine in the phenyl ring necessarily 

altered the vibrations associated with the phenyl ring. Characteristic 

1,4-disubstituted phenyl vibrations were observed and could be
90assigned by analogy with those quoted by Ahiffen . Typical 

vibrations observed were:- C-H stretch, 3100 - 308O cm 
C-H def. combination bands at I90S and IS94 cm ^; C-C stretching 
vibrations 164O - I4OO cm” ,̂ C-H in plane deformations 1200 - 1000 cm
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C-H out of plane deformations 970 - 800 cm ^; phenyl ring deformations 
700 - 400 cm"^.
rÇB ring modes:- The ring mode vibrations for the BN^ ring were less 

readily discernible than in previous cases possibly owing to 

coupling of vibrations of the same symmetry species, but some of the 

ring modes have been assigned by analogy with the previously examined 

compounds, (see Chapter 3)» and are shown in Table 6-F.

TABL2 6-F
N B HI NO MODES OF 2,5-DI (p-CHLCHOFIIEHYL) CYCLCTETIIvZZî.OBOHkNS

King Mode I II V VI VII VIII

Frequency 1073 1107, 1099 1399,1393 1201,1189 970 4l8(?)

3-H vibrations

Tlie characteristic high frequency B-H stretching vibration 

was observed as a poorly resolved band at 2660 cm The 3-H 

deformation modes were not obvious but probably the in-plane and 

out of plane deformations lay within the broad bands around 1053 cm ^ 
and 3l0 cm respectively. 

nuclear Magnitic Resonance spectra

The "B II.M.5, resonance of di-p-chlorophenyl cyclotetrazenoborane 

showed a fairly well resolved doublet at -19.2 ppm relative to 
BF^.Et^O, This represented only a very slight difference in shielding



- 223 -

of the boron atom relative to that in Ph^N^BH and was in very good 

agreement with the predictions made by Perkins'^ for the %-charge 

distributions on the boron atoms in the two molecules, (see 

Chapter 1, page 32).

The 'H N.M.H, resonance of the substituted phenyl groups 

in di-p-chlorophenyl cyclotetrazenoborane was observed at

= 2,48 ppm as a symmetric set of bands as shov/n in Figure [6-2] 
typical of an AA'33' system.

Mass spectra

The cyclotetrazenoborane parent ions observed from the 

products of the reactions of 0-, m- or p- XC^H^NH^BH^ with 
phenyl azide (where X = Ciy or Cl) are listed below together 

with an indication of the subsequent fragmentation, which in 

many instances was substantiated by the observation of metastable 

ion peaks.

(a) Product fr^m the reaction of o-Cl C^H.NH^BîC with PhN,  — 2— 3----------- 3
The parent ion [(o-ClC^H^)(C^H )N^3H]m/e 253, 2^6,

257, 258 was shovm to lose to give peaks at m/e 227, 228, 229,
230 followed by loss of Cl* to give the pealcs around m/e 193*
Intense peaks at m/e 221, 222, 223 were observed showing the 

presence of a large quantity of [Ph^N^Bh]^ and all the characteristic 

fragmentations of this compound discussed in Chapter 5 were observed. 

Again an intense peak at m/e 103 was obtained attributable to
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[PhN=BIî]^by either loss of [PliI'I*] or [C^H^CIH*] from the ( )  

fragment of Ph2N^BH and (o-ClC^H^)(C^H^)N^BH respectively,
(b) Product from the reaction of ni~ClC^H,NI^BH, with PhN,

------------------------------------------------------------------------------------6- 4— 2— 3----------------------3 •

Three sets of characteristic parent ions at m/e (221, 222,

223); (255, 2^, 257, 2^); and (289, 291, 293, 294)

corresponding respectively to [(C^H^)2N^3H]^; [(m-ClG^H^)(CgH^)N^BH]^; 
and [(m-ClC^H^)2N^3H]^ were observed. All three of these could 

fragment by loss of to yield sets of peaks having the major 

ions 194, 238 and 262 respectively, followed by loss of (PhN');
(PhN*) or (CIC^H^N*); and (CIC^H^N.) respecively to yield sets of 

peaks around 103; 137 or 103; and 137 respectively. Alternatively 

loss of Cl* from the [ H-N^-Cl peak occurred for the (m-ClC^H^)2N^BH 
derivative to give peaks around m/e 192.
(c) Product from the reaction of p-ClC^H/J?kBH, with PhN,--------------------------------0-4— d— 15-------- 3

^gain three sets of characteristic parent ions were observed

at m/e (221, 2^ ,  223); (255, 2^, 257, 2^); and (289, 291,

292, 293, ^ )  corresponding to [(C^H^)^N^BH]'^; [(p-ClC^H^)(C^H^)N^BH]^;

and |(p-ClĈ Ĥ )̂ N̂ Blij were observed. All three of these fragmented by

loss of N^ to yield sets of peaks having the major ions 194; 228
and 262 respectively and these in turn were able to lose (PhN*);
(C^H^CIN*) or (PhN*); and (C^H^CIN*) to give peaks at m/e 103;

103 or 137 ; and 137 respectively. Alternatively the (P-N^X^ions

from (C.H,C1)(C.H^)N,BII and (C.H.Cl)_N,BH could lose Cl* and in 6 4  6 5 4  6 4 2 4
the latter case this could be followed by further loss of Cl*,
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(d) Product from the reaction of o - M e C ^ H w i t h  IdiN, --------------------------------b-4— 2— 3-------- 3
Two sets of parent ions were observed at m/e 221, 222,

223 and 235, 236, 237 corresponding to [ (C^Ĥ )pN B̂H]'* and 

[ (MeC^H^) (C^H^ respectively. Again the fragmentation of the

[Ph^N^BHjf as in all the previous and subsequent cases was 

identical with that described in Chapter 5» It v/as interesting 

however that the first fragmentation observed was that of loss of 

(N^+H*) to give ions at m/e 20o, 207, 208, although the intensity 

of the 208 peak indicated that loss of occurred also.

(e) Product from the reaction of n-CK,C^H,NH^BH, with PhN,--------------------------- ---- 3-^-4— 2— 3-------- 3
Three sets of parent pealcs were observed at m/e 221, 222,

223; 23", 2^, 237 and 249, 2^, 251 due to [(C^K i^NjBH]^;
[(p-MeC^K^ )(C^H)N^BH]f and [(p-MeC^H^^^H^BH]^. The high value

of the m/e 221 peak together with a fairly intense peak at m/e 220
was attributable to loss of (N^+H*) from the parent peak at m/e 250.

Similarly loss of or (N^+H«) from m/e 236 gave peaks at m/e 208
and 207 respectively.

Further fragmentation as in all of the products examined,

was complex due to the cleavage of the aryl ring systems.

The mass spectrir: of 2,5-di-u-chlorophenyl cyclotetrazenoborane

The mass spectrum of 2,5-di-p-chlorophenyl cyclotetrazenoborane

is summarised in Figure [6-31, a_nd ions with a relative abundance

of greater than 1^ are listed in Table 6-G,
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TABLE 6-G

Mi\33 SPECTHUM OF 2,5-DI-p-CnLOHCPHEIIYL CYCLOTETRAZENOBORANE

m/e 26 27 28 35 36 37 38 39 40 41 46 47 48 49 50 51
o/o 1 1 4 1 2 4 8 18 1 1 2 7 1 .3 7 7

m/e 52 53 60 61 62 63 64 65 66 70 71 72 73 74 75 76

o/o 5 1 2 4 11 26 13 14 1 2 8 5 12 8 19 10

m/e 77 78 80 81 82 83 84 85 86 87 88 89 90 91 92 95

o/o 4 5 1 4 1 3 7 5 5 2 2 3 13 6 1 1

m/e 96 97 98 99 100 101 102 103 108 109 110 111 112 113 114

o/o 2 3 3 12 6 5 5 1 2 6 7 12 4 5 2

m/e 115 116 121 122 123 124 125 126 127 128 129 131 132 133 134
o/o 1 1 1 1 2 3 7 3 5 2 1 5 4 1 1

m/e 135 136 137 138 139 140 141 147 148 149 150 151 152 153 154
o/o 5 13 23 8 8 2 1 1 1 3 9 5 4 2 1

m/e 157 159 161 162 163 164 165 166 170 171 172 173 174 175 176

o/o 1 1 2 5 4 8 4 5 1 7 8 5 6 2 1

m/e. lo4 185 186 187 188 189 190 191 192 193 197 198 199 200 201

o/o 1 1 1 2 1 2 6 19 17 2 1 2 8 27 7

m/e 202 203 210 211 212 224 225 226 227 228 229 230 234 235 236

o/o 9 2 1 1 2 1 6 15 19 7 6 1 2 1 2

m/e 245 247 260 261 262 263 264 265 266 267 289 290 291 292 293
o/o 2 

m/e 294 

o/o 2

1 1 26 100 31 63 12 11 1 4 15 5 10 2
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Parent ion peaks in the expected isotopic ratios were

observed at m/e 289, 290, 291, 292, 293, 294. The first fragmentation

observed was loss of to give the base pealzs of the spectrum at

m/e (261, 263, 265, 266) attributed to [C1C^H^NB(H)NC^H Cl] + ,
and this was confirmed by metastable ion peaks. An alternative minor

fragmentation of the parent ion was the loss of Cl* to give the

characteristic pealc pattern due to
H

N

at m/e 244, 243, 246, 247 « Loss of Cl* occurred from the (M-N^) 

pealcs to yield ions at m/e 226, 227, 228 and 229 and these in turn 
could lose a further Cl* to give peaks at m/e 192, 191, both of these 

fragmentations being confirmed by metastable ions. Further 

fragmentation involved cleavage of the aryl rings. It was extremely 

satisfactory that a strong ion was observed at m/e 137 corresponding 
to [ClC^H^N=BK]fanalogous to the observed fragmentations for phenyl 

cyclotetrazenoborane derivatives discussed in Chapter 5*

EXPERIMENTAL

Tlie reaction of 0-, m- and p-methyl or chloro substituted aniline-
boranes with phenyl azide 

Tlie required freshly distilled primary aryl amine was dissolved 

in ether (40 ml) and diborane was condensed into it under vacuum
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TABLE 6-H

:XPBRIMENTAL DETAILS FCR TIE REACTIONS OF SUBSTITUTED ANILINEBORANSS

XC.H,NH^BH, WITH PHENYL AZIDE  D 4 2 3
XCgH^NH^

Xsubstituent

No.of g.
mol.
XCfH.NH.6 4 2
used

No. of 
g.mol.
"2%

No. of 
g.mol, 
PhN^

Yield Approx.
M.Pt.

observed

Analysis*

—0—CH_ 3 .042 .021 .042 very
low

98 C,63,13; H.5.13; N,24.81; 
B,/î.58.C requires
0,66.14; H.5.55; 11,23.73; 
3,4.58.

m-CH .042 .021 .042 15 - -

p-CH^ .047 .023 .047 33 87 0,66.35; h,5.5ô; k,23.52; 
3,4.37. requires
0,66.14; H,5.55; 11,23.73;
3,4.58.

0—Cl .045 .023 .045 very
low

82 -

m—Cl .042 .021 .042 36 C,13.61; H,4.03; N,19.65;
3,4.12; 01,14.82.
Ci2HioN^BC1 requires
0,56.18; H,3.93; 11,21.85; 
3,4.22; 01,13.82.

p—Cl .039 .019 .039 49 119-»
126

(A) 0,47.25; H,3.01; 
11,18.9; 3,3.69; 01,22.58;
(B) 0,52.85; 3,3.81; 
11,20.69; B,3.63; 01,16.04.
^12 1̂0^4^^^ requires
0,56.18;' H,3.93; N,21.85.
B, 4.22; 01,13.82.

Using excess 
p-ClC^HNHg

.094 .019 .039 73 121-̂
129

0,52.04; H,3.72; 01,17.61.
Ci2HioN^BC1 requires C,56.l8
11,3.93; 01,13.82.

P-HOg .033 .016 .033 0,43.05; H,4.19; N,14.05;
B, 5.43. O H N BNO re qubes 
0,53.97; ^ ^ 4 
H,3.77; N,26.23; B=4.05

*Theoretical figures calculated assuming product 
to be the unsymmetrically N-substituted product.
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and allowed to react. Freshly distilled phenyl azide was added to

the ajTiineborane formed and the mixture allowed to stir at room

temperature. Details of the quantities of reactants used in the 

individual reactions are summarised in 'Table b-H. Tiie white adducts 

initially formed dissolved on stirring to form clear pale yellow 

solutions, the time required for stirring being dependent on the 

nature of the phenyl substituent and ranged from a few hours to a 

few days except for the o-Me derivative which required about six 

weeks. The reactants were then left to stand for several days

and in some instances weeks.

