
PART 1: FORMATION OF SOME HETEROCYCLIC COMPOUNDS
CONTAINING BORON, CARBON, NITROGEN, AND

AN ELEMENT OF GROUP VI. PART 2: MECHANISM
OF POLYMERIZATION OF IMIDAZOLE BORANE.

Item Type text; Dissertation-Reproduction (electronic)

Authors KNAPP, KRAIG KENT.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:13:29

Link to Item http://hdl.handle.net/10150/186757

http://hdl.handle.net/10150/186757


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand comer of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again-beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Custon.er Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Micr6films 

International 
300 N. Zeeb Road 
Ann Arbor, MI48106 





8322645 

Knapp, K raig Kent 

PART 1: FORMATION OF SOME HETEROCYCLIC COMPOUNDS 
CONTAINING BORON, CARBON, NITROGEN, AND AN ELEMENT OF GROUP 
VI. PART 2: MECHANISM OF POLYMERIZATION OF IMIDAZOLE BORANE 

The University of Arizona 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, MI48106 

PH.D. 1983 



1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark_..f_. 

1. Glossy photographs or pages __ 

2. Colored illustrations, paper or print __ 

3. Photographs with dark background ~ 

4. Illustrations are poor copy __ 

5. Pages with black marks, not original copy __ 

6. Print shows through as there is text on both sides of page __ 

7. Indistinct, broken or small print on several pages ~ 

8. Print exceeds margin requirements __ 

9. Tightly bound copy with print lost in spine __ 

10. Computer printout pages with indistinct print __ 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as te~ foHows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ 