Mixed cyclotetrazenoborane derivatives were obtained as white 

crystalline solids from all the reactions. In the reactions involving 

o- and ra-phenyl substituents,*the cyclotetrazenoborane products were 

isolated by concentration followed by low temperature crystallisation 

and filtration under an atmosphere of dry nitrogen wi'.ereas reactions 

involving p-substituents readily led to the formation of crystals 

at room temperature. The use of an excess of p-chloroaniline in 

the reaction of p-chloroanilineborane with phenyl azide gave rise to a 

substantial increase in the yield obtained. This product could be 

sublimed under vacuum over a range of temperature 140° - l60°.

The fractions obtained had a higher melting point and contained

progressively more of species 6-VIII, shown by mass spectrometry

and infrared spectroscopy, with increase of temperature of sublimation.
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However a single pure species could not be isolated, possibly 

because of rearrangement occurring at the temperature of sublimation, 

Hecrystallisation of the cyclotetrazenoborane products could 

be effected using benzene or light petroleum solvents under an 

atmosphere of dry nitrogen. The yields,melting points and elemental 

analyses obtained for the products are summarised in Table 6-H. 
Attempted reaction: XC^H^NH^BH^ + Phly --- > (XC^H^)(Ph)N^BH + 2H^

Tne reaction of D-nitroanilineborane with "̂henyl azide

Diborane v/as condensed under vacuum into p-nitroaniline 

dissolved in 200ml of ether and allowed to react. Prenyl azide 

was then added and the reactants left to stir at room temperature.

In about 30 minutes a bright yellow solid started to precipitate 

and this was obtained in large yield by leaving overnight and 

subsequent filtration in a dry nitrogen containing glove box.

The product could not be purified by recrystallisation, sublimation 

or soxhlet extraction, and the infrared spectrum of the product 

v/as complex, -oi analysis obtained on a well washed sample of the 

crude product v/as not readily rationalised. The analysis figures 

and quantities of reactants used are shov/n in Table 6-H.
Attempted reaction: pHO^C^H^NH^BH^ + Phiy ---> (N02CgH^)(Ph)N^BH + 2H^
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Preparation of p-chlcrophenyl azide

This was prepared in a similar manner to that for the 

preparation of phenyl azide (Chapter 3» p.l^). In this way 

p-chlorophenyl hydrazine hydrochloride (25 g», 0.1/0 g.mol), used 
as supplied by Aldrych Chemicals, and was slowly reacted in 

hydrochloric acid solution in the presence of ether (100 ml.) 
solvent with a freshly prepared solution of sodium nitrite 

(15 g., 0.218 g.mol) keeping the temperature below 5^0. The 

p-chloro phenyl azide was extracted in ether solution by steam 

distillation followed by careful drying and vacuum distillation 

of the product. Care was talien to surround the distillation 

apparatus with blast screens in case of explosions. Tlie product 

was identified by infrared, 'H li.H.R. and mass spectrometry.

Yield = 8.72 g. (41 Theoretical).

Reaction :
HNO -HO

CIC.H irmîH. --- ^  CIC.H.N - NH^ -- ^ CIC.IIIJo 4 2 (0 4| 2 6 4 3
NO

Preparation of 2,5-di-n-chlorophenyl cyclotetrazenoborane
Diborane (O.OI9) g.mol was condensed into an ethereal 

solution of p-chloroaniline (5 g., 0.039 g.mol) under vacuum and 

allowed to react. To this was added p-chlorophenyl azide 

(5.98 g., 0.039 g.mol) and the reactants were stirred magnetically 

until all of the white precipitate initially formed dissolved to
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give a yellow solution. Cn standing for a few days at room 

temperature a crystalline product was obtained. This was filtered 

and recrystallised from benzene or light petroleum (SO - 100^). 

Surprisingly an attempt to purify the product by sublimation at 

140 - 160° led to its decomposition, and p-Gl phenyl azide was 
liberated as a pale yellow liquid and identified by infrared 

spectroscopy. The di-p-chlorophenyl cyclotetrazenoborane was 

characterised by infrared, *H "B N.M.R., and mass spectroscopy.

Yield of product = 3.63 g. (30^ Theoretical). [Found: C, 49.37»

H, 3.21; N, 19.31; B, 3.66; Cl, 24.21i. C^H^N^BCl^ requires 

C, 49.53; H, 3.12; N, 19.26; B, 3.71; Cl, 24.36%.
The reaction of Ke^N,BH with Et^N^BH-----------------2-4--------- 2-4—

Me^N^BH and Et^N^BH were freshly distilled under vacuum 

and mixed together in equimolar quantities. A few drops of the 

mixture were placed into a number of small ampoules in a dry 

nitrogen containing glove box. The ampoules were sealed under 

vacuum and heated for a range of time from zero to 80 hours in a 
constant temperature fluidised sand bath. It was found that with 

increasing time of heating an increasing amount of îieStN^BH was 

produced. The KeEtN^BH was detected (a) by mass spectrometry by 

the build up of the parent ion peak at m/e 112, and (b) by vapour 
phase chromatography which showed the build up of a third peak.

This third peak had a similar shape, and a retention time intermediate
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to those for and St^N^BH which had been previously

characterised. All three peaks showed a characteristic tailing at 

the end of the peak. It was of interest that at room temperature 

no formation of MeEtN^BH was observed.

Reaction:

Me^N^BH + Et^N^BH — > Me EtN BH,Me^H^BH,Et^N BH

The reaction of ethylamine-borane with methyl azide

Equimolar quantities of ethylamineborane, prepared directly 

from ethylamine and diborane, and methyl azide in dry diethyl ether 

solvent were heated in a sealed ampoule at 130° for l6 hours.
Vacuum distillation of the reaction products led to the isolation of 

a colourless material in a trap at -33°C. The product was further 

purified by vacuum fractionation and was shown by mass spectrometry 

and vapour phase chromatography to be a mixture of I-iê N̂ BĤ MeEtN̂ BH 

and EtJN.BH,2 4
Reaction: Etm_,BH_ + EeN, -- > Ke_N,BH,KeEtN,BH,EtJN.BH2 3 3 2 4 4 2 4

The reaction of liê N.BH with ethvl azide------------------2̂—4---------- "-------
Equimolar quantities of Me^N^BH and ethyl azide in diethyl 

ether solvent were heated in a sealed ampoule at 130° for 48 hours. 
Vacuum distillation of the reaction products gave a colourless 

volatile liquid in a trap at -40°C, which was shown by mass spectrometry 
and vapour phase chromatography to be a mixture of 4̂ ^* MeEtN^BH



- 235 -

and A small amount of uncharacterised residue remained

in. the ampoule.

Reaction; + EtN^  ► He^N.BH.KeEtN 3H,Et^N,BHc 4 3 2 4 4 2 4

The new synthesis of EePhN^BH from methylamir.eborane and phenyl 

azide

Equimolar quantities of methylamineborane, prepared directly

from methylamine and diborane, and phenyl azide in diethyl ether

solvent were heated in a sealed ampoule at 130°C for 36 hours. The

reaction products were then vacuum distilled when the first product

collected in a trap at -30°C was ''-̂2^4^^ which distilled at room

temperature, and was characterised by infrared and mass spectrometry.

Tlie second nroduct isolated v/as KePhN 3H which distilled at 60°C4
under high vacuum, and this was confirmed by infrared, "B and N.M.R, 

spectrometry. The residue,although impure was shown to contain some 

^̂ 2̂ *4̂  ̂by its infrared spectrum. Yield of MeFhJî BH = 65%.

Reaction: KeNILBH + FhN --- > Me.N BH,EePhM.3I{,Fh_N.BH
2 3 3 2 4 4 2 4



CH/iPTER VII

OTHER REACTIONS OF CYCLGTETRAZEIiOBORANES AND

RELATED SY3TEIIS
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Many of the reactions attempted and described in this 

chapter have not been completely characterised, and further work 

will be required before the often complex reaction systems.are 

fully understood.

It was anticipated that it should be possible to prepare 

systems related to the cyclotetrazenoboranes, in which the boron 

atom was replaced by another element. Only recently has one such 

system been briefly reported^^^, but there is still some doubt 

about its structure and systems 7-Ia and 7-Ib have been suggested,

N ---  N. N =  N^ / I \Me —  N N — Me Ife —  N I N — Me
Fe

(CO). Fe
(CO).3

7-Ia 7-Ib

An attempt to prepare a cyclic pentazene by the reaction 

scheme 7-1 by heating phenyl hydrazine and phenyl azide in diethyl

ether solvent led to the isolation of a deep red product together
H
N

/  / \
Ph— N — Ph --> Ph-N N -  Ph + (7-1)

H
N = r  N N =  N
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with the liberation of a small quantity of nitrogen. The infrared 

spectrum of the product showed the presence of phenyl stretching, 

deformation and overtone vibrations, and also an intense N-H 

stretching frequency. Tiie absence of an azide stretching frequency 

in the compound was interesting. Elemental analysis did not 

establish a simple stoichiometric formula for the compound.

In analogy with the reaction of lithium borohydride with 

methylamine hydrochloride and methyl azide which led to the 

isolation of Me^N^BH, it was considered that the reaction of lithium 

aluminium hydride with methylamine hydrochloride and methyl azide 

might lead to the formation of an aluminium-nitrogen ring compound, 

by the reaction scheme shown in 7-2 .

LiAlH^ + MeNH^.HCl --- > [MeNH^.AlH ] + LiCl +

H- H3 I
A1 A1

/  / \
+ N - Me ---  ̂ Me - N N-Me + 2H. (7-2)

^ II I I ^
N ==.—7 N N - N

The white product isolated from the reaction however was shown by 

elemental analysis to have the empirical formula CH^NAIH and was 

possibly an aluminium-nitrogen linked polymer, 7-II 

Me H
I 1 7-II
N --- Al —
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Smother possible route to the five-merabered aluminium- 

nitrogen ring system was by the reaction of Et^AlN^ and EtN^, in 

an analogous fashion to that for the reaction of Ph^BN^ and PhN^ 

(see Qiapter 3)» £ts shown in 7-3» Tlie reactions led initially to

Et.AlN  f [EtAl = NEt] + N,

Et Et
Âl Al

Et - N ' N -  Et St-N N-Et (7-3)
 > I

N =  N N =  N

the. formation of a white adduct, which wqs essentially unchanged 

on heating at 130° for six hours, but prolonged heating for 
either (a) 24 hours or (b) 9 days led to the formation of red-brown 
insoluble compounds with nitrogen evolution. Full elemental analysis 

obtained on the separate products from reactions with heating 

conditions (a) and (b) added quantitatively to 100%, and tended to 
indicate the formation of compounds with empirical formula 

and C^H^qAIN^ respectively. It was interesting that the empirical 

ratios of A1;N were 1:4 in both cases and the possibility of a 

five-membered AIN^ ring cannot not be excluded. The C^H^QÀIN^ 

could be rationalised in terras of coordinated polymeric structures 

or as the simple dimer 7-IV, although insufficient evidence is yet 

available to confirm this.
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Et Et

I IAl^
Et -  N N —  ir N —  Et 7-IV

N =  N N =  N

The structure for a compound of molecular formula CyH^^Al^Ng

was not readily understood.

In view of the possible %-delocalisation of the electrons

in the cyclotetrazenoborane ring, it was of interest to test the

potential formation of %-complexes with metal carbonyl derivatives.

The attempted direct reaction of Mo(CO)^ with Me^N^BH

in tetrahydrofuran solvent led only to the recovery of unchanged

Mo(CO)^ and ilê N̂ BH, which was shown by infrared spectroscopy to be

contaminated with a carbonyl grouping.

It has only recently been reported^^^ that the reaction of

hexaraethylborazine with (CIL^CN)^Cr(CO)^ led to the isolation of the

%-complex Ke^N^By-Ie^.CrCCO)^. The attempted reactions of

(CH^CN)^ M(CO)^ where M = Mo, Cr or W, with MOgN^BH or with the

more hydrolytically stable Me^N^BMe led in all cases to the

isolation of compounds, in which infrared spectroscopy indicated

the presence of the cyclotetrazenoborane and also complex metal

carbonyl vibrations. The compounds obtained were very unstable

and were not isolated in a pure form.