15. ~her ______________________________________________________ __ 

University 
Microfilms 

International 





PART 1: FORMATION OF SOME HETEROCYCLIC COMPOUNDS 

CONTAINING BORON, CARBON, NITROGEN, AND AN 

ELEMENT OF GROUP VI. PART 2: MECHANISM 

OF POLYMERIZATION OF IMIDAZOLE BORANE 

by 

Kraig Knapp 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

198 3 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

Kraig Knapp the dissertation prepared by ----------------------------------------------
entitled Part 1: Formation of some heterocyclic compounds 

~~~~~~==~~~~~~~~~~~~~~~~~~~~--

containing boron, carbon, nitrogen, and an element of 

group VI. Part 2: Mechanism of polymerization of 

imidazole borane 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Phi losophy 
---------------------------------------------------------

Date 

oar§ "4 < J.?1fK .J 

G('7/~3 
Date 

G!w!rS 
Date 

DatEl' 

7c; - ./ 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director Date 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or reproduc
tion of this manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be obtained from 
the author. 

SIGNED: L~ /~::2 



ACKNOWLEDGMENTS 

Special thanks go to my advisor, Dr. John Rund, for his help, 

encouragement, and great patience over these past years. 

Thanks also to the many friends and associates in both Tucson 

and Las Vegas for their support and badgering, without which this 

dissertation would not have been done. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES viii 

ABSTRACT ix 

PART 1: INTRODUCTION 1 

EXPERIMENTAL 5 

Materials and General Procedures 5 
Preparation and Benzoxazole-borane 6 
Preparation of 2-H-3-methyl-l,3.2-benzoxazaborole 6 
Reaction Between Benzoxazole and B2D6 11 
Methanolysis of Benzothiazole-borane 11 
Reactivity of Boroles to Air 11 

RESULTS AND DISCUSSION 

B-ll NMR Spectroscopy . 
lH-NMR Spectroscopy • 
Infrared Spectra 
Mass Spectroscopy 
2-Chlorobenzothiazole 

PART 2: INTRODUCTION 

EXPERIMENTAL 

Materials and General Procedures 
Kineti c Runs . • . . • . • . . . 
Preparation of Monomer (imidazole-borane) 
Viscometry . . • .• .•. • • . • • • • 
End Group Analysis ••. • .. .••• 
Reacti vi ty of Polymer . . . . • •• . • . 
High Temperature Polymerization 

RESULTS AND DISCUSSION 

iv 

15 

22 
30 
30 
48 
55 

69 

71 

71 
71 
73 
73 
73 
74 
74 

75 



REFERENCES 

TABLE OF CONTENTS -- Continued 

Determination of kobs . • • . . 
Identification of the Catalyst 
Characterization of Polymer . 
Characterization of Adduct • • • • 
Pruposed Mechanism 
Isotopic Studies 

Page 

75 
77 
77 
80 
81 
82 

86 

v 



LIST OF ILLUSTRATIONS 

Figure 

1. B-11 NMR of Benzoxazo1e-borane 

2. B-11 NMR of Benzothiazo1e-borane 

3. B-11 NMR Intermediate Formed from Benzoxazo1e-borane 

4. B-1l NMR Intermediate Formed from Benzothiazazole-

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

borane 

B-1l NMR of 2-Methy1benzothiazo1e-borane 

B-1l NMR of 2-Methy1benzose1enazo1e-borane 

B-11 NMR of 2-H-3-methy1-1.3.2-benzoxazaboro1e 

B-11 NMR of 2-H-3-methy1-1.3.2-benzothiazaboro1e 

B-11 NMR of 3-EthY1-2-H-1.3.2-benzothiazaboro1e . 

B-11 NMR of 3-Ethy1-2-H-1.3.2-benzose1enazaboro1e 

70 eV Mass Spectrum of 2-H-3-methy1-1.3. 2-
benzoxazaboro1e • • • . • . • • . . • . . 

5 eV Mass Spectrum of 2-H-3-methy1-1.3.2-
benzothiazaboro1e .•..•••... 

70 eV Mass Spectrum of 2-H-3-methy1-1.3.2-
benzothiazaboro1e . • . . • . • . . • • . 

Low Energy ~ass Spectrum of 3-Ethy1-2-H-1.3.2-
benzose1enazaboro1e • • • • . • • • • • . 

70 eVMass Spectrum of 3-Ethy1-2-H-1.3.2-
benzoselenazaboro1e • . . • • • . • • • . 

70 eV Mass Spectrum of 3-Ethyl-2-H-1.3.2-
benzothiazaboro1e • • . • • . . . • • • • 

Low Energy Mass Spectrum of Benzoxazo1e-borane 

vi 

Page 

16 

17 

19 

20 

24 

25 

26 

27 

28 

29 

49 

50 

51 

53 

54 

56 

57 



Figure 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

LIST OF ILLUSTRATIONS -- Continued 

70 eV Mass Spectrum of Benzoxazole-borane . . . • • 

Low Energy Mass Spectrum of Benzothiazole-borane 

Mass Spectrum of Products from the Reaction Between 
2-Chlorobenzothiazole and Diborane •. . . . 

lH NMR of Products from the Reaction Between 
2-Chlorobenzothiazole and Diborane .• . . . 

B-ll NMR of Products from the Reaction Between 
2-Chlorobenzothiazole and Diborane •• • . . • 

B-ll NMR Detail of Products from the Reaction 
Between 2-Chlorobenzothiazole and Diborane 

IR Spectrum of Products from the Reaction Between 
2-Chlorobenzothiazole and Diborane 

Reaction Flask Used for Kinetic Runs 

Typical Kinetic Run 

kobs vs. BH3/Imidazole 

vii 

Page 

58 

59 

61 

62 

65 

66 

67 

72 

76 

78 



Table 

, 
~. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

LIST OF TABLES 

Typical Preparations of Borane Adducts 

Typical Preparations of Boroles . 

Elemental Analysis of Boroles • 

Methanolysis of Products 

1 H NMR of Boron Compounds • 

IR Bands of Benzoxazole-borane 

IR Bands of Benzothiazole-borane 

IR Bands of 2-Methylbenzothiazole-borane 

IR Bands of 2-Methylbenzoselenazole-borane 

IR Bands of 2-Chlorobenzothiazole-borane 

IR Bands of 2-H-3-methyl-l.3.2-benzoazaborole 

IR Bands of 2-H-3-methyl-l.3.2-benzothiazaborole 

IR Bands of 2-H-3-ethYl-l.~.2-benzothiazaborole •• 

IR Bands of 2-H-3-ethyl-l.3.2-benzoselenazaborole . 

Dependence of the Observed First-Order Rate 
Constant on the Initial Ratio of Diborane 
to Imidazole at 30.0°C • . . . . • • • . . 

viii 

Page 

7 

9 

10 

i2 

31 

34 

35 

36 

38 

39 

40 

42 

44 

45 

83 



ABSTRACT 

Part I: Compounds of the type benzo(group VI)azole (I) were 

treated with diborane using standard vacuum line techniques. The group 

VI elements were oxygen. sulfur. and selenium. Initially. an insoluble 

borane adduct formed which spontaneously reduced and replaced carbon in 

the hetero-ring by boron via an unstable intermediate either (II) or 

(III). For example. benzoxazole reacted to produce 2-H-3-methyl-l.3.2-

benzoxazaborole (IV). The 2-H-3-alkyl-l,3.2-benzo(group VI)azaboroles 

(V) were easily purified. produced in high yield, and upon methanolysis 

yielded N-alkyl-2-(group VI)anilines (VI). These boroles were charac-

terized by IR, H-l and B-ll NMR spectra, and mass spectroscopy. 

Pfr'NLR 
~Vl)r 

~N~HR 
~(VI'pH2 

II 
Y< 

(VI) N-BH2 

Y 
R H 

II J 

~NHCH2R 

~(VI)H 
VI 

n 

Part II: Kinetics of the polymerization of imidazole-borane in 

the presence of diborane was followed by monitoring hydrogen production 

ix 
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at 30°C. Pseudo first-order kinetics was observed at all ratios of 

diborane to irnidazole-borane, and the observed rate constant increased 

linearly with excess diborane. A mechanism is proposed in which the 

diborane acts as a catalyst. Half the hydrogen molecule comes from the 

diborane, while the other half comes from the nitrogen-bonded hydrogen 

on imidazole-borane. Hydrogen is formed when diborane reacts with 

imidazole-borane in a slow step. followed by fast coupling with another 

imidazole-borane and regeneration of diborane. The structure of the 

polymer is shown below (VII). and the average size of the polyme1 was 

32-38 units. 



PART 1 

INTRODUCTION 

The reaction of boron hydrides with unsaturated organic molecules 

has produced a powerful new synthetic tool [1, 2]. Herbert C. Brown has 

been instrumental in expanding the knowledge of these reactions, with his 

work centering on nonaromatic systems. Before the present work these 

reactions were one of three types: simple adduct formation CEq. 1); 

reduction of an unsaturated organic molecule (Eq. 2) [1]; and condensa

tion polymerization between aromatic heterocycles and diborane (Eq. 3) 

[3]. 

cO .+ O.5B2HS~ cO (1) 

BH3 

H2C=CH2 

I.B2HS 
) H

3
C-CH

3 2. HOAc 
(2) 

Research described here was centered on reducing aromatic het-

erocyc1es with diborane. It was accidentally discovered that some 

1 



2 

aromatic five-membered ring systems containing two heteroatoms incorpo-

rate boron into the ring system. 

Co~pounds with benzene fused to a five-membered ring containing 

boron were first prepared independently by three different groups. 

Ulmschneider made 2-methyl-l,3,2-benzoxazaborole by heating trimethyl 

boron with 2-aminophenol [4]. The term borole indicates a five-membered 

ring containing boron. Letsinger used a borate ester to prepare 2-phenyl-

1,3,2-benzodiazaborole CEq. 4) [5], and Dewar used phenyl boron dichloride 

to make a wide variety of boroles, such as 2-phenyl-l,3,2-benzothiaza~ 

borole CEq. 5) [6]. 

0CH3 ) 
reflux 

H 
I 

PJr~B-0 VN/ 
I 
H 

(4) 

(5) 

Boroles have also been formed from alkyl boronic acids [7-10], amine 

boranes [11-18], a1koxyboroxines [13], and tetrahydrofuran-borane [19] 

among other methods [20-23]. 

These borole compounds have been used as mild reducing agents for 

a1kenes and a1kynes (Eq. 6) [24]. Monalky1 boranes can be easily pre-

pared by reduction of catechol boranes with lithium aluminum hydride 

(Eq. 7) [25], and benzobortrioles can be used to make substituted 

borazines [8, 11, 26-28] (Eq. 8 ref. 11). 



0 "'-I 8-H 
~ 0" 

RCH=CHR' 

100' (6 hr.) 

01 
~ xylene) 

8-NR2 heat 
~ N" 

hO ~ 
VO)-CH-CH2R' 

up to 

98" 
(6) 

(8) 

Benzoboroles have also been bound to the chromium tricarbonyl moiety 

[29]. l,3-Disec-octyl-2-nonyl-l,3,2-benzodiazaborole has been found to 

be useful in stabilization of lubricants [30]. 

Research described here involved treating a seris of nitroge-

bearing aromatic heterocycles containing an element of group VI with 

3 

diborane. This was part of a larger study of reactions between nitrogen 

containing heterocycles and diborane. Although much work has been done 

on the reactivity of diborane with straight chain organic compounds, 

relatively little has been reported on its reaction with heterocycles. 

Previous work [31] showed that fused ring systems such as l,8-naphthy~ 

ridine CEq. 9), dichloropthalazene CEq. 10), and quinoxaline CEq. 11) 



have their hetero-ring reduced when reacted with diborane, then acid 

workup removes the boron. 

CI 

G¢'N I JI 
~ ,.1" 

CI 

~-H 
~N-H 

H 
I 

(t) 
I 
H 

(9) 

(10) 

(11) 

The benzo(group Iv)azole (I) compounds were expected first to 

produce an adduct which would hydroborate and on acid workup produce a 

reduced hetero ring. 

X R -

O>R 
0 H 

S H 
S C~ 
S CI 
Se CH3 

4 

These reductions were successfully completed, but a novel ring rearrange-

ment occurred producing boroles by a new synthetic route in high yield. 



EXPERIMENTAL 

Materials and General Procedures 

Unless otherwise stated, all chemicals were obtained from 

Aldrich Chemical Company, Inc. Reagent grade 1,2-dimethoxyethane and 

methanol were dried before use. 1,2-Dimethoxyethane was freshly dis

tilled from LiAlH4, methanol was distilled from sodium ethoxide, and 

diborane was prepared by treating sodium borohydride with hot polyphos

phoric acid. Tetrahydrofuran-borane and 2-chlorobenzothiazole were 

used without further purification and B2D6 was prepared by Dr. Philip 

Keller of the University of Arizona. Benzoxazole, benzothiazole, 

2-methylbenzothiazole, and 2-methylbenzoselenazole were vacuum distilled 

and stored under vacuum in the dark. 

Proton NMR spectra were obtained using a Varian T-60 instrument. 

Boron-II NMR spectra were obtained using a Varian HA-lOO spectrometer 

at 32.1 MHz and a Bruker WM-2S0 FTNMR spectrometer at 80.239 MHz from 

233-298 K. 

Chemical s~ifts are reported relative to boron trifluoride 

etherate with upfield absorptions given a negative (-) sign convention. 

Infrared spectra were obtained using Perkin-Elmer models 337 and 398 

spectrophotometers with KBr pellets for solids and NaCl plates for 

liquids. The mass spectra were obtained using a Hewlett-Packard S930A 

and a Varian Mat 3ll-A. 

5 
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Reactants were loaded into round-bottom flasks using a vacuum 

line. Air-sensitive products were purified and characterized under 

nitrogen or under vacuum. Boron analysis was done by the method of 

Lerner [32]. while quantitative analyses of other elements were done by 

Atlantic Microlab. Inc .• Atlanta. Georgia. 

Preparation of Benzoxazole-borane 

Benzoxazole (0.584 g. 4.91 mmoles) was w~ighed into an evacu

ated 200 mL flask. About 10 mL of 1.2-dimethoxyethane was distilled 

into the flask. and diborane (7.98 mmoles as BH3) was added. The flask 

was warmed under the tap for about 30 s. cooled to -196°C and allowed 

to warm slowly while the volatile components were separated using traps 

at -99°C. -126°C. and -196°C. leaving the while solid benzoxazole

borane in the flask. Recovered diborane (3.14 mmoles as BH3) gave a 

stoichiometry (borane/benzoxazole) of 0.987. Preparation and appear

ance of benzoxazole-borane is typical of all the borane adducts. 

Typical stoichiometries are listed in Table 1. 

Preparation of 2-H-3-methyl-I.3.2-benzoxazaborole 

1. Benzoxazole (1.524 g. 12.79 mmoles) was added to an evacuated 

flask. followed by 1.2-dimethoxyethane (about 8 mL). and finally 

diborane (14.05 mmoles as BH3). After 4 days the volatile com

ponents were fractionated through traps at O°C. -99°C. and -196°C. 

Recovered diborane (2.23) mmoles as BH3) gave a stoichiometry 

(borane/benzoxazole) of 0.924. and the yield of 2-H-3-methyl-

1.3.2-benzoxazaborole was 83.0%. 



,,' Table 1. Typical Preparations of Borane Adducts. 

Diborane Added 1,2-dimethyoxyethane 
Heterocycle Grams mmoles (as mmoles BH3) (mL) 

benzoxazole 0.585 4.91 7.98 10 

benzothiazole 0.464 3.43 4.01 10 

2-methylbenzothiazole 2.998 20.09 22.34 10 

2-methylbenzoselenazole 1. 744 9.47 12.13 10 

2-chlorobenzothiazole 0.962 5.67 8.92 10 

Recovered Diborane Stoichiometry 
Heterocycle (as mmoles BH3) (BH3/Heterocycle) 

benzoxazole 3.14 0.986 

benzothiazole 0.626 0.986 

2-methylbenzothiazole 1.62 1.03 

2-methylbenzoselenazole 2.78 0.987 

2-chlorobenzothiazole 3.16 1.02 

'-l 



2. Benzoxazole (about 5 g, 42 mmoles) was mixed with 80 mL of 1 M 

tetrahydrofuran-borane and the mixture boiled gently for a few 

seconds. After 2 days, the volatile contents were fractionated 

on the vacuum line, and clear, colorless 2-H-3-methyl-l,3,2-

benzoxazaborole slowly collected in the O°c trap. 

8 

3. 2-(Methylamino)phenol (0.119 g, 0.963 mmoles) was mixed with 

l,2-dimethoxyethane (about 5 mL) and diborane (2.01 mmoles as 

BH3). The flask was cooled to -196°C after 14 hours. Recovered 

hydrogen (1.94 mmoles) gave a stoichiometry (hydrogen/2-

(methylamino)phenol) of 2.01, while the recovered diborane (0.694 

mmoles as BH3) gave a stqichiometry (borane/2-(methylamino)~ 

phenol) of 1.37. Preparations of 2-H-3-methyl-l,3,2-benzoxaza= 

borule are typical for all boroles, and all are clear, colorless 

liquids. A set of results for borole preparations is listed in 

Table 2. Elemental analysis of the boroles are shown in Table 3. 

Occasionally in all three reactions a powdery adduct would be 

observed rather than the liquid borole. Adding more l,2-dimethoxyethane, 

diborane, and heating at 50°C for a day converted the product to the 

borole. In some cases the dry adduct would spontaneously change to the 

borole. 

Boroles have low vapor pressures at 25°C, and only the 2-H-3-

methyl-l,3,2-benzoxazaborole transfers on the vacuum line. In most 

cases the borole was vacuum distilled on a small all-glass device. 



· , Table 2. Typical Preparations of Boroles. 

Heterocycle 

benzoxazole 

benzothiazole 

2-methylbenzothiazole 

2-methylbenzoselenazole 

2-chlorobenzothiazole 

Heterocycle 

benzoxazole 

benzothiazole 

2-methylbenzothiazole 

2-methylbenzoselenazole 

2-chlorobenzothiazole 

Grams mmoles 

1.524 12.79 

1.626 12.02 

1.945 13.03 

1. 744 9.47 

4.499 26.52 

Recovered Diborane 
(as mmoles BH3) 

2.23 

2.89 

1.43 

2.78 

Diborane Added 
(as mmoles BH3) 

14.05 

14.15 

15.04 

12.13 

30.00 

1,2-dimethoxyethane 
(mL) 

8 

10 

8.11 

10 

12 

Stoichiometry 
(BH3/Heterocycle) % Yield 

0.924 83.0 

0.936 90.8 

1.04 90.0 

0.987 

\0 



,,' 

Table 3. Elemental Analysis of Boroles. 

Compound Element 

2-H-3-methy1-1,3,2-benzoxazaborclp. C 

H 

B 

2-H-3-methy1-l,3,2-benzothiazaborole C 

H 

N 

2-H-3-ethyl-l,3,2-benzothiazaborole C 

H 

N 

2-H-3-ethyl-l,3,2-benzoselenazaborole C 

H 

N 

Found (%) 

63.06 

6.12 

7.91 

56.47 

5.45 

9.36 

59.03 

6.21 

8.57 

45.96 

4.87 

6.61 

Theoretical (%) 

63.24 

6.06 

8.13 

56.42 

5.41 

9.40 

58.93 

6.18 

8.59 

45.77 

4.80 

6.67 

f-' 
o 
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Reaction Between Benzoxazole and B2Q6 

Benzoxazole (0.128 g, 1.08 mrnoles) was added to an evacuated 

flask, followed by 1,2-dimethoxyethane (3 mL), and B2D6 (1.15 mrnoles as 

BD3). After 18 hours the volatile contents were removed, leaving a 

white powder, which after 5 days converted into a clear, colorless 

liquid. The IH NMR of the liquid was taken. 

Methanolysis of Benzothiazole-borane 

Benzothiazole (0.464 g, 3.45 mrnoles) was used to prepare benzo~ 

thiazole-borane. After the volatile contents were removed, about 10 mL 

of methanol was distilled in from the vacuum line. 

After'reaching room temperature, the benzothiazole-borane dis-

solved over a period of about 2 hours with gas evolution yielding a clear, 

colorless solution. The flask was cooled to -196°C, and the recovered 

hydrogen (3.28 mrnoles) gave a stoichiometry (hydrogen/benzothiazole

borane) of 0.955. The IR, IH NMR, and mass spectra of the white solid 

product showed it to be 2-(methylamino)thiophenol. Methanolysis of the 

borane adducts and boroles were carried out in a similar manner. 

Results of the methanolysis of boroles is given in Table 4. 

Reactivity of Boroles to Air 

The boroles were exposed to air and within seconds all developed 

a white to slightly colored crust. Within a few minutes the liquids 

became red to yellow, and after a day all were thick, gummy substances 

of deep color. Vacuum distillation of boroles exposed to air for a 

minute or two left a nonvolatile solid in the distillation flask, ana the 