Further, it was anticipated that it might be possible to

prepare charge transfer complexes in a similar manner to that
109observed for borazines, by the reaction of cyclotetrazenoborane



— 240 —

derivatives with tetracyanoethylene, In an investigation conducted 

in collaboration with W e l l s , i t  was found that on mixing 

cyolohexane solutions of Ke^N^BH and tetracyanoethylene the 

immediate formation of a yellowish colour was observed but' an 

effervescence was also noted and the electronic spectrum observed 

varied rapidly with time. Similarly, the reaction of the 

hydrolytically stable Me^N^BMe also led to the immediate formation 

of a yellow-red coloration. An electronic spectrum run immediately 

on this solution indicated the formation of a broad band showing 

some complex resolution at approximately 400 mji possibly suggesting 

the initial production of a charge transfer complex, (N.B. 

3-trimethyl-N-trimethyl borazine + tetracyanoethylene in 

chloroform give a broad charge transfer band at X 46l mp).

The electronic spectrum however changed rapidly and this became 

obscured, probably due to a secondary reaction occurring and the 

system was not investigated further.

Secondary uncharacterised crystalline by-products were 

observed in many of the preparations of cyclotetrazenoborane 

derivatives from the reactions of primary amineboranes with 

organic azides. It was considered that some of these might 

correspond to intermediate products in the preparation of 

cyclotetrazenoboranes of type 7-IV.

N N-Me
I I
N N 7-IV
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It was anticipated that the reaction of dimethylamineborane

with methyl azide would also form a similar intermediate to 7-V

as shown in the reaction scheme 7-4#
H H

Me^NHBiy + heN^ > (7-4)

N —  ■: N 

7-V

When this reaction was performed by heating at I40°C 

for 48 hours in the absence of solvent a colourless product was 
isolated. Infrared spectroscopy indicated that the product 

contained a group, and also the characteristic high frequency 

B-H vibration attributable to a cyclotetrazenoborane derivative 

was observed. Preparative scale vapour phase chromatography led 

to the separation of a fraction shown to be pure Me^N^BH by 

infrared and mass spectrometry, and a trace of a second product 

whose infrared spectrum showed a more complex B-H vibration 

around 2430 cm j but which was not identified further. The 

reaction v/as repeated in the presence of ether solvent* by heating 

either (a) at 70°C for 13 hours, or (b) at 130°C for 15 hours. 

Vacuum distillation of the products from these reactions led to 

the separation of colourless liquids in traps at -40°C,

* FOOTNOTE

This was done in view of the potentially explosive nature of these 

reactions in the absence of solvent, (see Chapter 3)*
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Reaction conditions (a) led only to the isolation of 

characterised by infrared and mass spectrometry, whereas using the 

conditions (b) in addition to Me^N^BH a further product was present. 

The infrared spectrum of this shov/ed a B-K vibration at 245'0 cm  ̂

and the mass spectrum showed a set of ions at m/e 123, 122, 121, 120 
in isotopic ratios characteristics of a species containing three 

boron atoms attributable to N-trimethylborazine for which the major 

ion in this set is known to be m/e 122 and not the predictable value 
of m/e 123.^^^

The Me^N^BH prepared in these reactions was presumably 

produced by the reaction 7-5•
Me^NHBH + MeN̂    ̂ Ke^N^BH + + CH^ (7-5)

Attempts to prepare the parent cyclotetrazenoborane,

by the reaction of hydrazoic acid and ammoniaborane were 
95unsuccessful. It was considered feasible that this compound 

might be preparable by the reaction of ammonium azide with diborane, 

as shown in 7-6.
NH N + ^ H^N^BH + 2H^ ( 7 - 6 )

In practice the reaction led to the isolation of a white 

glue-like solid together with hydrogen evolution. An infrared 

spectrum of the solid product showed the presence of intense N-H,

B-H and azide vibrations. The "B N.M.R. spectrum of the solid 

product in ether solution gave a well resolved doublet at 3.9 ppm
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relative to BF^.Et^O, = 114 c.p.s., indicative of a four
coordinate boron species. In the ’H N.K.R., three broad peaks 

were observed at approximately 3*48, 7.68, 9*70 T which showed 

some complex resolution at high sensitivity. The rest of the 

spectrum was obscured by diethyl ether resonances. Elemental 

analysis showed the compound to contain an extremely large 

percentage of nitrogen but was not readily rationalised with 

a simple molecular structure.

EXPERIMENTAL

The attempted ^reparation of 2,3-dinhenyl cyclonentazene

Phenyl hydrazine (0,340 g, 0.003 g.mol), phenyl azide

(0.393 Si O.CO3 g.mol) and diethyl ether solvent were sealed in an
ampoule under vacuum and heated to 130° for 24 hours, A dark red

liquid was produced and the gas liberated was collected using a

Topler pump and shown by mass spectrometry to be nitrogen

(0,0028 g.mol). The ether solution was concentrated and on addition

of light petroleum (60 - 80°) a red precipitate was isolated which
could be recrystallised from ether-light petroleum. Elemental

analysis was incomplete and found C, 69.3» H, 6.38; N, 19.3; which
gave an empirical ratio of C;H:N of 3.78:6.38:1.37.

H

Attempted reaction: Phîhî.NĤ  + PhN^ — > Ph-N N — Ph +

N = =  N
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The reaction of lithium aluminium hydride with methylamine 

hydrochloride and methyl azide

Equimolar quantities of LiAlH^ and methylamine hydrochloride 

dissolved in diethylether solvent under vacuum were allowed to react 

at -78°C. On warming slightly one molar equivalent of gas was 

evolved, which was collected using a Topler pump and shown to be 

hydrogen by mass spectrometry. Methyl azide (1 molar equivalent) 

was condensed into the reaction ampoule under vacuum and the 

reactants allowed to warm up slowly. The reaction products were 

then filtered at -78° and washed with recondensed ether using a 
low temperature vacuum filtration apparatus. Removal of the ether 

from the filtrate by vacuum distillation led to the isolation of a 

white solid. [Found C, 21,20; H, 7.04; N, 24.52; Al, 47.24 (by 

difference). CH^NAIH requires C, 21.06; K, 7.07; N, 24.56;

Al, 47.31].

Attempted reaction: LiAlH^ + MeliĤ .HCl + MeN^ •> Me^N^AlH + LiCl +

Observed reaction: LiAlH^ + MeNH^.HCl + MeN^
Me H » I N —  A1+-

X

Preparation of diethylaluminium azide

For this reaction and for the reaction of diethyl 

aluminium azide with ethyl azide (to follow), a glove box was 

very carefully purged with dry nitrogen, the last traces of 

oxygen being removed using B.T.S. Katalysator supplied by
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Badische Anilin and Soda-Fabrik A.G, (Germany), and also by leaving

a small amount of free Et^AlCl in tlie box.

The preparation of Et^AlN^ was achieved by the method
112reported by Prince and beiss , Finely powdered sodium azide,

(4.5 St 0,069 g.mol) which had been vacuum dried for several days 
at 115°; slurried in 50 ml of dry benzene, was treated at room 
temperature with vigorous stirring, with diethylaluminium 

chloride (8.30 g, O.O69 g.mol) as supplied by Cyclo Chemicals Ltd. 
There was a gradual change in the appearance of thè solid which 

after 24 hours failed to settle without agitation. Filtration 

gave a clear solution, which tests showed to contain no chloride. 

Removal of the benzene from the solution by vacuum distillation 

and refiltration left diethylaluminium azide as a mobile colourless 

liquid,

Reaction: Ft.AlCl + NalL -- > Et.AlN^ + NaCl2 3 2 3

The reaction of diethylaluminium azide with ethyl azide

Three ampoules were prepared which were connected via taps 

to suitable B.IO vacuum line connections, and these were thoroughly 

purged with dry nitrogen and weighed. The freshly prepared 

diethyl aluminium azide was filtered under vacuum directly into 

the ampoules, the taps of which were then closed and the ampoules 

reweighed. In three separate experiments, vacuum condensation of an
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equimolar qu:-mtity of ethyl azide into the ampoules was followed 

by vacuum distillation of diethyl ether from LiAlH^ into tv;o of 

the ampoules (A and B), and light petroleum (40 - 60°) into the 

other ampoule (C), The ampoules were then sealed under vacuum 

and allowed to warm up slowly to room temperature. Initially, 

clear solutions were obtained and in the case (C) two separate 

clear liquid layers were observed probably corresponding to 

Zt^AlN^ and the solution of ethyl azide in light petroleum. On 

further standing in all three cases, a turbidity was observed, 

followed by precipitation without effervescence of a white solid 

which was possibly an adduct.

Tube A on heating to 130° for 6 hours was shown to contain 
only a trace of liberated nitrogen, and the white solid produced 

was filtered in the glove box. The filtrate was fractionated 

under vacuum and shown to contain unreacted Et^AlN^, ether and 

a trace of ethyl azide. The white solid was not identified.

Tube B on heating to 130° for 20 hours produced a red tar-like 

compound together with a red coloured solution, and about 0,6 
molar equivalents of liberated N^, On cooling to -196°C 

followed by warming to room temperature the red tar-like compound 

was converted to a dark red-brov/n solid, which was filtered in a 

dry nitrogen containing glove box. It was not found to be readily 

recrystallised from common organic solvents. (Found C, 31*82;

H, 5.97; Al, 20,24; N, 41.72, C.H^^Al^Ng requires C, 31*58;
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H, 6.06; Al, 20.27; N, 42.09). The filtrate was fractionated under 

vacuum and shown to contain a small amount of an involatile viscous 

red oil as well as some unreacted EtN^ and solvent ether. The viscous 

red oil showed an intense azide stretching frequency, but was not 

fully characterised.

Tube C was unchanged after heating to 130° for 4 hours, but 

after 20 hours the reaction appeared identical with that obtained 
from Tube B. The heating was continued for another 8 days to ensure 
completion of the reaction, and the ampoule was then found to contain 

almost 1 molar equivalent of liberated using a Topler pump.

Again the red tar produced in the reaction solidified on cooling to 

-196°C and warming to room temperature, and was isolated by 

filtration in a dry nitrogen containing glove box, but could not 

be recrystallised unchanged. [Found C, 34.56; H, 6.89; Al, 19.15;

N, 39.00, C^H^qAIN^ requires C, 34.04; H, 7.12; Al, 19.12;

N, 39.70],
Attempted reaction; Et.AlN + EtN_ ---> Et.N.AlEt +2 3 3  2 4  2
Reaction of He^N^BH with molybdenum carbonyl

Mo(CO)g (5.61 g., 0,021 g.mol) was sealed in an ampoule 
under vacuum with dry tetrahydrofuran solvent (20 ml) and 
'̂̂ 2̂ 4̂  ̂(1.53 g* 0.015 g.mol). No apparent reaction was observed 

at room temperature, but on heating at 90°C for 24 hours all of the 

Mo(C0)g dissolved and a brownish solution was obtained, which was
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allowed to stand at room temperature for 2 days* The ampoule 

was opened under vacuum and shown to contain only a trace of 

uncondensed gas (0,0016 g.mol), shown to be carbon monoxide by 
infrared spectroscopy, and vacuum fractionation of the products 

through a trap at -30°C led to the isolation of a colourless 
product. An infrared spectrum of this product showed the 

presence of a strong C = 0 stretching frequency at 1970 cm ^ 

probably due to the presence of some sublimed Mo(CO)^, but was 

otherwise identical with that for I'lê N̂ BH. Further vacuum 

fractionation did not lead to the recovery of pure Me^N^BH,

Vacuum sublimation of the solid product led only to the isolation 

of unchanged Mo(CO)^.

P r e n a r a t i o n  o f  (HeCN)^ Mo(CO)^, (M eCN)^Cr(CO )^ and (KeCN)^W (CO ),  
  ------------------------------------- 3------ 3"^'-----3—  ---3---------- 3— ^ — 3

These tris-nitrile derivatives were prepared by the method 

of Tate et al.,^^^ by the direct reaction of metal carbonyl in 

excess refluxing acetonitrile, v;hen almost quantitative evolution 

of 3 moles of gas was obtained. The reaction time required was 

dependent on the metal derivative used. Thus Ho(CO)^, Cr(CO)^ 

and h(CO)^ required 4, 24 and 48 hours refluxing time respectively. 
The excess acetonitrile was removed in each case by vacuum 

distillation and the products used without further purification. 