. ,' Table 4 • Methanolysis of Products. 

Methanol Hydrogen Stoichiometry 
Heterocycle grams mmoles (mL) (mmoles) (Hz/Heterocycle) 

benzoxazole-borane 0.542 3.98 8 3.64 0.926 

benzcthiazole-borane 3.43 10 3.Z8 0.955 

2-methylbenzothiazole-borane 2.70 10 7.64 2.83 

2-methylbenzoselenazole-borane 0.329 1.56 10 3.59 2.29 

2-chlorobenzothiazole-borane 2.43 10 5.90 2.43 

2-H-3-methyl-l,3,2-benzoxazaborole 0.586 4.43 5 4.43 1.00 

2-H-3-methyl-l,3,2-benzothiazaborole 0.599 3.67 10 3.44 0.935 

2-H-3-ethyl-1,3,2-benzothiazaboro1e 0.633 3.88 5 3.55 0.915 

2-H-3-ethyl-1,3,2-benzose1enazaborole 0.304 1.45 5 1.42 0.980 

2-chlorobenzothiazole (boro1e mixture) 0.270 10 1.42 

Heterocycle Methanolysis Product 

benzoxazo1e-borane 2-(methylamino)phenol 

benzothiazole-borane Z-mercaptomethylaniline ...... 
N 



,,' Table 4. -- Continued 

Heterocycle 

2-methylbenzothiazole-borane 

2-methylbenzoselenazole-borane 

2-chlorobenzothiazole-borane 

2-H-3-methyl-l,3,2-benzoxaiaborole 

2-H-3-methyl-l,3,2-benzothiazaborole 

2-H-3-ethyl-l,3,2-benzothiazaborole 

2-H-3-ethyl-l,3,2-benzoselenazaborole 

2-chlorobenzothiazole (borole mixture) 

Methanolysis Product 

2-methylbenzothiazole 

2-methylbenzoselenazole 

2-chlorobenzothiazole 

2-(methylamino)phenol 

2-mercaptomethylaniline 

2-mercaptoethylaniline 

2-(ethylamino)selenophenol 

2-mercaptomethylaniline 

~ 

til 
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solids produced from 2-H-3-methyl-l,3,2-benzoxazaborole and the 

2-chlorobenzothiazole-diborane reaction were analyzed by IR, lH NMR and 

mass spectroscopy. 



RESULTS AND DISCUSSION 

A set of similar compounds of the type benzo(group VI)azole have 

been treated with diborane under nearly identical conditions. Their 

similarities and differences in reactivity and products were compared. 

Reactions were carried out at room temperature under vacuum using 

l,2-dimethyloxyethane as the solvent and for benzoxazole, benzothiazole, 

2-methylbenzothiazole, and 2-methylbenzoselenazole the final product was 

of the type 2-H-3-alkyl-l,3,2-benzo(group VI)azaborole (Eq. 12). 

hN~ 1,2-dimethoxyethane 
Vx}-R + 0.5 B2

H
6 2S'C ) 

X R 
o H 
S H 
S CH

3 
Se CH

3 

(12) 

These products were prepared in high yield with few if any side reac-

tions. When the reactants were allowed to mix for only a minute or two, 

the recovered product was invariably a borane adduct with a 1:1 stoi-

chiometry of heterocycle to borane. 

B-ll NMR was used to follow the reaction sequence between benzo-

xazole with diborane and benzothiazole with diborane. Initially, the 

quartets of benzoxazole-borane (Fig. 1) and benzothiazole-borane (Fig. 2) 

appeared. 

15 
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Figure 1. B-11 NMR of Benzoxazo1e-borane. 
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Figure 2. B-11 NMR of Benzothiazo1e-borane. 
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When the borane adducts were allowed to stand a few minutes at 

room temperature in 1.2-dimethoxyethane. a further reaction occurred 

and the quartet changed into a triplet (Figs. 3 and 4). These triplets 

have chemical shifts which are similar to the corresponding borane 

adduct (-16.1 ppm for the benzothiazole intermediate). The chemical 

shift indicates boron is four-coordinate but the triplet shows it is 

bonded to only two hydrogens. The most reasonable structures for the 

intermediate is shown below (II) and (III). 

~~':BH2 X= O,S 
VI".yf-~H2 

/I 

~_BH21 -- ± III 

The intermediates are unstable and decompose within a few minutes for 

(X = 0) and in 2 days for (X = S). The final products are 2-H-3-methyl-

1.3.2-benzoxazaborole and 2-H-3-methyl-l.3.2-benzothiazaborole respec-

tively. The proposed reaction sequence is shown below for benzoxazole 

(Eq. 13). 

E;Ui:3 
1,2- d imethoxyathane ON, 

+ 0;5 B2H6 ~ I 
~ 0 

(13) 

Reaction sequence 13 predicts that two protons attached at the 

methyl group originate from borane. This prediction was tested by 
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Figure 3. B-11 NMR Intermediate Formed from 
Benzoxazo1e-borar:e. 
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Figure 4. B-11 NMR Intermediate Formed from 
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treating benzoxazole with B2D6 using standard reaction techniques. lH 

NMR of the'2-H-3-methyl-l,3,2-benzoxazaborole showed an aromatic multi

plet centered at 7.42 ppm and a singlet at 3.67 ppm with integrations 

of 4.0 to 1.2 respectively. This integration shows that the borane does 

donate two protons to the displaced carbon. 

Boroles were found to be very reactive toward methanol at room 

temperature, yielding the appropriate pure 1,2-disubstituted benzene on 

methanolysis. Methanolysis helped to establish the structure of the 

boroles. 1,2-Disubstituted benzenes were convenient starting materials 

for an alternative preparation of the boroles. Borane adducts show an 

interesting difference in reactivity. The methanolysis products of 

2-methylbenzothiazole-borane, 2-chlorobenzothiazole-borane, and 2-methyl= 

benzoselenazole-borane were the starting heterocycles, whereas benzo= 

xazole-borane and benzothiazole-borane were reduced and methanolyzed in 

the same step yielding a 1,2-disubstituted benzene. This indicates the 

latter two borane adducts are significantly more reactive than the 

former three borane adducts. Presence of the methyl group in 2-methyl~ 

benzothiazole-borane reduces its reactivity to methanolysis compared to 

benzothiazole-borane. 

Prolonged exposure of the boroles to air produces intensely 

colored decomposition products of unknown structure. However, short

term exposure of 2-H-3-methyl-l,3,2-benzoxazaborole yields two products: 

a boronic acid (IV) and an oxygen bridged dimer (V). 
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PJr~~-oH 
VO'" ~~~-04~ 

Vo'" '~ 
IV V 

These two compounds were identified by IR. lH. NMR. and mass spectro-

scopy. A similar compound (VI) was made by Gerrard [33] by treating 

2-chloro-l.3.2-benzodioxaborole with water and heating the resulting 

boronic acid. 

B-ll NMR Spectroscopy 

Boron is typically either three- or four-coordinate. A large 

downfield shift with respect to boron trifluoride etherate indicates 

three-coordinate boron while four-coordinate boron signals are usually 

found with an upfield shift [34]. Preparation of the boroles involves 

the displacement of the carbon atom in the hetero ring by boron. Since 

the boron atom was the center of reactivity in the formation of the 

boroles. B-ll NMR proved to be particularly useful for following the 

reaction. 

Benzoxazole-borane and benzothiazole-borane were soluble in 

1.2-dimethoxyethane. and their conversion into 2-H-3-methyl-l.3.2-

benzoxazoborole and 2-H-3-methyl-l.3.2-benzothiazaborole could be 

followed using B-ll NMR. However. the solubilities of the other borane 
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adducts were low and B-ll NMR spectra could not be obtained. Chemical 

shifts of these adducts have been observed tb be -20.3 ppm for benzo~ 

xazole-borane (Fig. 2), -16.8 ppm for benzothiazole-borane (Fig. 2), 

-20.0 ppm for 2-methylbenzothiazole-borane (Fig. 5), and -19.5 ppm for 

2-methylbenzoselenazole-borane (Fig. 6). Both the nitrogen atom and the 

group VI atom have non-bonding electrons which can coordinate to the 

boron. If the borane were attached to the group VI element, then the 

electronegativity of the oxygen should cause a shift to lower field than 

with sulfur. Only a small downfield shift is observed. In addition, 

when borane is attached to oxygen, the B-ll chemical shift is farther 

downfield than that observed for the borane adducts studied. For 

example, tetrahydrofuran-borane is at -0.7 ppm and dimethylether-borane 

is at 2.5 ppm [34, p. 361], while benzoxazole-borane is at -20.3 ppm. 

This evidence indicates that the boranes prepared are bonded through the 

nitrogen atom. 

Boroles show chemical shifts appropriate for three-coordinate 

boron, and except for 3-ethyl-2-H-l,3,2-benzoselenazaborole, show the 

expected doublet. The 3-ethyl-2-H-l,3,2-benzoselenazaborole signal 

is very broad. Going down group VI produces a steady downfield shift 

for boron; at 298 K the chemical shifts were found to be 28.1 ppm for 

2-H-3-methyl-l,3,2-benzoxazaborole (Fig. 7), 37.4 ppm for 2-H-3-methyl

l,3,2-benzothiazaborole (Fig. 8), 37.7 ppm for 3-ethyl-2-H-l,3,2-

benzothiazaborole (Fig. 9), and 42.4 ppm for 3-ethyl-2-H-l,3,2-

benzoselanozaborole (Fig. 10). In going down group VI, the size of the 

orbital increases, making back donation of electron density through pi 
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Figure 6. B-11 NMR of 2-Methy1benzose1enazo1e-borane. 
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Figure 7. 8-11 NMR of 2-H-3-methy1-1.3.2-
benzoxazaboro1e. 
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Figure 8. B-11 NMR of 2-H-3-methy1-1,3,2-benzothiazaboro1e. 
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Figure 9. B-11 NMR of 3_Ethyl-2-H-1,3,2-benzothiazaboro1e. 
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Figure 10. B-ll NMR of 3-Ethyl-2-H-l,3,2-benzoselenazaborole. 
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bonding to the boron less efficient [34, p. 1]. Thus, the B-ll NMR can 

be used to give a qualitative picture of the aromaticity in the boroles. 

This effect has also been observed between compounds such as 2-methyl-

3-hydro-l,3,2-benzoxazaborole (34.4 ppm) [34, p. 235] and 2-methyo-3-

hydro-l,3,2-benzothiazaborole (45.1 ppm) [34, p. 236]. These compounds 

are farther downfield than the boroles studied because their NMR spectra 

were taken in dichloromethane whereas the boroles studied had their 

spectra taken in l,2-dimethoxybenzene. Basic solvents can coordinate 

to the boron and cause an upfield shift [34, p. 6]. 

~H-NMR Spectroscopy 

The average chemical shift of the benzene protons on the start-

ing heterocycles all shows a downfield shift with respect to the corres-

ponding boroles. This is probably caused by a loss of aromatic character 

between the starting heterocycle and its associated borole. A similar 

down field shift was observed in comparing the benzene protons of the 

boroles to the benzene protons of the associated l,2-disubstituted 

benzenes. This is probably due to the hetero ring increasing the 

1 resonance of the molecule. The H NMR spectra show the presence of the 

expected methyl and ethyl groups, and chemical shifts are consi$~cnt for 

these groups being bonded to nitrogen (Table 5). 

Infrared Spectra 

Presence of a benzene ring fused to the heterocyclic ring 

results in the appearance of a number of bands which complicate the IR 

spectrum but these complicating bands can be identified by comparing the 



1 
", Table 5. H NMR of Boron Compounds. 

Chemical 
Shift (ppm) Splitting 

Compound Solvent (integrat ion) (Hz) Notes 

2-H-3-methyl-l,3,2-benzoxazaborole CDC1 3 3.80 (3.0) singlet 

7.20 (4.0) multiplet 

2-H-3-methyl-l,3,2-benzoxazaborole neat 2.87 (2.9) singlet 

6.90 (4.0) multiplet 

2-H-3-met~yl-l,3,2-benzothiazaborole CDC1 3 4.05 (2.8) singlet 

7.65 (3.0) mUltiplet 

8.12 (1.1) multiplet 

2-H-3-methyl-l,3,2-benzothiazaborole neat 3.lO (3.0) singlet 

6.95 (3.2) multiplet 

7.58 ( 1.0) multiplet 

3-ethyl-2-H-l,3,2-benzothiazaborole neat 1. 20 ( ~. 9) 7 triplet 

3.53 (2.0) 7 quartet 

7.00 (3.0) multiplet 

7.57 (1.0) multiplet 

3-ethyl-2-H-I,3,2-benzoselenazaborole CDC1 3 1.83 (3.0) 7 triplet 

4.32 (2.0) 7 quartet 
VI .... 



,,' Table 5. -- Continued 

Chemical 
Shift (ppm) Splitting 

Compound Solvent (integration) (Hz) Notes 

7.58 (3.1) multiplet 

8.12 (1.1) multiplet 

2-H-3-ethyl-l,3,2-benzoselenazaborole neat 1. 27 (2.9) 7 triplet 

3.65(2.0) 7 quartet 

7.10 (3.1) mUltiplet 

7.73 (1.0) multiplet 

benzoxazole-borane CDCl 3 8.10 (3.0) multiplet 

8.44 (1.0) multiplet 

9.19 (0.8) singlet 

2-methylbenzothiazole-borane CDCl 3 3.40 (3.0) singlet 

7.93 (3.3) multiplet 

8.87 (1.0) mul tiplet 

2-methylbenzoselenazole-borane CDCl 3 3.47 CS.O) singlet 

8.02 (3.1) multiplet 

8.83 (1.0) multiplet 

~ 
N 



benzoazaborole spectra with starting compounds, corresponding o-disub

stituted benzene products, and the borane adducts (Tables 6-14). 

The B-O vibration has proven very difficult to identify. 
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Hemming reported a strong absorption occurs at 1540-1280 cm- l when 

partial B=O character is present [35], while 2-substituted-l,3,2-

benzodioxaboroles have the B=O assigned at 1350-1310 cm- l [36] and 

2-pheynlnaphoxazaborolines contain a strong absorption at 1350 cm- l 

which was identified with B=O [35]. Phenyl boronic acid also has this 

band [35] as well as 2,4-dimethoxy-5-pyrimidine boronic acid [37] and 

the 5-membered cyclic compound 5-methyl-2-phenyl-l,3,2-oxazaborolan [37]. 

-1 2-H-3-methyl-l,3,2-benzoaxazaborole has a strong absorption at 1360 cm 

Unfortunately, the B=N group also has an absorption in this same region 

[7, 35], which makes identification difficult. The other boroles which 

contain no oxygen have a strong absorption in this region and since the 

B-N and B-O are adjacent and have about the same frequency, the absorp

tion at 1360 cm- l is possibly a combination band. Similarly, an 

absorption at 1315 cm- l is associated with B-O [26, 27, 35] but this 

absorption occurs on both the starting compound at 1310 cm- l and the 

benzoxazole-borane at 1320 cm- l . An absorption at 1170 cm- l is also 

associated with B-O [27], and the other compounds generally show an 

absorption at about 1150 cm- l , making this band the best evidence for 

the presence of the B-O bond. 

The B-N bond has a number of bands including a strong absorption 

due to B=N at 1540-1280 cm- 1 [35] and at 1540-1470 cm- 1 [26]. In addi

tion, a B-N ring stretch is found at 1500-1450 cm-1 [27] and the compound 



Table 6. IR Bands of Benzoxazole-borane. 

-1 em 

3420w 

3l20m 

3060m 

23l0vs 

2240m 

161Sw 

lS9Sw 

lS40m 

l47Sm 

l44Sm 

1440w 

1420m 

l370w 

l3SSm 

1320m 

1270w 

11SOvs 

l030w 

99Sm 

940m 

865s 

77 Om 

750s 

660w 

60Sw 

S7Sw 

4S0m 

425m 

Notes 

broad 

sharp 

shoulder 

sharp 

sharp 

sharp} 
sharp 

sharp 

sharp 

sharp 

sharp 

sharp 

sharp 
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Assignment 

C-H aromatic stretch 

B-H antisymmetric stretch 

B-H symmetric stretch 

C=C ring stretch 

c=c ring stretch 

B-H bend 

C-H in plane bend 

BH3 rock 

C-H out of plane bend 



Table 7. IR Bands of Benzothiazole-borane. 

-1 Notes cm 

3075m sharp } 
3040m shoulder 

2330s 

2235w shoulder 

1550w 

1465m sharp 

1460w 

sharp} 1440m 

1410m sharp 

1365w broad 

129Sm sharp 

12S0w sharp 

1145s 

1115w sharp 

100Sw sharp 

980w 

8S0w sharp 

83Sw sharp 

82Sw sharp 

755s 

715m sharp 

695w sharp 

660w sharp 

410w sharp 

Assignment 

C-H aromatic stretch 

B-H antisymmetric stretch 

B-H symmetric stretch 

C=C ring stretch 

B-H bend 

C-H out of plane bend 

35 
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Table 8. IR Bands of 2-Methylbenzothiazole-borane. 

-1 Notes Assignment cm 

3810w 

3560w 

3370w 

3110w C-H aromatic stretch 

2925w C-H methyl stretch 

2715w 

2310vs B-H stretch 

2040w 

1900w 

1720w sharp 

1690w sharp 

1560m sharp 

1490m sharp} 
1430s sharp 

C=C ring stretch 

1370m sharp 

1315m sharp 

1280w sharp 

1260m sharp 

1195s 

1145s B-H bend 

1125s 

1035m 

100Sm 

9S0w 

93Sm sharp} 
920m sharp BH3 rock 

84Sw sharp 

79Sw 
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Table 8. -- Continued 

-1 Notes em Assignment 

750s sharp C-H out of plane bend 

720s 

705m sharp 

655w sharp 

590m sharp 

5l5w sharp 

5l0m sharp 

425m sharp 



Table 9. IR Bands of 2-Methylbenzoselenazole-borane. 

-1 cm 

3055w 

2955m 

2370s 

lSOOm} 
14405 

l370m 

1320m 

l255s 

1185 to 

925w 

865w 

800s 

770s 

120m 

Notes 

broad 

1110. 

broad 

sharp 

Assignment 

C-H aromatic stretch 

C-H methyl stretch 

B-H stretch 

C=C ring stretch 

B-H bend 

38 
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Table 10. IR Bands of 2-Chlorobenzothiazole-borane. 

-1 Notes Assignment cm 

3040w C-H aromatic stretch 

2405m shoulder 

2330vs B-H anti symmetric stretch 

2245w B-H symmetric stretch 

l625w sharp 

l560m sharp 

l5l0w sharp 

l500w sharp 

l475s sharp C=C ring stretch 

l450m sharp 

l420s sharp 

l320m sharp 

12505 sharp 

1170s sharp 

1145vs B-H bend 

1120vs 

10455 sharp 

1015m sharp 

975w sharp 

940w sharp} 
920w sharp BH3 rock 

780w sharp 

75Ss sharp C-H out of plane bend 

120m sharp 

70Sw sharp 

6l0m sharp 

590w sharp 

50Sw sharp 

42Sm 
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Table II. IR Bands of 2-H-3-methyl-l,3,2-benzoxazaborole. 

-1 Notes Assignment cm 

3l75m 

3045s C-H aromatic stretch 

2870s C-H methyl stretch 

2640m shoulder 

2590s B-H antisymmetric stretch 

2395m B-H symmetric stretch 

22l0w 

1955w 

1895w 

1850w 

1735w 

1600s C=C ring stretch 

1460s B-N stretch 

1360s B=O stretch or B=N stretch 

1270s C-N aromatic stretch 

13l5s 

1225m C-O aromatic stretch 

1205m 

Il70m B-O stretch 

1 130m B-N link 

lO8sm} 
lO60m C-H in plane bend 

1040m 

10l0m 

970w 

9l5m ring deformation 

855m 

750w shoulder C-H out of plane bend 



Table 11. -- Continued 

-1 em 

720s 

655m 

555w 

Notes 

41 

Assignment 

B-N ring deformation 



Table 12: IR Bands of 2-H-3-methy1-1,3,2-benzothiazaboro1e. 

-1 cm 

3055m} 
3020m 

2995m 

2940m 

2815m 

2585s 

2550s 

2515m 

2385m 

1925w 

1885w 

1850vw 

1805vw 

1765w 

1585m 

1460s 

1350s 

1:520s 

.l290~1 

1270s1 

1250s 

1195w 

1l60m 

1130m 

1060W} 
1035m 

1025m 

990m 

Notes 

some structure 

sharp 

sharp 

shoulder 

sharp 

shoulder 

Assignment 

C-H aromatic stretch· 

C-H methyl stretch 

B-H anti symmetric stretch 

B-H symmetric stretch 

C=C ring stretch 

B-N stretch 

B=N stretch 

B-N link 

C-N aromatic stretch 

C-H in plane bend 

42 
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Table 12. -- Continued 