Reaction: M(CO)^ + 3MeCN -- > (MeCN)^M(CO)^ + 3^0
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The attempted ürenaration of Ho(CO)^ ,Me,̂ N ,BH 
*-----------   *------------------------------------------- 3 -------2-4—

Iio(CO)^(MeCN)^ was stirred at room temperature with an

equimolar quantity of Me_N,BH in dry dioxan solvent. No apparent4
reaction took place on standing overnight and the reactants were 

therefore refluxed for 1 hour under an atmosphere of dry nitrogen 

when the solid darkened in colour. The solution was filtered 

free of dark solid and the solvent distilled from the filtrate 

under vacuum, when a red product v/as isolated. An infrared 

spectrum taken immediately on the product indicated the presence 

of both Me^N^BH and a strong complex carbonyl vibration, but on 

standing for 14 days a change in the spectrum indicated that the 

product had decomposed. Extraction of a small quantity of almost 

unchanged product was achieved by recrystallisation under an 

atmosphere of dry nitrogen with ether or light petroleum 

(40 - 60°) but the attempted recrystallisation from benzene led 
to its decomposition. An attempt to purify the product by vacuum 

sublimation also led to decomposition of the product and a vapour, 

was condensed on the probe which was shov/n by infrared spectroscopy 

to be Me^N^BH.

Attempted reaction: Mo(CO)^(HeCN)^ + Me^N^BH Mo(C0)^.Me2^^^H

The attempted nrenaration of Cr(CO)^(Me^N,BH)------------- -— '---------------- 3̂-î 2-4— -

Me^N BH (1.29 g, 0.013 g.mol) and l,4_dioxan dried over 
LiAlH^ were cold condensed onto Cr(CO)^(MeCN)^ (0.011 g.mol) and
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allowed to stir magnetically at room temperature for l6 hours.

[Care Cr(CO)^(MeCN)^ is pyrophoric]. The yellow product obtained 

was filtered in a dry nitrogen containing glove box, but showed 

some signs of decomposition, dark yellow tar-like materials being 

isolated. The solvent was removed from the yellow-brown coloured 

dioxan filtrate by vacuum distillation and again a solid product 

was isolated. The infrared spectra of the products showed the 

presence of both He^N^BH and complex carbonyl vibrations but 

attempts to purify the products by sublimation and recrystallisation 

were unsuccessful.

Attempted reaction: CrCCO)^(MeCN)^ + He^N^BH — ^ CrfCCO^Me^N^BH + 3MeCN

The attempted nrenaration of ^7C0)^.(Me^N,BMe).----------------------    3-2-4-
\v(MeCIl)̂ (CO)̂  (0.0032 g.mol) were stirred magnetically 

for 3 days at room temperature with Me^N^BMe (O.S6 g., 0.0077 g.mol) 
in dry 1,4-dioxan giving a brown liquid. Filtration in a dry 

nitrogen containing glove box yielded a small quantity of a 

brown-blue solid. The solvent was removed from the filtrate by 

vacuum distillation at room temperature leaving a brown product, an 

infrared spectrum of which showed the presence of -̂^2^4^^^° snd a 

complex carboxyl vibration. Sublimation of the product led only 

to its decomposition and mass spectra of the crude products did 

not yield evidence for the formation of the required complex.

Attempted reaction: W(HeCN)^(CO)^ + Ke^N^BMe WfCCO^.Me^N^BMe + 3MeC.N
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The reaction of dimethylamineborane with methyl azide

Equimolar quantities of dimethylamineborane, prepared 

directly from dimethylamine and diborane, and methyl azide were 

sealed in ampoules (a) in the absence of solvent [Care I see 

footnote, page 24l], and (b) in a later reaction in the presence 

of diethyl ether solvent.

Ampoules prepared as in (a) were heated to 140° for 

48 hours, and the reaction products vacuum distilled through 
a trap at -40°C. An infrared spectrum on the product collected 

from this trap showed the presence of two products containing 

boron-hydrogen bonds, but these could not be separated by vacuum 

fractionation. Preparative scale vapour phase chromatography led 

to the isolation of a very small quantity of each of the two 

principal components detected. Infrared spectroscopy and mass 

spectrometry showed the least volatile of these products to be 

pure He^N^BH, The other product however tended to decompose on 

the column and block the exit tip, and the resulting small ajuoimt 

of product isolated gave an infrared spectrum which indicated 

the absence of a high frequency B-H mode of cyclotetrazenoboranes, 

but confirmed the presence of a more complex B-H vibration near

2450 cm“ .̂
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Ampoules prepared as in (b) were heated either (i) at 

70°C for 15 hours or (ii) at 130° for I5 hours. Vacuum distillation 

of the products from these reactions led to the isolation of 

colourless products in traps at -40°C, Only a very small yield 

of this volatile product was obtained from reaction (i) and was 

shown to be pure He^N^BH by infrared and mass spectroscopy. The 

infrared spectrum of the product from reaction (ii) was shown to 

contain not only the characteristic high frequency B-H vibration 

of Me^N^BH but also another B-H mode at 2450 cm A mass spectrum 

of the product showed the presence of parent ions for Me^N^BH 

and also a group of ions at m/e 123, 122, 121, 120 whose relative 
abundances were typical of ions containing three boron atoms.

This was attributable to N-trimethyl borazine for which the mass 

spectrum is known.

In all the reactions secondary crystalline products were 

obtained, but were not fully characterised.

Attempted reaction: Me NHBH., + MeN_ — > Me^N BH. + H.2 3 3  3 4 2 2
Observed reaction: Me.NHBH^ + MeN_ --> Me.N.BH + H. + CH.2 3  3 2 4  2 4

The reaction of ammonium azide with diborane

Ammonium azide (0.786 g, O.OI3I g.mol) was transferred to 
a 100 ml ampoule with diethyl ether 8 mis, and diborane 
(0.0066 g.mol) was condensed under vacuum into the ampoule 
which was then sealed. The NH^N^ which had previously been
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insoluble in the ether dissolved with the evolution of a 

colourless gas. Tlie ampoule was heated to 140° for 24 hours 

and allowed to stand for several months when an almost clear 

solution was obtained. The gas evolved during the reaction 

was collected (0.0324 g.mol) and shown to be entirely hydrogen by 
mass spectrometry. The products of the reaction were vacuum 

distilled when the only volatile compound detected was solvent 

ether, A white polymeric glue-like compound remained in the 

ampoule. This was purified by redissolving in ether, filtering 

in a dry nitrogen-containing glove box and removing the solvent 

under vacuum. The product was sensitive to the laboratory 

atmosphere. The sample was insoluble in CDCl^ and reacted with 

acetone. [Found C, 2.05; H, 4.79; B, 16.62; N, 65.l].
Attempted reaction;  > î^N^BH + 2H^



CHAPTER VIII

EXPERIMENTAL AND INSTRUMENTAL TECHNIQUES
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Vacuum Techniques

A general purpose preparative vacuum frame was designed 

an& used throughout the work described. A separate section of the 

frame incorporated an analytical section with a T5pler pump for 

gas analysis. Standard attachments were used for vacuum filtration 

sublimation, and distillation. Thick walled ampoules (ICX) —  I50 mis) 
were designed to enable them to be opened under vacuum. Distillation 

on the vacuum frame was effected by surrounding the traps on the 

frame by slush baths or liquid nitrogen,

Glove-box techniques

A preparative Lintott glove box, fitted with a 18" 
entry port, a shelf and metal grid for support of apparatus was 

thoroughly purged with dry nitrogen and dried with trays of 

molecular sieves and phosphorus pentoxide. For experiments 

requiring the complete absence of oxygen a B.T.S. Katalysator 

supplied by Badische Anilin and Soda-Fabrik A.G., Germany was 

introduced into the box. A fan was used to ensure circulation 

of the gas in the glove box. A gas tight electrical supply into 

the box allowed for the use of mechanical and magnetic stirrers, 

and a hot plate. Small outlet pipes allowed a vacuum pump to 

be connected to apparatus in the box for filtration and distillation 

purposes, bhen not in use the glove ports were kept closed to 

minimise gas diffusion through the neoprene gloves.
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Vapour phase chromatography

Vapour phase chromatography was performed on an analytical 

scale using a Perkin Elmer Fll gas chromatograph. A column of 

length 4 metres and 1" internal diameter, made of stainless steel 
and packed with dimethyl silicone (2^%) on chroraosorb G (80 - 100 mesh) 

was used on all occasions. Preparative scale V.P.C. was done on 

a Wilkins Aerograph Autoprep 705 using a column of length 20 ft 

and internal diameter made of aluminium and packed with SE 30 

on chromosorb W (45 ~ 60).
Infrared Spectra

These were recorded on a Grubb-Parsons Spectromaster grating 

spectrometer between 4000 and 400 cm ^ and the observed frequency 
bands listed for the various five-membered ring derivatives were run 

on this instrument. In addition the spectra were run on a 

Unicam S.P.200 spectrometer between 5OOO cm ^ and 65O cm ^ and 
these were reproduced in the Figures shown throughout this thesis.

The spectra were run for thin films of pure liquids or as nujol 

mulls or KBr pressed discs for solids. Vapour spectra were obtained 

in a 10 cm cell with KBr windows,

Raman Spectrum

The Raman spectrum of pure liquid was obtained on

a Hilger and Watts E.6l2 Spectrograph fitted with flint glass 

prisms and PL12 mercury arc source with potassium nitrite filter.
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The exciting line was the Hg 4358 2. line* The spectrum was 

recorded photographically and measured using a travelling microscope. 

The frequency shifts were calculated using the following Algol 

computer program which was written for an Elliott 4120 computer 

as in Table 8-A.
The data format for the program J.B.L.l.

X,Y,Z and 5,F,G are two sets of constants dependent on the 

instruments in different regions of the spectrum.

I is the value of the frequency at which changeover to use of 

constants Z,F,G rather than X,Y,2 occurs.

H is the wavelength of the exciting line.

N is the number of travelling microscope readings taken of the

spectrum from the photographic plate.

3 is the travelling microscope reading of the reference line (in

this case the Hg 4343 to which those for the observed lines 

should be compared.

T represents the series of travelling microscope readings of the 

observed lines in the spectrum.
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TABLE 8-A

r A jn, i;
"r i C L j" "I k'l K  1-r.” ;

: / L" . o ÏJ Fj, C, F, T, T,
''i F/.i '' A, y, LA F, F, I,

•h r G I F ” L F L ” FCl : A], L C l  : A3;
A : = Fa

Ï F a L ’I :  U A f y  I ;
A : =  A + l ;

:= ' i;
" I F ” A < ' "CO 10" I F r L ' i j
’F ' i . I  v ' i "  r. '  FFI / . ; . (  '  r  1 . i n  I ' l FA FFFC i. F' -TY

F ■ -  1 '  ;
" I F "  I I I ]  > Y " ' I F r ' F '  " r  i F. < T ' ' FLL " F I  T^'
A L l i A . F A l I V F ;

FKA' i  ; " F A ; "  A := 1 " L I  F r "  1 " L ' H I L "  F " r o  "
":- FT I  •••'" LC A3 :=  IT F '-.-r.r f •••:•( ( l / H )  -

( 1 / ( A  + Y / ( l  + f - L ( F  -
" I  F" } L F. 3 > T HF L [ F-- 3 := l r,or;^:n . n-;:
( ( 1 /  n  -  ( ! / ( ^  + F / ( F  + ^ ^ F ( L  -  r C A ] ) ) ) ) ) ;
" / - ;  I : F i "  A L I  F-. 'FFC /%, 3)j DC A 3 ,  r :  FF I :C ,
A L l F Y F F C b ,  ! ) ,  L C A l ;

"F \'F";
" f ' j  I ' l "  ZFi . O L;

AL ' l  ••'A' l l  VH : " r ' J r "  '' : =  1 " F I  F F "  1 " I F I I L "  " D O "
" F F F I F "  L l A ]  I ■' f ■ ‘0- ̂  t/O ) -

( 1 / ( A  + / / ( ^  -  -  D C A ] ) ) ) ) ) ;
" I F "  LL A3 > I ''3:4 F F "  LC A3 := 1 F n r . n n r . r n .  0*
( ( 1 / 1 )  -  ( 1 / ( F  +  F / ( F  - A  : L ( F  - r C A l ) ) ) ) ) :
"r> i o l "  f f f l c  re A3,  FFFFIaC
f L I  F \ ' F I : (  F,  1 ) ,  LC A3;

"Fvr"j

A F I F] D:
"}A-J F'";

" F F I ; " j  ,
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Nuclear Magnetic Resonance Spectra

These were obtained on a Perkin Elmer P.10 Spectrometer, 

at 60 MHz for ’H and 19*3 MHz for "B spectra. Proton chemical 

shifts were obtained with reference to internal tetramethyIsilane 

as standard, and solutions in usually non-protonic solvents or 

pure liquids were used, "B chemical shifts were obtained with 

reference to external BF^.Et^O,

Ultraviolet Spectra

These were obtained on a Unicam SP.80O Spectrophotometer.
The A  values for the volatile compounds were obtained from 

vapour spectra, and those for the non-volatile compounds were 

obtained as solutions in cyclohexane. The extinction coefficients 

of the latter compounds were measured directly, but those of the 

vapours were estimated from the sides of the bands observable in 

cyclohexane solution.