-1 Notes em Assignment 

920m ring deformation 

840w 

785s 

740s C-H out of plane bend 

720s 

695s B-N ring deformation 
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Table 13. IR Bands of 2-H-3-ethyl-l,3,2-benzothiazaborole. 

-1 Notes Assignment cm 

3380w 

3050m sharp C-H aromatic stretch 

2955s broad C-H methyl stretch 

2585s sharp B-H stretch 

l580s sharp C-C ring stretch 

l455s sharp B-N stre'tch 

l370s sharp B=N stretch 

1300s sharp} 
1235s sharp C-N aromatic stretch 

1160m sharp 

1135m sharp B-N link 

1090w sharp} 
1030m sharp C-H in plane bend 

1005m sharp 

925w sharp ring deformation 

890m sharp 

870m sharp 

750s sharp C-H out of plane bend 

n5s sharp 

690m v sharp B-N ring deformation 
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Table 14. IR Bands of 2-H-3-ethy1-1,3,2-benzose1enazaboro1e. 

-1 cm 

3065m 

3020w 

2975s 

2935m 

2890m 

2590s 

1950 to 

1590s 

1465s 

1430m 

1410s 

1380s 

1320s 

1280m} 
1240s 

1165m 

1140s 

1010s 

925w 

790m 

770m 

750s 

Notes 

1650 

sharp 

bread 

Assignment 

C-H aromatic stretch 

C-H aliphatic stretch 

B-H symmetric stretch 

combination or overtone for 
substituted benzene 

C=C ring stretch 

B-N stretch 

C=C ring stretch 

B-N ring stretch 

C-N aromatic stretch 

B-N link 

C-H in plane bend 

ring deformation 

C-H out of plane bend 



Table 14. -- Continued 

-1 
em 

730s 

700m 

Notes 

sharp 

sharp 

46 

Assignment 

B-N ring deformation 



-1 
2-dia~kylamino-l,3,2-benzodiazaborole has a B-N stretch at 1468 cm 
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[11]. The boroles all have a strong and consistent absorption in this 

area. The nonboron heterocycles also have strong absorptions in this 

region, so it may be due to a C=C ring stretch of the benzene ring [38]. 

-1 A second reported absorption region ~or B-N is at 1378-1332 cm [7] 

and a cyclic B-N stretch at 1375-1347 cm- l is known [26]. Boroles which 

show this band include 2-dialkylamino-l,3,2-benzodiazaborole at 1372 cm- l 

[7] and 2-phenylnapthoxazaborolines at 1387 cm- 1 and 1365 cm- l [35]. 

All the boroles show this strong absorption at 1365 + 15 cm- l . Only 

-1 
2-methy~benzoselenazole has a strong band here at 1365 cm , and this 

assignment is reasonable in light of the consistent strong absorption 

-1 for all the boroles. A B-N line has been assigned at 1125-1115 cm 

[7] with boroles showing an absorption at slightly higher energy. These 

bands are medium to strong in intensity and occur at 1135 ~ 5 cm- l The 

consistent nature of the absorptions, coupled with lack of these absorp-

tions in the nonboron compounds, indicates a good assignment as B-N 

links. 

Boroles show typical B-H absorptions [39-41]. 2-H-3-methyl-

l,3,2-benzoxazaborole and 2-H-3-methyl-l,3,2-benzothiazaborole, which 

have a methyl group attached to nitrogen, each have three absorbances 

-1 with 2-H-3-methYl-l,3,2-benzoxazaborole absorbing at 2640m em , 2590s 

cm- l and 2395m cm- l while 2-H-3-methyl-l,3,2-benzothiazaborole B-H 

1 1 -1 bands occur at 2585s em- 2550s cm- , and 25l5s cm When an ethyl 

group is. bound to the ni~rogen, only one band is observed for 2-H-3-
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ethyl-l,3,2-benzothiazaborole having an absorbance at 2585s cm- l and 

2-H-3-ethYl-l,3,2-benzoselenazaborole having an absorbance at 2590s cm-l. 

B-H stretch of the borane adducts show several bands with the 

B-H antisymmetric stretch appearing as a strong band in all adducts 

while the B-H symmetric stretch is at lower frequency and usually is 

much weaker [39]. 

2330s/2235w cm- l 

-1 The following values were observed: 2310vs/2240m cm , 

-1 -1 -1 2310vs cm , 2330vs/2245w cm , and 2370s cm (broad) 

for benzoxazole-borane, benzothiazole-borane, 2-methylbenzothiazole-

borane, 2-chlorobenzothiazole-borane, and 2-methylbenzoselenazole-borane 

respectively. An absorption band near 1165 cm- l has been identified as 

aH-IIB-H antisymmetric stretch in triethylamine-borane [39] and as a B-H 

deformation [40, 42]. . . 11 -1 In add1t10n, a B-H bend at 1105 cm for cyano-

borane was reported [43] with borane adducts showing this band at 1145 

-1 
+ 10 cm . A BH3 rock shows up in most of the borane adducts at 930 + 

10 cm- l [40] with the band being weak to medium in intensity and since 

there is no band to compare to this in the starting compounds, this 

makes assignment reliable 

Mass Spectroscopy 

Both 2-H-3-methyl-l,3,2-benzoxazaborole (Fig. 11) and 2-H-3-

methyl-l,3,2-benzothiazaborole (Figs. 12 and 13) show very simple mass 

spectra with prominent parent ions and P-l ions. This indicates forma-

tiOD of either the borenium ion (VII) or loss of hydrogen from the methyl 

group (VIII), while the other peaks are due to ring fragmentation. 

Bielawski [44] found the mass spectrum of 3-H-2-phenyl-l,3,2-benzoxaza= 



y~ 
hN 
VO~B-H 

Figure 11. 70 eV Mass Spectrum of 2-H-3-methyl-l,3,2-
benzoxazaborole. 
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Figure 12. 5 eV Mass Spectrum of 2-H-3-methy1-1,3,2-
benzothiazaboro1e. 
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Figure 13. 70 eV Mass Spectrum of 2-H-3-methy1-1,3,2-
benzothiazaboro1e. 
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VII 

borole to have a strong parent ion with little fragmentation and Kotz 

[45] also observed the mass spectra of several different benzoboroles, 

which showed simple spectra with molecular ions as base peaks and frag-

ment ions due to simple ring cleavages. Borenium ion were not observed 

either at high or low energy conditions, and it was concluded that 

borenium ions were unstable relative to noncyclic analogues. However, 

none of the compounds studies by Kotz [45] contained a B-H group. 

The mass spectra for 3-ethyl-2-H-l,3,2-benzoselenazaborole 

(Figs. 14 and 15) are much more complicated than the mass spectra of the 

other boroles'in part because of the several naturally occurring isotopes 

of selenium, which have significant abundance. 3-Ethyl-2-H-l,3,2-

benzoselenazaborole shows that borenium ion and fragmentation ions from 

the ring and there is also loss of a methyl group. The peak at 106 may 

be 80SeCN with the relative abundance of the nearby mle values similar 

to the isotopic abundance of selenium. The analogous (group VI) CN ions 

are not seen in the other boroles. 3-Ethyl-2-H-l,3:2-benzoselenazaborole 

shows intense small mass fragments and weak high mass fragments while 

the other boroles are just the opposite, which indicates less stability 

of the selenium analogue under mass spectroscopy conditions. 



3S 

Figure 14. Low Energy Mass Spectrum of 3-Ethyl-2-H-1,3,2-
benzose1enazaboro1e. 
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Figure 15. 70 eV Mass Spectrum of 3-Ethyl-2-H-l,3,2-
benzoselenazaborole. 
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As with 3-ethyl-2-H-l,3,2-benzoselenazaborole, 3-ethyl-2-H-

l,3,2-benzothiazaborole sh~~s prominent loss of methyl (Fig. 16), but 

3-ethyl-2-H-l,3,2-benzothiazaborole is unlike 3-ethYl-2-H-l,3,2-

benzoselenazaborole in that most fragments are less intense than the 

parent ion. Like 3-ethyl-2-H-l,3,2-benzoselenazaborole, a relatively 
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strong phenyl fragment (C6H5) appears at mle of 77. It is unknown how 

this fragment forms. 

Benzoazole-borane (Figs. 17 and 18) and benzothiazole-borane 

(Fig. 19) have mass spectra which show prominent loss of a proton and 

loss of BH3. As expected, the rest of the peaks are due to ring frag

mentation. 

2-Chlorobenzothiazo1e 

Presence of the chlorine on the carbon atom being reduced 

produced special problems which were not entirely resolved. Like the 

other heterocycles studied, 2-chlorobenzothiazole forms a 1:1 borane 

adduct. Solubility of 2-chlorobenzothiazole-borane in l,2-dimethoxy~ 

ethane is low, and it precipitates from solution as a white solid. Its 

1 IR spectrum is similar to the other borane adducts and the H NMR spec-

trum has two sets of aromatic mu1tiplets at 7.88 ppm and 7.20 ppm with 

an integrated ratio of one to three. The B-l1 NMR shows a singlet down-

field and what may be a triplet upfie1d, but the reason for two signals 

is unknown. On methano1ysis, 2-chlorobenzothiazole-borane produces the 

starting heterocycle showing behavior similar to 2-methy1benzothiazole-

borane and 2-methylbenzoselenazo1e-borane. 



Figure 16. 70 eV Mass Spectrum of 3-EthY1-2-H-1,3,2-
benzothiazaboro1e. 
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Figure 17. Low Energy Mass Spectrum of Benzoxazo1e-borane. 



S8 

5'0 
'35· 

Figure 18. 70 eV Mass Spectrum of Benzoxazo1e-borane. 



Figure 19. Low Energy Mass Spectrum of Benzothiazo1e
borane. 
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When chlorine is attached to a carbon reduced by a boron hydride, 

transfer of the chlorine to the boron is a common occurrence [46]. If 

such a transfer takes place in the present study, the expected product 

of rearrangement is 2-chloro-3-methyl-l,3,2-benzothiazaborole. 

The mass spectrum of the product mixture shows a set of ions at 

mle of 182-185 (Fig. 20). When compared to isotopic abundance, observed 

intensities indicate a significant contribution due to P-l. The intense 

ion at an mle of 149 cannot be easily obtained from decomposition of 

2-chloro-3-methyl-l,3,2-benzothiazaborole. Since excess diborane was 

reacted with 2-chlorobenzothiazole, the 2-chloro-3-methyl-l,3,2-

benzothiazaborole may convert to 2-H-3-methyl-l,3,2-benzothiazaborole 

(parent ion at 149) (Eq. 14). 

9~ 
~N~B_CI + 
~S 

(14) 

There is a second possible mechanism for removing the chlorine (Eq. 15) 

[46] • 

(15) 

8-Cl bonds cleave ethers [48], allowing the following reactions 

to take place (Eqs. 16 and 17). Compound (IX) shows a small parent ion 

at 223, and compound (X) has a larger parent ion at 179. This ion would 



,,' 

O)-CI + B2flt. ~ 

)5 

Figure 20. Mass Spectrum of Products from the Reaction Between 
2-Chlorobenzothiazole and Diborane. 
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(17) 

be difficult to generate from 2-chloro-3-methyl-l,3,2-benzothiazaborole. 

In addition, one reaction mixture which was heated to 97°C had 19.9% of 

the available chlorine converted into chloromethane with '.he chloro-

methane being identified by IR and mass spectroscopy. 

The lH NMR spectra of this mixture shows an aromatic multiplet 

centered at 7.23 ppm. There are several absorptions between 3-4 ppm, 

with the two largest being at 3.33 ppm and 3.12 ppm and have relative 

areas of 2.4 to 1.0 respectively. These two peaks are probably caused 

by the methyl groups of 2-H-3-methyl-l,3,2-benzothiazaborole and 

2-chloro-3-methyl-l,3,2-benzothiazaborole (Fig. 21). Neat 2-H-3-methyl-

1,3,2-benzothiazaborole prepared from benzothiazole has the absorption 

for its methyl group at 3.10 ppm and the small downfield shift of the 

other methyl group on 2-chloro-3-methyl-l,3,2-benzothiazaborole is 

undoubtedly caused by the presence of chlorine. 
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The B-ll NMR is enigmatic (Fig. 22), having an intense and odd-

shaped peak at 37.6 ppm while two small bands appear at 3.7 ppm and 

-1.0 ppm. An enlarged version of the 37.6 ppm peak (Fig. 23) looks 

almost like a poorly resolved triplet. 2-H-3-methyl-l,3,2-benzothiaza-

borole has a doublet absorption centered at 37.4 ppm and superposition 

of the 2-chloro-3-methyl-l,3,2-benzothiazaborole signal, expected to be a 

singlet, would cause the observed absorption. This chemical shift is in 

the general region for three-coordinate boron attached to chlorine and 

two heteroatoms [32, p. 234] so this B-ll NMR is probably a mixture of 

2-H-3-methyl-l,3,2-benzothiazaborole and 2-chloro-3-methyl-l,3,2-benzo~ 

thiazaborole. No assignment is possible for the other two absorptions. 

The IR spectra proved to be of little value in analysis of the 

mixture, which has absorptions caused by the benzene ring; aliphatic 

C-H stretch occurred at 2960 cm-l~as well as the B-H stretch at 2600 

-1 cm (Fig. 24). 

Methanolysis of the product mixture yielded only 2-mercapto~ 

methylaniline (XI). The compound was identified by IR, lH NMR, and mass 

spectroscopy. This product indicates that there was quantitative trans-

fer of chlorine to boron during the hydroboration of 2-chlorobenzothi~ 

azole. 



Figure 22. B-11 NMR of Products from the Reaction ]etween 
2-Ch1orobenzothiazo1e and Diborane. 
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Like other boroles, exposure to air for a short time produces 

the oxygen bridgc::d dimer (XII). This compound was identified by IR, 

IH NMR, and mass spectroscopy. 
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PART II 

INTRODUCTION 

Polymers containing B-N bonds in the backbone of the polymer 

have been made for two applications: as thermally stable polymers and 

as good neutron absorbing material for use in reactor windows. The B-N 

bond has the advantage that it is strong and isoelectronic with C-C. 

In making a B-N bond, a small molecules such as hydrogen [49], 

HCl [50], or a small alkane [51] is typically split out. Preparing 

polymers containing B-N bonds in the backbone of the polymer is only a 

matter of selecting a polyfunctional molecule. 

Polymers of this type described here were first prepared by 

Trofimenko [52]. The polymers were made by refluxing a substituted imi-

dazole and trialkyl boron in xylene (Eq. 18). 

(18) 

The polymer was generally 40-80 units long, stable to air and boiling 

water. It was hydrolyzed slowly by boiling alkali and rapidly by 

boiling hydrocholric acid. 

Because of the emphasis on producing practical products, the 

kinetics of polymerization of these types of reactions have been ignored. 
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The kinetics of polymerization between imidazole and diborane was 

studied for this dissertation. Since hydrogen was produced during poly

merization, the rate of reaction was easily measured. Beachley did a 

kinetic study of a reaction of an alane and an amine, and observed 

second-order kinetics when the hydrogen was split out with the sugges

tion that it occurred by a four centered process [53]. For the kinetics 

mechanism of the polymer described here, a similar type of mechanism has 

been proposed. In addition, this reaction"was interesting because of 

the increased rate of polymerization in the presence of excess diborane. 

Finally, imidazole was one of several molecules studied in a general 

survey of the reaction of five-membered rings containing nitrogen fused 

to a benzene ring and diborane. 



EXPERIMENTAL 

Materials and General Procedures 

Unless otherwise stated, chemicals were obtained from Aldrich 

Chemical Company, Inc. l,2-Dimethoxyethane and methanol were reagent 

grade and were dried before use. l,2-Dimethoxyethane was freshly dis

tilled from lithium aluminum hydride, and methanol was distilled from 

sodium ethoxide. Diborane was prepared by treating sodium borohydride 

with hot polyphosphoric acid. Hexadeuterated diborane was made by 

treating iodine with sodium borodeuteride using diglyme as a solvent 

[54]. Imidazole was reagent grade and was used without further purifi-

cation. Proton NMR spectra were ~l~ on a Varian T-60 instrument. 

Infrared spectra were run on Perkin-Elmer models 337 and 398 spectro-

photometers using KBr pellets. Mass spectra were taken on a Varian 

Mat 3ll-A instrument. 

Kinetic Runs 

l,2-Dimethoxyethane was weighed out by transferring on a vacuum 

line to a preweighed holder. Reactions were loaded into a reaction 

flask shown in Fig. 1 on a vacuum line. After loading, the reaction 

flask would immediately be immersed in a large constant temperature bath 

maintained at 30 + O.OloC. When the solvent had melted, stirring was 

begun, and the rate of reaction was followed by observing the change in 

hydrogen pressure. The value of k b was obtained by plotting o s 
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30cm 

SOOmL 

Figure 25. Reaction Flask Used for Kinetic Runs. 



In[l-(mmoles H2 at time t/maximum mmoles H2 produced)] vs. time in 

seconds. 

Preparation of Monomer (Imidazole-borane) 
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Imidazole (109.6 mg, 1.61 mmoles) was weighed into an evacuated 

500 mL flask. The flask was evacuated, 1,2-dimethoxyethane (8.1 mL) was 

pumped in under vacuum, and diborane (6.60 mmoles as BH3) was added last. 

Excess diborane (5.02 mmoles as BH3) was recovered after warming to room 

temperature ,for a few minutes. This gave a stoichiometry BH3/imidazole 

of 0.981. In one reaction, the monomer was recrystallized under nitro

gen by dissolving it in 1,2-dimethoxyethane and then adding hexane. The 

colorless needle crystals had a melting/decomposition point of 93-94°C. 

Viscometry 

Polymer was prepared by treating imidazole with an equimolar 

amount of diborane in l,2-dimethoxyethane and allowing the solution to 

stand for 2 weeks at room temperature. All runs were carried out in a 

constant temperature bath maintained at 25.0 + O.loC. The viscometer 

was calibrated with chloroform, and the polymer was tested in a series 

of concentrations using chloroform as a solvent. 

End Group Analysis 

Polymer was prepared the same way kinetic runs were carried out 

except a standard 500 mL flask was used. After about one month at room 

temperature, the volatile contents were removed, leaving an amorphous 

solid. Methanol was added, and the contents were allowed to sit about 



two hours. The hydrogen that had been produced was measured, and the 

average molecular weight of the polymer was calculated. 

Reactivity of Polymer 
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The polymer was allowed to sit in air at room temperature for 

periods of up to several months. The IR of the polymer showed almost no 

change. Dry polymer was treated in situ with 3 M NaOH and 30% H202 at 

room temperature. IR of the solid product showed it to be imidazole. 

There was no evidence of a 8-H bond. 