Mass Spectra

The mass spectra were obtained on A.E I. M.S.2, M.S.9 

and M.S.12 mass spectrometers. Solid compounds were introduced by 

direct insertion probes, and volatile liquids by cold inlet and 

hot box systems.

Two computer programs have been written to assist in the 

handling of mass spectrometry data.

Program J.B.L, 4., shown in Table 8-B using crude intensity 
data, prints out in columns the mass peak (ra/e), the crude intensity 

figure fed in, the relative intensity of the peak
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TABLE 8-B

J K L  /<;
••l -' l -f I i\” ' " ' l ' y ]  F F!  h ' '  l ,  J> ;\A "4, g ,  T,  A ,  y ,  Z ;

" F F  A L "  L ,  L ,  F> X ,  L ,  L , V,  ;
"  I \ ' ‘l F L F h "  "Or h A r "  A [ r  : ‘' 0 1  ;

i ;= 0;I\Ll^iNr(A, l ) ; i := ( ■ ; 0 l  i L 1 r î v f -( a ,  f ) ;
" K l ' / ' I  "  L' ,  A ,  A ,  I  ;

" r i \ I  N I  "  r h F F l A C
'  'F. '  .:-1 /  F , l  'i F V L I T  y > F F L I N I  > 1 0 0 1  /  5-1 rv, A I '

" f ' F  L I N "  " h [ / ' L "  " A h r A r "  r L  1 : ,<3 , CCI  : X 3 ,  F C l  : X 3 î
N : = ; 3 : =  0 ; F  : = X -  l î V : =  f ' ;  F l : =  0 ;

F ' I F k  A:  F : =  F + l >  N ; =  N + ] i r C \ 3  := F ;
" I F "  N < A " I h F N "  " C l  3 0 "  L I F K  A;

L 3 F K  K :  " r . F  A L "  L ;
3 : = i f  l ; C C 3  3 : =  L ;  F C 3 3 ; =  L M O f V ‘^ ; L L N  : =  n  v, +

" I F "  3 < A " 3 H F N "  " 0 0  3 0 "  5-3 FF OJ
1 ; = 0 ;

L I F K  K L :  3 : = I l ;
" I F "  r C 3 3  > V " 3 M F N "  V : =  r C 3 3 ;
" I F "  r. [  3 ] > 0 . 1  "IriFN" " r F I N l "  A L I C O P f c ^ ,  P ) , r [ 3  3,
K F F F I a C '  , ALlf-\iH(7, 1 ) , CL 3 3, -'L I CN F I, ( k , p ) ,
h L 3 3,  AL [ CN F r C L > L )  , C C 3 3 M  0 0 / 5  l/O ;

" I F "  1 < A " 3 H F N "  " 0 0  3 0 "  51 FK PPî
V : = C F M 3 I F h ( ( X + 9 ) /  1 0' ) ) t ]  O ; 

b : =  ( F N I l  F r ( rC 13 /  1 0 )  ) *  1 0>;
[ ' : = ( F v! 3 I F f  C ( r  C A 3 + 9 ) /  1 0 ) ) M  0 ;
" I F "  ( [:' -  5 ) 4 y / L  > 1 60  0 " 3  H F N "  "00  3 0 "  S3 FF  P
" F L S F "  " 0 0  3 0 "  5 3 F KO;

S 3 F K 0.: S F 3 Or. I 0 I N (  S ( ' 0 ,  0 ) ;  Ay ( o ,  3 ) ;
" F O F "  J  ; = (' " S 3 F K "  1 " L N 3  1 L "  S "  pO "  " P P O I N "
\/n A ■' L I N F ( 0 ,  LOOt.  J  ) ; PF AI- L I N F ( -  1 P> 0 0 ( 0 ^ 0  ) î
OÜVFKFNC -  I S O ,  LCH' ' - ^J) î

" K h I  N I "  k L N O H C S ) ,  F I  0 1 3  S C O ) ,  o l t o n f p c s ,  l ) , P  + 0 / S ;  
NOOF KFNC (L PO'Ot J ) ;

" F N P " ;
N O v F r F N C  -  1 1 0 ,  AOOO; '> A Y C 1, A ) ;
" k k I N  I "  r l N O . H C S ) ,  ' r F L A l I N F  A P P N p A N O F '  ;
N O v F r F N ( ( t '  -  5 ) t f  -  S'O'O, 1 0 9 0 ) ;
' / . O f c o ,  A ) ;  r l N O H C S ) ;
1 : =  CO O L l S l h i N O C A ,  I ) ;
KLi\iC.H C l ) ;  N 0 V F KF N C 0 ,  o ) :
" F ' O K "  N : =  0 " S 3  F o "  l ' " L N 3 I L "

F N 1 I F /•. ( Y *  C P -  S ) / F  C' 0 + 0' . 9 9 )  "  [ / )  ' '
" P F O I  N "  PKAPL  I NF ( POOt Y i ,  0 ) ;

D1N3 INPFP
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19-. A l - I NF ( 2 1  ' 0 1'4,  - I P ) ;  N 0 V F r  F N C p m t  _ 9  r ,  -  p 0  ) ; 
F A Y ( 0 ,  3 ) ;
" K h i N i "  k l k ' h c s ) ,  f ' l r n s ( p ) ,  A p i s ,  i ) ,

5-' + (M f : p O( ' /  Y ) ; N O V F r  F \ K  PO Ok N,  0 ) ;
" F  Nf

< ) v F r F N ( ( p  -  5 ) »  Y -  -  I P D ;  A ) ;
" r f  I N I "  KL vc.ri  C h)  , ' ' / A S S :  oHAp r p  p A ] i  n ( N / f ) ' ;
" F O K "  z : =  1 " S ' i F r "  ) " L N I I I . "  X " p o "
" F ' F r i N "  NO V F r F  N( ( kC 1 1 -  S -  LO *  Y + ( z ^ Y ^ L O ,  0 ) ;

I ' f -AF.L I NF ( C k C n  -  S -  I ) * Y + ( Z t Y t l ) , F [ Z 3 k i r n n / V ) ;
’ ’ FNL- " ;
N O v F r F N C C P  -  S ) + Y ,  0 ) ;
b' lO k ;

S I F K F :  FF' i  Of  I f  I N C P zCUL 1 ) ;  FA Y CO, 3 ) ;
" F O f > "  J ; =  (■' " S 3  F K "  1 " L N 3 I L "  10 " T O "

" P F  C-1 \ i "  I ; KAFL I NF C O, POO^ J  ) ; Rh AFL  I N F ( -  1 P,  POO-«c,J ) ;
N O V F r F N C  -  1 3 0 ,  p O p F j ) ;
" r r l N l "  PUNCH ( S) , F I  C l  3 SC P)  , A L I  ONFF'C 3,  1 ) , V  + J / 1  0 ;
NO vF r FNC 0 ,  PO'Ot .J ) ;

" F N L " ;
I'. A I ( 1 , z ) ;
N O V F r F N C  -  1 1 0 ,  1 0 0 0 ) ;
" / - F . I N 3 "  r l N C H C S ) ,  ' F F L A 3 I V F  A P L N p A N C F ' ;

. i J V F f-F N( C i -  : . ) * r  -  1 SCO,  P l z O ) ;
FAY CO, Z)  ; P L N C H C 3 ) ;
I 0 ; OP 1 5 3 F  INC-C A,  I ) ;
NOV F r FNC CL 0 ) ;
"F'O/- "  M : = 0 " S 3  F p "  1 " L  N 3 I L "
F N i l F h C C ! , '  -  S)  + Y/ PC' O + 0 . 9 9 )  " I ' O "
" O  F (■ I N "  !.. p A I-, L I N F C P  0 *  N , 0 )  ; F' F A L I N F C ? 0 O -  1 p ) ;

M 0 V F PFNCPC 'I O' *  N -  9 0 ,  -  3 0 ) ;
FAYCO,  3 ) ;
" P h l N l "  P L N C H C 3 ) ,  P I C I 3 S C P ) ,  A L I  CNF p (  3 ,  1 ) ,
S + CN + P O O / Y ) ;  N 0 V F P F N C P 0 F N , p ) ;

' ' F  N I i "  ;
N O V F P F N C C D  -  S ) * Y  -  3 3 0 ,  -  1 0 0 ) ;  '■ a Y ( 0 ,  z ) ;
" P F . I N I "  P L N C H C 3 ) ,  ' N A S S :  ( 'HAS OF F A3 10  ( v / F ) ' ;
" F O K "  z : =  1 " S 3 F P "  1 " L N 3 I L "  A " F O "
" P F O I  N "  NOVF PFNC C PC 1 ] -  S -  L ) *  Y + ( z + Y + D ,  0 ) ;

p p A F L I N F C ( PC 1]  - S - L ) K Y + C Z f Y t L ) , K C Z ] t P O O O / V ) ;  
" F N P " ;
Y O V F p FNCCP  -  S ) t Y ,  0 ) ;

" F N P " ;
" F N P " ;
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expressed as a percentage, and the percentage of the total ion 

current carried by the ion. It is not necessary to feed in the m/e 

values of peaks as well as the intensities as this is done 

automatically knowing the first m/e value (K), and the total 

number of peaks.

In addition using an on-line Elliott 4296 digital graph-plotter 

the program produces line diagrams showing the relative abundance 

of the various ions. This is for convenience done in two possible 

ways, corresponding to STEP C: and STEP D: respectively. The 

diagram,if it is possible,will be plotted on a (5'* x 8") axis 
suitable for academic reports, but otherwise will automatically be 

plotted on an axis of (10" x ?) as required, where (? > 8").
The relative abundance axis is not restricted to plotting values 

up to 100$c but will automatically divide the percentage axis 
into five equal parts, having first determined the largest value 

and rounded it upv/ards to a value of 10, and label the divisions 
accordingly. This has the advantage that a small section of 

spectrum could be plotted out in which the base peak was not 

necessarily present. Similarly the lowest and highest values 

of the ra/e units are rounded downwards and upwards respectively 

to a multiple of 10, and these represent the m/e values at which 
the plotter will start and stop plotting respectively. The 

program also allows for non-unit m/e steps to be plotted out by
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the value U in the data tape, which can be 0.5 for m/e step =

0*333 etc. for m/e step = 1, etc. Labelling of the axes and title
3

of‘the spectrum on the diagram are also automatically allowed for.

Data Format for J.B.L. ^

This is listed in order of appearance on the data tape.

*Title' This must be typed inside quotation marks and can

have up to 50 letters. This title will then appear on the diagram

and also on the data print out.

U = Mass unit increment to be plotted. N.B. Fractional values of

U must be expressed as a decimal (e.g. 0.5 not .

X = Total number of mass peaks to be plotted inclusive if required 

of half mass peaks etc.

B = Intensity cf the base peak of the spectrum.

K = Value of the first m/e peak to be plotted. Note that if

this is an exact multiple of 10 it is preferable to put this as

1 unit less, together with the appropriate zero for its intensity
In.iL (to follow) and increase in the value of X, otherwise it will

be drawn coincident with the relative abundance axis,

Y = The number of graph plotter steps per integral mass unit on

the m/e axis. This factor arises to ensure sensible division

of the ra/e axis. The graph plotter is designed to move 200 plotter

steps in an inch. Therefore for example if U = 1 and Y = 20 then

1 mass unit will be plotted every 1 ". Similarly for U = -J, Y = 20
10

then two half mass units will be plotted every 1 *’> U = 1, Y = 20
10 3
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then three 1 mass units will be plotted every 1 and for U = 1,
3 10 

Y = 10 the 2 mass units will be plotted every 1 In general
10

therefore to produce an easily determinable and readable ra/e axis,

(200/Y) must be a simple integer. To produce a line diagram on

the (8" X 5") axis the difference between the upper and lower m/e
values, rounded upwards and downwards respectively to a multiple

of 10, when multiplied by the factor Y/U must be less than or equal

to l600 (plotter steps). In practice the only limitation to

reducing the value of Y is the line width of the pen on the graph

plotter, and it is found that four lines in 1 " (i.e. Y = 5# U = 1)
10

is the maximum for the lines to be clearly discernible.

L = The series of intensity readings corresponding to an ascending 

order of m/e values. It should be noted that if half masses etc. 

are included the appropriate zero values for non-existing half 

masses must be included.
95Program J.H.K. 1 calculates which fragmentations of 

observed ions can account for the positions of observed metastable 

ion peaks and prints out in columns the observed metastable ion 

positions (M OBS), the m/e value of the initial ion (Ml), the m/e 

value of the ion to which Ml fragments (M2), the ra/e difference

between and M^ (M^ - M^), and the calculated value of the

k

M ̂position for the metastable ion peak = 2 (M CALC).
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TABLE 8-C

J.-ir.' 1 ;
"i'FlHi'." "iNiFGFn" À, r, 1 ;

" r  F A-L" z ;
" 1  i\  1 F ','F "  f - . i ' . i - h  \  "  / - L L  : L u J ;

1 := i ;
1 N ;  1 1 i \  C ( / - ,  i  ) ;

I : = L ;
j t ' i  L. ( A ,  I ) ;
" I ' F /- L-’" > is z ;

" ( s F / ' L "  N 3 ,  N Z j

' ' I i\ I F 1.1 F t' "  !•) 1 ,  I'/ L , I'l b , \  ,  i , . j s
"nF / . L "  • 7TM- / - . r "  f i l  : a ] ,  L i  1 : i J ;
■A : = i.'j
1 : = i„- ;

X ;

IF F /-: "r-F/ u I
i\ : = iv + 1 Î
(■ L iv ] : = I'i 1 ;
" i  r  "  N  <  A  " I r A F A "  " o )  i j "  L  I F  r  h.'>

: IF L L ; "aF /-!'" <■' 3 i
1 : =  i +  1 j

L i  iJ ; = I-,3 ;

" I F  "  i < r " 1  1F a "  " 3  J i J "  K I F r  b ;
"f rsl A 1 " r -Fr 1\(
'i'’. j L l ,  Is X X ,  i'j 1 - ' - I X , X  c / ' L C ,  ' ;

" F J a "  j  : =  1 " z l F r "  1 " i . v l l L "  T " l . ' j "
" r  F i l l  A ' '  A  3  : =  c L J l ;

X ; = 1 ;

b i H r-. i : i\ : = L. ;

,v F A 1 : ‘V : = F/ + 1 ;
I') 1
:X X
r ,  A

: = /- L i\ ] J
; = f • L X J ;
:= I')2* X x/i"! 1 ;

■•'/b : = I'l 1 - i-'ix;
" I F "  Lib > L " U F A "
" r P d i A "  " I F "  ( . ' , / i - A 3 )  *  ( y, Z - . - . 3 )  < /  " I - 1 F A

/- L I  b iV F U ( 3 , X ) , A 3 ,  f n F F 1 A (
" F i\ Ü " ;
" I F "  A < A " I i I F a " " G j  I j "
X : = X + ] ;
" I F "  X < A " I H F X "  " G J  i J "

" F  A'!.)";
"F  M i) " ;

A M L / ' ;

' "|-f%I A'l "
) , /I 1, XLX, 'Xb, i.'-'i A ;

M F A I ; 

b 1 G A ] ;
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Data Format for J.H.K. 1 program

'Title': This must be typed inside quotation marks and can have

up to 20 letters,
X = The total number of ions observed.

Y = The total number of metastables observed.

Z = The square of the error in m/e value to be allowed between 

observed and calculated metastable transitions.

Ml = The series of m/e values of the observed ions.

M3 = The series of ra/e values of the observed metastable ions.
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Derivatives of Cyclotetrazenoborane. Part III.' Solvent Effects on the 
B-H Stretching Frequency of Substituted Cyciotetrazenoboranes
By J. B. Leach and J. H. Morris, Department of Chemistry, Kingston College o f Technology, K ingston-upon- 

Thames, Surrey

The frequencies o f the B -H  stretching vibrations of MegN^BH and Ph^N^BH have been studied in a range of so l
vents. They increase w ith  increasing polarity o f the solvent. No correlation is observed w ith  the dielectric re
lationship ( e - 1 ) / ( 2 e  + l )  and non-linear relative sh ift (B.H.W .) plots are obtained against N -H , C=0, and 
transition-m etal hydride M -H  vibrations. The results suggest that solvent interactions occur w ith  parts of the 
molecules remote from the B -H  bond, and are unlikely to be due mainly to  dielectric effects.

Only recently have solvent effects on infrared group 
frequencies been systematically studied,̂  and their 
nature in many compounds is uncertain. Theoretical 
treatments of solvent interactions are far from adequate 
in accounting for observed solvent shifts.
We started to investigate the effect of solvent on the 

B-H stretching frequencies of substituted cyciotetrazeno
boranes to obtain evidence for the polarity of the B-H 
bond, since this was not apparent either from a molecular 
orbital study of the ring system,® or from a preliminary 
investigation of the chemistry of these compounds.̂  
Although we could not thus determine this polarity, 
the solvent effects were of interest, being different 
from previously reported X~H stretching frequency 
shifts.®

E X P E R IM E N TA L

M e^N ^B H  and P h ^N ^B H  w ere p repared  fro m  th e  p r im a ry  
a m in e -b o ra n e  and th e  o rg a n ic  azide,^’ * and  p u rif ie d  b y  
va cu u m  d is t i l la t io n  o r  re c ry s ta llis a tio n  fro m  l ig h t  p e tro le u m  
(b. p . 80— 100°) in  an in e r t  a tm osphere. T he  so lven ts  
were d rie d  b y  s ta n d a rd  procedures, d is t ille d , and  s to red  
ove r 4 A  m o le cu la r sieve. S o lu tions  w ere p repared  in  a 
d ry , n itro g e n -fi lle d  g love  b ox , and  spectra  w ere o b ta ine d  
on  a G rub b -P a rso n s  S pectrom aste r g ra tin g  spec trom e te r 
and  0 5 m m . p a th - le n g th  cells w ith  N a C l w indow s. T he 
spec trom e te r was c a lib ra te d  in  th e  range 2700— 2400 cm .“  ̂
w ith  gaseous HBr,®  and  th e  p rec is ion  o f th e  m easurem ents 
is w ith in  ± 0 -8  cm.~^ o f th e  abso lu te  frequency , b u t  th e  
re la t iv e  s h ifts  are  p ro b a b ly  accura te  to  ± 0 -5  cm ."^ fo r  
n o n -p o la r so lven ts, and  ± 0 -8  cm ."^ fo r  p o la r  so lven ts. T he  
figures in  th e  T ab le  are q u o te d  to  0 1 cm ."^ to  a v o id  ro u n d 
in g -o ff e rrors. T he  s h ifts  in  frequencies are q uo ted  re la tiv e  
to  th e  v a p o u r sp e c tru m  o f M e^N ^B H , and  an es tim a te d  
v a p o u r spec trum  fo r  P h^N ^B H .

RESULTS AND DISCUSSION

The observed frequencies, v, and relative frequency 
shifts, A v /v , are in the Table. The "B-H and '°B-H 
stretching vibrations were not completely resolved owing 
to the broadness of the peaks in solution, and the fre
quencies quoted are those for the weighted mean.

 ̂ P a rt I I ,  J. H . M orris and P. G. Perkins, J . Chem. Soc. (A), 
1966, 580.

* H . E. H a llam , in  “  In fra red  Spectroscopy and Molecular 
S tructure ,”  ed. Mansel Davies, Elsevier, 1963, p. 419.

* J. H . M orris and P. G. Perkins, J . Chem. Soc. [A ), 1966, 576.
* N. N. Greenwood and J. H . Morris, J . Chem. Soc., 1965, 

6205.

T h e  th e o re t ic a l e x p la n a tio n s  o f  s o lv e n t s h if ts  h a ve  been 
s u m m a ris e d  b y  H a lla m ,®  w h o  p o in te d  o u t  th a t  th e  
K ir k w o o d -B a u e r -M a g a t  (K .B .M .)  re la t io n s h ip

Av/v =  C(e — l) / (2 e  -f- 1)

o r  i t s  e x te n s io n s  b y  B u c k in g h a m  o r  P u l l in  (see re f. 2) 
a re  in a d e q u a te . E a c h  t r e a tm e n t  p re d ic ts  a  decrease 
in  fre q u e n c y  w i t h  in c re a s in g  p o la r i t y  o f  s o lv e n t,  s ince

S o lve n t s h ifts  fo r  P h ^N ^B H  and M ogN ^B H

P h jN .B H  M e,N *BH  '
Solvent V 10^ Av/v v 10^ Av/v

N one" ........................................ 2648-j 0 2627,, 0
n-Hexane ...............................  2648-7 0-07 2627-i 0-04
Carbon disulphide .................. 2649-7 0 45 2627-, 0-23
Tetrachloroethylene .............. 2649-, 0-49 2629-7 1-03
Carbon te tra ch lo rid e   2650-7 0-83 2629-, 1-06
Methylene di-iodide .............. 2651-j 0-98 2630-, 1-44
^ -X y le n e ...................................  2651-, 1-09 2628-, 0-46
Cyclohexanone ......................  2652-, 1-40 2632-, 2-05
»M-Xylene ...............................  2652-, 1-47 2629-, 0-87
Benzene ...................................  2652-, 1-47 2631-, 1-60
o -X y le n e .................................... 2653-, 1-73 2629-, 1-10
Mesitylene ...............................  2653-, 1-81 2629-, 0-87
Toluene .................................... 2653-, 1-85 2630-, 1-37
M ethyl io d id e ........................... 2653-, 1-92 2630-, 1-14
Acetophenone —  ...................  2654-, 2-15 2631-, 1-56
Methylene dibrom ide .........  2654-, 2-15 2632-, 2-13
B ro m o fo rm ...........................   2654-, 2-19 2633-, 2-43
Chlorobenzene ......................  2654-, 2-30 2633-, 2-43
Bromobenzene ......................  2654-, 2-41 2630-, 1-41
A n ilin e ........................................ 2655-, 2-56 2634-, 2-73
Chloroform  ...............................  2656-, 2-86 2636-, 3-57
1.1.2.2-Tetrachloroethane... 2656-, 2-90 2638-, 4-17
E th y l ace ta te ........................... 2656-, 2-97 2632-, 2 24
1.2-Dichloroethane .............. 2657-, 3-31 2634-, 3-00
Nitrobenzene .....................    2658-, 3-57 2634-, 2-77
M ethylene d ich lo ride    2658-, 3-65 2636-, 3-53
N itrom e thane  ........................ 2662-, 6-18 2640-, 5-15
1,4-Dioxan ................................. —  —  2631-, 1-71
Acetone .....................................  —  —  2634-, 2-85
Pyrid ine .....................................  —  —  2635-, 3-04

N itrobenzene-carbon tetrachloride m ix tu re
1 : 3 2653-, 2-03 —  —
1 : 1 2655-, 2-49 —  —
3 : 1 2656-, 2-97 —  —

" Vapour spectrum fo r M e ,N ,B H  and estimated vapour 
spectrum fo r P h ,N ,B H .

th e y  a re  based on  th e  m o d e l o f  a  d ia to m ic  o s c il la to r  in  a 
s p h e ric a l s o lv e n t c a v i t y  a n d  ta k e  n o  a c c o u n t o f  sp e c ific

® L . J. Bellam y, H . E. H a llam , and R. L . W illiam s, Trans. 
Faraday Soc., 1958, 54, 1120.

• I.U .P .A .C . Commission on Molecular S tructure and Spectro
scopy, ”  Tables of W ave Numbers fo r the C alibration of In fra red  
Spectrometers,”  B u tte rw orths, London, 1961, p. 574.
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interaction between solvent and solute. To ascertain 
whether the K.B.M. correlation with the dielectric 
relationship existed, Av/v for dimethylcyclotetrazeno- 
borane and diphenylcyclotetrazenoborane were plotted 
against (e —  l)/(2e +  1) for the solvents. A  simple 
linear correlation was not observed, and contrary to

4

m  3

Q_
o 2

5 0  75 lOO25
% PhNOjin PhNOjCCh 

Figure 1

predictions based solely on dielectric effects, the fre
quencies of the vibrations usually increased with increas
ing polarity of the solvent.
Further, we expected that if the polarity of the B-H 

bond were similar either to that ® in decaborane and 
pyrrole, i.e., B"-H^ or essentially non-polar, or to that 
of the carbonyl group C=0,̂  i.e., B+~H~, a linear relation
ship should exist between the relative frequency shifts 
Av/v of the B-H frequency of cyciotetrazenoboranes and 
either the N-H frequency of pyrrole or the C=0 fre
quency of acetophenone. No satisfactory plot was 
obtained. It might further have been expected that 
the nature of the interactions would more closely resemble 
those of certain transition-metal hydrides in which 
similar increases of frequency with increasing polarity 
of solvent had been observed.®”̂® However, since the 
range of solvents used ® was somewhat limited, non
representative yet mostly non-linear relative shift plots 
with the cyclotetrazenoborane derivatives were ob
tained.
In an attempt to determine whether solutes and sol

vents interacted specifically to a major extent, we 
investigated the effect of mixed solvents on the B-H 
stretching frequency of diphenylcyclotetrazenoborane. 
Nitrobenzene and carbon tetrachloride were chosen since 
large and small shifts, respectively, were observed in 
them. The peak was not split or broadened, and its 
position was closely linear with the volume ratio of the 
solvents (Figure 1). This suggests that specific solvent- 
solute interactions are unimportant, but all the other

’  L . J. Be llam y and R . L . W illiam s, Trans. Faraday Soc., 
1959, 65, 14.

* D . M. Adams, Proc. Chem. Soc., 1961, 431.
• D . M. Adams, In s titu te  of Petroleum, “  Spectroscopy,”  ed. 

M. J. Wells, 1962, p. 1.
J. C hatt, T ilden  Lecture  of Chemical Society, Proc. Chem. 

Soc.. 1962, 318.

evidence, and in particular the increase of frequency with 
increasing polarity of solvent, strongly favours their 
occurrence. Similar anomalous results for mixed solvent 
studies have been reported for carbonyl compounds.̂  ̂
Instances of increasing frequency of a vibrating 

group with increasing polarity of solvent are rare. 
With iron carbonyl halides and nitrosyl chloride, 
tentative explanations have been based on valence- 
bond descriptions of the molecules. The effects have 
been attributed to interaction of the solvent molecules 
with regions of the molecules remote from the vibrating 
group under investigation, and have been interpreted 
in terms of increased contributions of ionic canonical 
forms to the total wave function, e.g., C1-M-C=0 and

N = N (I)

HI
+ \ / 

N = N

H

w / 
N -N _

(IV)

H

I u 
_ N -N

(V)

(II)
H

N" 'N ' \ /
N = N

(VI)

HI
I / +
N = N (III)

V /
N = N
(VII)

'R

CFM+-C=0 ; Cl-N-0 and CFN^=0. This increases 
the bond order of the C~0 or N~0 bond. The analogous 
effects in transition-metal hydrides occur where the 
vibrating group is trans to a halogen,®*̂® and the explan
ation is that since a halogen atom trans to hydrogen

6r

Q.

<̂3
"o

2 3 54 6
lO^Avjv for

F igure 2

carries more charge than the hydrogen, it will be pre
ferentially solvated in polar media. The tendency will 
be to increase the ionic contribution to the total wave 
function, thus increasing the strength of the M-H bond 
(X-M-H and X-M+-H).
Although cyciotetrazenoboranes have been treated

K . B. W hetsel and R. E. Kagarise, Spectrochim. Acta, 1962, 18, 316, 329, 341.
C. C. Barraclough, J. Lewis, and R. S. N yho lm , J . Chem. 

Soc., 1961, 2582.
”  L . J. Bellam y, "  The In fra -red  Spectra o f Complex Mole

cules,”  2nd edn., Methuen and Co., L td ., London, 1958, p. 382. 
R. L . W illiam s, personal comm unication.
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by an M.O. method,® it is useful to consider the altern
ative valence-bond approach qualitatively. Canonical 
forms are (I)— (VII), so we suggest that the solvent in
teracts at the more electronegative nitrogen atoms, 
thus increasing the contributions of forms (IV)— (VII) 
to the wave function. The assumption that solvent 
interacts mainly with the heterocyclic ring is supported 
since a plot of A v /v  for Me^N^BH against A v /v  for Ph^N^BH

is straight (Figure 2), indicating that the interaction of 
any one solvent with the two solutes is essentially of the 
same nature.

W e  th a n k  D r. R , L .  W ill ia m s  and  D r . A . F in c h  fo r  
d iscussions, and  T he  C hem ica l S oc ie ty  fo r  a g ra n t fro m  the  
Research F und .

[6/1640 Received, December 28/A, 1966]
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Derivatives of Cyclotetrazenoborane. 
substituted Cyciotetrazenoboranes

Part IV.^ Mass spectra of

By E. F. H. Brittain, J. B. Leach, and J. H. Morris, Department o f Chemistry, Kingston College o f Technology, 
Kingston upon Thames, Surrey

The mass spectra o f a series o f 2 ,5-disubstituted cyciotetrazenoboranes have been studied. The compounds 
MeaN^BH, EtgN^BH, M efP h lN ^B H , and PhgN^BH all give strong molecular ion peaks, and major fragmentations 
due to loss of Na or Ng + H" confirm  that the substituents are in the 2 and 5 positions. Other major fragmentations 
include cleavage of ethyl or phenyl substituents, and loss of HCN from  a number o f the daughter ions.

A D E TA ILE D  study of the mass spectra of a number of 
cyclotetrazenoborane derivatives was undertaken (a) 
to analyse the fragmentation and rearrangement patterns 
of the molecules in an attempt to obtain a generalised 
pattern for the breakdown of the cyclotetrazenoborane 
ring system, and (b) to confirm the proposed structures 
of the molecules. Details of the mass spectra of the 
cyciotetrazenoboranes have not been reported previously 
except for a preliminary communication of the mass

1 P a rt I I I ,  J. B. Leach and J. H . M orris, / .  Chem. Soc. {A), 
1967, 1590.

spectrum of dimethylcyclotetrazenoborane.® This work 
has been a detailed investigation of the fragmentation of 
Mê N̂ BH, EtgN̂ BH, Me(Ph)N̂ BH, and Pĥ N̂ BH. 
The molecules are particularly suited to mass spectral 
analysis because of the natural abundance of the ̂ ®B 
and ̂ B̂ isotopes which occur in the ratio 19 6 : 80-4%.® 
These give a readily recognised triplet in the parent and 
fragment ion peaks due to contributions from ̂®B, ̂ B̂,

• J. H . M orris and P. G. Perkins, J . Chem. Soc. {A), 1966, 580.
® ' Handbook o f Chem istry and Physics,' Chemical Rubber 

Pub lish ing Co., Cleveland, 47th edn., p. B -6 .
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and isotopes, and peaks due to metastable ions
containing boron are easily distinguished due to the 

isotopic ratio.
The details of the breakdown of the compounds studied 

have been confirmed by observation of appropriate 
metastable transitions. The molecular ion peak has 
been taken to be monoisotopic with respect to ̂®B, and 
ilf + 1, M  + 2 are the peaks due to contributions from 
î B and etc., the major peak is always M  + 1.

lOOi

8 0

c 6 0

.f 40̂  
o

20-

42

28

iJ— ,— u

6^ AA(N^+ H)

20 4 0  60
mie

F igure 1 Mass spectrum of 2,5-dim ethylcyclotetrazenoborane

The mass spectrum of 2,5-dimethylcyclotetrazeno- 
borane is shown in Figure 1. Peaks due to the relative 
isotopic abundances of the parent ion [MegN̂ BHjt (I) 
were observed at mje 97, 98, and 99, in the expected 
ratios and the peak at 98 is the base peak of the spect
rum. Earlier work ̂ has suggested that the initial 
ionisation is by loss of an electron from the lone pair 
of one of the azo-nitrogen atoms. The first major 
fragmentation occurs by loss of Ng H* to give peaks 
at mje 68, 69, and 70, which we interpret as the ion 
[CHg=N-BH-NCH3]+ (II) by the fragmentation and 
rearrangement scheme :

There is a small peak at mje 83 presumably corres
ponding to loss of CHg* from (I) and the peak at mje 55 
probably occurs either by loss of (Ng -f- CHg)* from (I) 
or by loss of CHg from (II). The next major fragment
ation occurs through loss of HCN from (II) accompanied 
by hydrogen transfer giving rise to the prominent peak
at mje 42 of probable structure CHg-NH^BH (III) 
(70 — ► 43 == *26 4, 69 — ► 42 = *25 6, 68 — ►  41 = 
*24-7).
An alternative but minor fragmentation of (II) occurs 

through loss of successive hydrogen atoms to give peaks 
at mje 66, 67, 68, and 69 and the observed metastable 
transitions are 70 — 69 = *68-0; 69 — ►- 68 = *67-0; 
68 — 67 = *66-0; 67 — ►- 66 = *65-0. Ion (III) also 
readily loses both 1 and 2 hydrogen atoms with appro
priate metastable peaks.
The source of the peak at mje 55 has not been estab

lished by a metastable transition, although it probably 
arises by loss of (Ng -f CHg*) from (I) and has a possible 
structure [HN-BH-N=CHg]+. This then breaks down 
further with loss of HCN (metastables 55 — ►- 28 = 
*14-3; 54— ►27 = *13-5). The fragmentation pattern 
outlined above satisfactorily accounts for all the major 
peaks in the spectrum of dimethylcyclotetrazenoborane.
The mass spectrum of 2,5-diethylcyclotetrazenoborane 

is shown in Figure 2. Strong peaks due to the parent

100
ICO

80

o 60

III (y-cHj

20-

12080 lOO60mIe20 40

F igu re 2 Mass spectrum of 2,6 -d ie thy l cyclotetrazenoborane

H

V X  V
H -C -rN  N —Ç —H'A -(Ni+H*) — '

Y

CH2=N N-CHj

98-»69 = 4 8 - 6  
97->68 =*47-7

(I) m/e 97, P8 (II) m/e 6 8 , 69

ion [EtgN̂ BHjt (IV) are observed at mje 125, 126, and 
127 and the peak at mje 126 is also the base peak of the 
spectrum. The fragmentation of EtgN^BH is more 
complex than that of MegN^BH, and a study of the meta
stable transitions has enabled most of the peaks in the 
spectrum to be assigned.

Fragmentation of the Parent Io n [EtgN̂ BHjt.— The 
fragmentation of the parent ion is significantly different 
from that of McgN^BH, since several routes now 
occur.
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(i) Loss of CHg*
H
I
B/ \ y'— \ CHj-CHî-N N-CHj-CHj

N =  N 

(IV ) m/e 125, / 2 6

- C H j .

1 2 6 - > l  I I  =  97 9 

1 2 S - + - I I 0  = * 9 6 - 8

CHrCHz-N  N = CHj

N =  N

(V) m/e no , / / /  
(ii) Loss of Ng, and hydrogen atom transfer.

H

A  VCHj-CHj-N N^C-CHj - N ,

1 2 6 —> 9 8  - ^ 7 6 - 2  

1 2 5 —> 9 7  = * 7 5  2

(IV)
H

A  /"CHrCHz-N N̂ = C^
H CHj

(VI) mj e 97, 98

(iii) Loss of (Ng + H*) and hydrogen atom transfer. 
- H

B H/ \ Ŷl CHj-CHz-N N^C-CH]
- ( N , +  H»)

(IVJ H

/^\ + 
CHj-CHz-N N = C - C H j

H

(iv) Loss of (Ng + CgHg')
Y

CHz'CHz"N N-CHz~CHj

N =  N

(IV)

(V II) m /e 96 , 97

-(Nz + CjH,0
126 - > 6 9  = *  37 8 

125 - > 6 8  = *  36 9

r  HI
/^\

N N-CHz-CHz

(VIII) m/e 68, 6P

J. Chem. Soc. (A), 1968

It is apparent from the intensities of the peaks in the 
range m/e 96— 99 that route (ii) is the major fragment
ation process. However, it is difficult to interpret the 
relative intensities solely on the basis of route (ii) and 
route (iii) is proposed in order to account for the ob
served peak intensities without the supporting evidence 
of metastable transitions.
The further breakdown of the species formed by routes 

(i) to (iv) becomes involved, but the large number of 
metastable transitions observed greatly assist the inter
pretation of the fragmentation, and most of the peaks 
at lower masses can be assigned.

Fragmentation of Prim ary Daughter Ions.— (v) Species 
(V) loses 55 mass units (111 — ► 56 = *28-25, 110 — ► 
55 = *27-5) which is probably best interpreted as loss 
of Ng -f- HCN with H rearranged to give the species
CgHgNH=BH (IX) which is analogous to species (HI) 
formed in the fragmentation of McgN B̂H.
(vi) A minor fragmentation of species (VI) produced 

by route (ii) probably involves the loss of CgHg* to 
contribute to the peaks at 68, 69, and 70, although this 
has not been confirmed by the appearance of metastable 
ions. However, the major fragmentation occurs through 
loss of CHg*, and is confirmed by appropriate metastable 
transitions but is further complicated by the possibility 
of two routes :

(a) H

A .+
C , H , - N  N

- C H , .

H 
I

. .. LIA n  H c
/  . 9 7 - > 8 2  =  69 3 '

H CH.

(VI) m /e 97, 98 (X) m/e 82, 83

(b) V I

^  CHz=n ‘̂
" A  " A ^H CHj H CHj

(V I)
9 8 ^ 8 3  = * 7 0 - 3  

97->82 = * 6 9  3

(X I) m /e 82, 83

It is necessary to postulate both routes for the frag
mentation of (VI) since metastable ions indicate that 
ions of mass 82 and 83 yield daughter ions at both 55 
and 56, and 41 and 42.
(vii) The further fragmentation of species (VIII) 

probably occurs through loss of CgHg* since metastable 
peaks were observed corresponding to the transitions 
69 — ► 40 = *23 2 and 68 — ► 39 = *22-4.

Fragmentation of Secondary Daughter Ions.— (viii) 
Species (X) loses HCN (83 — ► 56 = *37-8,82 — 55 = 
*36-9) to give species (IX) identical to that produced from 
route (V).
(ix) The peaks at m/e 41, 42 of possible structure 

CHg=NH-BHg (XII) can occur from both species (IX)
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by loss of CHg (56 — ►  42 = *31 5, 55 — ► 41 = *30 6) 
and from species (XI) by loss of CH3CN (83 — 42 = 
*21 3, 82— ^41 = *20-5).
Further fragmentation occurs from species (IX) and 

(XII) through hydrogen loss. Several other transitions 
are observed leading to peaks in the range mie 24 — ► 29, 
e.g.. 52 — ► 25 = *12-0 and 51 — ►  24 = *11 3.
The mass spectrum of 2-methyl-5-phenylcyclo- 

tetrazenoborane is shown in Figure 3.
The introduction of a phenyl substituent on the ring 

necessarily makes a complete assignment more difficult 
since much of the fragmentation is associated with 
breakdown of the phenyl group. However, the essential 
details of the fragmentation have been obtained, and 
the major peaks have been assigned.
The parent ion [Me(Ph)N̂ BH]t (XIII), gives rise to 

peaks at mje 159, 160, and 161, and although these are 
still very intense, the base peak of the spectrum now 
occurs at mje 103. Other major peaks occur at mje 
132, 122, 93, and 77.

H

/.L
CfcH^N' 'N -C H 3

(X IV )  m/e 131, f3 2

The only observed metastable transition for the loss 
of Ng + H" is 160— ► 131 = *107-2 to produce a 
species

which may subsequently lose HCN with accompanying

103ICO-

80

S 40- 104
42

102
28 77

20- 15912230

20 80
mje

40 60 100 120 160140
F i g u r e  3 Mass spectrum of 2-m ethyl-5-phenylcyclotetra2enoborane

Fragmentation of the Parent ion [Me(Ph)N̂ BH]f.—  
As in EtgN̂ BH, both loss of Ng and Ng + H* can occur 
since the peaks at mje 131 and 132 are of comparable 
abundance. Metastable transitions for the loss of Ng 
are 160 — ► 132 = *108-8; 159 — ► 131 = *107-6,
which produce a species of possible structure 

z

H transfer to produce [CgHgNHBH]+ (131 — ►  104 = 
*82-6, 130— ►  103 = *81-6).

Fragmentation of Prim ary Daughter Ions.— The frag
mentation of daughter species is not simple although 
mass losses can be identified from the appearance of 
metastable ions. For instance, the loss of 15 mass
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units from (XIV) is probably best interpreted in terms of 
loss of CHg* to yield (XV). Alternative fragmentation

H
I

C 4 H 3 N '  ' N

132 

131 ■

(XV)
» I I 7 = * | 0 3 ' 7  

» I I 6 = * I 0 2  7

occurs with loss of 29 mass units and can be interpreted 
in terms of loss of CHgN* from (XIV) to produce 
[CgHg-N=BH]t (132 — ►  103 = *80 4, 131 — ► 102 = 
*79-4) of which m[e 103 is the base peak of the spectrum.
A further mode of fragmentation of species (XIV) 

involved the loss of 41 mass units, which could occur

J .  Chem. Soc. (A), 1968

in several ways such as loss of CHgNBH*, CHgCN, or 
CgHg* from partial fragmentation of the phenyl ring. 
There is a metastable ion corresponding to 132 — ^ 
91 = *62 8 but no metastable ion for the transition 
131 — ► 90 which should arise if ̂ °B is retained in the 
charged fragment. Loss of CHgNBH* is therefore the 
most probable route to produce the species CgHgNt of 
mie 91 (132 — ►  91 = *62 8).
The peaks in the ranges mje 74— 78 and 64— 67 to

gether with a number of metastable ions result from the 
further fragmentation of (XIV), and are probably due to 
breakdown of the phenyl ring.

Fragmentation of the Secondary Daughter Ions.—  
Species (XV) undergoes several fragmentations which are 
probably best interpreted in terms of rupture of the 
phenyl ring since losses of 26, 27, 52, and 53 mass 
units occur, e.g., 117 — ► 91 = *70-8, 117 — 90 = 
*69-2, 117 — ►  65 = *36-1, 117 — ► 64 = *35-0.
The peak at mje 93 is probably due to CgHgNHg+

loo

iili L  J

40 -

F igure 4 Mass spectrum of 2,6-diphenylcycIotetra2enoborane
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—N ,

223 195 =  * 170-5

222 194 =  ♦ 169-5

221 193 - * 168-6

produced by thermal decomposition in the heated inlet 
system. This has been confirmed in the mass spectrum 
of diphenylcyclotetrazenoborane by mass measurement. 
The spectrum below mje 77 is presumably mainly due to 
fragmentation of this species and breakdown of the 
phenyl ring from the parent compound.
The mass spectrum of 2,5-diphenylcyclotetrazeno- 

borane is shown in Figure 4. The spectrum is much 
more complex than the simpler derivatives and it is 
therefore difficult to assign much of the fragmentation 
unambiguously.
Parent ion peaks of moderate intensity are observed at 

mje 221, 222, and 223. Fragmentation of the molecular 
ion occurs almost completely through loss of Ng although 
the relative intensities of the peaks at mje 193, 194 
suggest that some loss of Ng + H* still occurs.

H

C,Hs B C.Hj 
\ /  \  /

N N
1 1
N = =  N

(XVI) m/e 22 l,222 j 223

H 
I
B

C ,H j-N  N -C jH s

(X V II) m/e 193, 194, 195

Species (XVll) would appear to have considerable 
stability since the peak at mje 194 is the base peak of
the spectrum. It has been suggested ̂ that the benzene
ring opens upon electron impact. If this were to happen 
in this system, a possible structure for (XVll) would be

H 
I

H-,C = C - C = C -C S C - N ' '  'N - C S C - C  = C -C  = CH2 I I I  I I I
H H H H H H

in which extensive delocalisation of the charge could 
occur.
Subsequent fragmentation of (XVll) occurs predomin

antly by cleavage of successive carbon atoms from the 
phenyl substituents and hydrogen loss, which produces 
groups of peaks around mje 177, 166, 154, 141, 128, and 
117. Many of these cleavages are supported by meta
stable transitions (Table).
Other fragmentation of (XVll) possibly occurs through 

loss of CgHg* to give peaks at mje 116 and 117 due to 
[CgHgNBHN]+, or loss of [CgHgN*] to give peaks at 
mje 102 and 103, due to [CgHgNBHJt although neither 
is confirmed by metastable transitions. Alternatively,

* R. I .  Reed, Quart. Rev., 1966, vo l. X X ,  4, 627.
® N. N . Greenwood and J. H . Morris, J . Chem. Soc., 1965, 

6205.

M e ta s ta b le  io n  peaks fro m  species ( X V I I )
- 2 7

194------- ► 167 =  * 143-76
- 2 7

1 93 -------► 166 =  * 142-78
- 1 7

194 H*- 177 =  ♦ 161-49
—17

19 3 ---►  176 =  * 160-50
- 4 0

19 4 --- ►  154 =  * 122-25
—54

194--- ►  140 =  * 101-0
— 66

194--- ►  128 =  * 84-5
- 7 9

194--- ►  115 =  *68-2
- 7 9

193--- ►  114 =  * 67 3
decomposition of (XVll) can occur so as to eliminate 
[CgHgNBH] and produce a daughter ion of mje 91 of 
structure [CgHgNJt (194— ► 91 = *42 7, 193— >-91 = 
*42-9).
The large peak at mje 77 is presumably due to CgHg+ 

which could be produced by many routes. Peaks at 
lower mass numbers are mainly due to breakdown of the 
phenyl ring with contributions from small fragments 
containing B and N,
In summary, derivatives of cyclotetrazenoborane yield 

strong parent ion peaks which are the base peaks for 
aliphatic substitution in the ring. Major fragmentation 
occurs through loss of Ng, which can also be accompanied 
by loss of H*.
The loss of (Ng +  H*) is virtually complete for 

MegN^BH whereas in Me(Ph)N^BH loss of Ng or (Ng + 
H*) occur approximately equally, while in PhgN^BH 
the fragmentation is mainly the loss of Ng with slight 
contribution from (Ng +  H*). We therefore conclude 
that the hydrogen is probably lost from the substituent 
group rather than from the boron atom.
It also appears that the subsequent fragmentation is 

determined largely by the nature of the substituent 
groups. In compounds containing only alkyl sub
stituents loss of HCN predominates, whereas when one 
or more of the groups is phenyl, loss of R-N can occur 
to give the ion [PhNBHJt. In the spectrum of 
Me(Ph)N̂ BH, this corresponds to the base peak of the 
spectrum, whereas in that of PhgN^BH the peak of 
mje 103 has a relative abundance of 41%.
Earlier work,®-® strongly indicates that symmetrically 

substituted cyclotetrazenoborane derivatives are mole
cules with Cap symmetry but does not conclusively de
cide between possible structures A and B. A molecule

N =  N 

A

H
I

nA n

N \

' g "
A . J. Downs and J. H . M orris, Spectrochim. Acta, 1966, 22,

957.
y .  B . Leach and J. H . M orris, to  be published.
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with the structure B would be less likely to eliminate Ng, 
and the mass spectral results strongly support structure 
A , since the primary fragmentation of all the molecules 
studied involves the loss of No.

E X P E R IM E N TA L

Mass spectra  o f th e  pu re  liq u id s  M egN ^B H , E tg N ^B H , and 
M e (P h )N ^ B H  w ere o b ta in e d  on an A E I  M S2 mass spec tro 
m e te r o p e ra tin g  a t  70 ev  us ing  a g a lliu m  in le t  sys tem  a t 120°. 
Source pressures w ere in  th e  range 0 4— 1 6  x  10"® m m . 
T he  mass sp e c tru m  o f c ry s ta ll in e  P hgN ^B H  and  im p ro v e d  
m e ta s ta b le  io n  peaks fo r  a l l  com pounds w ere o b ta in e d  on

J. Chem. Soc. (A), 1968
an A E I  M S 12 mass spectrom ete r. P h g N ^B H  was in tro d u ce d  
in to  th e  io n  beam  us ing  a d ire c t in s e rt io n  p robe . M e ta 
s tab le  io n  peaks were a llo ca te d  us ing  a p ro g ra m  on  an 
E l l io t t  4120 co m p u te r.

P re p a ra tio n s .— T he  com pounds w ere p repa red  b y  t re a t
m e n t o f a p r im a ry  am ine -bo rane  w ith  th e  a p p ro p ria te  
o rgan ic  azide.®*’

T h e  a u tho rs  g ra te fu lly  acknow ledge  th e  h e lp  o f D r . B . 
R euben o f th e  U n iv e rs ity  o f S u rre y  w ho  p ro v id e d  fa c ilit ie s  
on th e  M S 12 mass spectrom ete r. T he  a u th o rs  th a n k  M iss 
J . G rice  fo r  th e  m easurem ents on  th e  spectra .
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