High Temperature Polymerization 

When polymer was prepared at 45°C or 60°C, all excess diborane 

was consumed and end group analysis indicated oligiomers 4 to 5 monomer 

units long were produced. Even when the polymerization was carried out 

in glass sealed flasks, the results were the same. It was found that 

the diborane reacted with the l,2-dimethoxyethane to produce borates. 



RESULTS AND DISCUSSION 

Determination of k b 
o s 

Polymerization of imidazole-borane adduct was ~c~umed to cor-

respond to the rate of production of hydrogen (Eq. 19). When polymeri-

zation occurred, one mole of hydrogen was produced for every mole of 

imidazole-borane initially added. This is typical for condensation 

reactions [54] •. Results of the kinetic runs are listed in Table 15. 

(19) 

Carefully purified Im·BH3 did not produce HZ- when dissolved in 1,2-

dimethexyethane. The very slow rates of the first three entries in 

Table 15 might have been the result of an air leak or a minor side 

reaction. Notice that the polymerization produces first-order kinetics 

at all ratios of imidazole to borane. These graphs typically showed 

first order to three half lives. A typical graph is shown in Fig. 26. 

The first 10 to 20 minutes of a kinetic run tended to be nonlinear, 

Frobably as the result of thermal nonequilibrium, or slow formation of 

the adduct. k b was calculated without considering data from the first o s 

few minutes. The actual amount of hydrogen produced was always very 

close to the theoretical yield if the linear section of the reaction was 

considered. 
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Figure 26. Typical Kinetic Run. 
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Identification of the Catalyst 

A graph of observed rate vs. borane/imidazole ratio is shown in 

Fig. 27. As the borane/imidazole ratio increases above 1, the observed 

rate increases linearly out to the experimental limits which clearly 

indicates a catalytic role for the diborane. A linear least-squares 

program of a plot of the initial ratio of BH3/imidazole vs. kobs calcu

lates a value of 1.92 x 10-5 s-l for the slope and a 95% confidence that 

the slope lies between 1.64 x 10-5 and 2.21 x 10-5 s-l 

This polymer is known as a "Ii ving polymer." The terminal mono-

mer unit contains a reactive BH3 . The suspected catalytic nature of the 

diborane was tested by first removing diborane and solvent from monomer 

and low molecular weight oligomers. When fresh solvent was added, these 

reactions either produced no hydrogen or had very slow hydrogen evolution 

on standing. On readdition of diborane, hydrogen production resumed at 

a rate predicted by Fig. 27. This shows the necessity of excess diborane 

for polymerization to occur. 

Characterization of Polymer 

The bridging BH2 group was resistant to attack by methanolysis 

and oxidation. The IR of the polymer showed no significant change, 

even after extended periods in air. Addition of methanol resulted in 

the methanolysis of the terminal BH3 but left the bridging BH2 unchanged. 

The bridging BH2 has been observed to be relatively resistant to attack 

[52]. Equation 20 shows that every terminal BHS produces three moles of 

hydrogen. Polymers prepared at room temperature were 32-38 monomer units 

in length. 
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/=\ 
polymer-N N·BH + 3CH30H~ 

~ 3 

t==\ 
pOlymer-~N + B(OCH3'3 + 3H2 

(20) 

When the polymer was treated with alkaline hydrogen peroxide at 

room temperature, it was degraded completely to imidazole. Similar 

polymers have been found to be relatively resistant to alkaline hydro-

lysis [52]. 

Viscosity measurements tended to give very low values for the 

intrinsic viscosity. TWo methods commonly used to determine intrinsic 

viscosity are shown in Eqs. 21 and 22 [56]: 

where 

n /c vs. c 
sp 

-1 c In(n/n) vs. c 
o 

c = concentration in g polymer per 100 mL solution 

(21) 

(22) 

n = experimentally determined viscosity in centipoises (cp) 

n viscosity of pure chloroform in cp o 

nsp specific viscosity = n/no-l 

The intrinsic viscosity is found by extrapolating the functions in Eqs. 

9 and 10 to zero concentration. Both methods produced intrinsic vis-

cosity values ranging from 0.03 to 0.08. This range of values indicates 

a relatively small degree of polymerization. Since the polymers used 

in the viscosity measurements were prepared the same way as the polymers 

used in the end group analysis, the small values obtained for the 
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intrinsic viscosity are reasonable. After remaining in solution for 

several days exposed to the air, the polymer showed no change in its IR. 

This indicates the polymer has solution stability to air for at least 

several days. 

The polymer was found to dissolve readily in chloroform. When 

the solvent was allowed to evaporate, a clear, colorless film readily 

formed. This film tended to become brittle after a few days. 

Polymerizations were carried out at 45°C and 60°C in order to 

try to prepare polymers of high molecular weight. When standard stop

cocks were used, the high vacuum grease tended to be slowly leached out, 

and air leaked into the reaction vessels. End group analysis indicated 

the polymer was only about 5 units long. Two all-glass vessels were 

used to prepare pol)~er at high temperature, and results identical to 

the other type of reaction vessel were obtained. Diborane will cleave 

ethers at high temperature, producing borole esters and an alkane [57]. 

High molecular weight polymer cannot be produced using an ether solvent. 

Characterization of Adduct 

The adduct was identified primarily by the amount of diborane 

absorbed to form the product. This ratio of imidazole to BH3 was always 

close to 1:1. The IR showed the typical intense B-H absorption at 2300 

cm- l A methanolysis of the adduct done by Dr. Phillip Keller at the 

University of Arizona gave a 98% theoretical yield of hydrogen. 
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Proposed Mechanism 

Diborane in monoglyme exists entirely in the B2H6 form. The 

diborane probably first reacts with the imidazole·borane adduct to form 

an intermediate (XIII) and hydrogen in a slow rate determining step 

illustrated in Eq. 23. 

B2HL + H-rf \.BH _k.....-t.) J.I_B/,f\BH-' \.BH
3 u ~ 3 .-l.. H/ ~ + H2 (23) 

XIII 

This intermediate then reacts with another imidazole-borane adduct to 

regenerate free diborane, and adds another unit to the growing oligiomer. 

A possible intermediate for the growth of the polymer is shown in Eq. 24. 

The rate determining step is second order and is shown in 

Eq. 25. 

(25) 

Notice that since the diborane is regenerated in a later step, its 

concentration remains constant and pseudo first-order hydrogen produc-
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tion will be observed as shown in Eq. 26: 

Equation 26 predicts that if the initial concentration of imi-

dazole·BH3 is held constant and the amount of free diborane is doubled, 

then the observed rate should also double. Table IS shows the amounts 

of diborane vs. the observed rate. Within experimental error, these are 

the observed results. 

Isotopic Studies 

Because the Im.BH
3 

monomer can be prepared independently from 

the polymerization reaction, isotopically labeled diborane can be used 

in either step, and the predicted mechanism indicates different products 

should result. If Im.BD
3 

reacts with B2H
6

, then the predicted product 

should split out H2 (Eq. 27), whereas if Im·BH
3 

reacts with B2D6 , then 

the small molecule split out should be HD (Eq. 28). 

(27) 

(28) 

In these experiments the initial quantities of deuterium and hydrogen 

were equal, and for both the mass spectrum of the gas produced was about 
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Table 15. Dependence of the Obs~rved First-Order Rate Constant on the 
Initial Ratio of Diborane to Imidazole at 30.0 oC. 

Diborane Imidazole -5 -1 (as mmoles BH3) (mmoles) BH3/Imidazole 10 k b ' s o s 

3.25 6.90 ·0.471 0.0146 

2.43 4.82 0.504 0.0253 

2.49 4.82 0.517 0.0260 

2.37 2.31 1. 03 0.00652 

2.43 2.43 1.04 0.315 

2.24 1.61 1.39 1. 70 

~.34 1.61 1.45 0.806 

2.36 1.60 1.48 1.16 

2.46 1.62 1.52 2.11 

2.49 1.61 1.54 1.41 

2.64 1.57 1.68 2.66 

2.74 1.60 1.71 1.85 

2.83 1.58 1. 79 2.86 

3.16 1.72 1.84 1.02 

3.00 1.56 1.92 3.09 

3.17 1.58 2.00 2.37 

3.20 1.58 2.02 2.36 

4.07 2.01 2.03 3.04 

3.71 1.t:.4 2.26 3.49 

3.82 1.60 2.39 3.29 

3.89 1.58 2.46 3.42 

3.93 1.59 2.48 3.57 

4.00 1.60 2.49 3.18 

3.92 1.55 2.53 3.29 

3.95 1.56 2.54 3.53 

4.09 1.57 2.61 3.30 

4.09 1.56 2.63 3.86 
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Table 15. -- Continued 

Diborane Imidazole -5 -1 (as mmo1es BH3) (mmo1es) ~H3/Imidazo1e 10 kobs ' s 

4.21 1.55 2.71 3.26 

4.10 1.50 2.73 3.22 

4.10 1.50 2.73 3.25 

4.13 1.50 2.75 3.57 

4.44 1.56 2.85 4.28 

4.46 1.56 2.86 5.18 

4.62 1.58 2.93 5.05 

4.62 1.56 2.96 4.07 

4.66 1.57 2.97 4.09 

4.84 1.58 3.06 4.38 

4.80 1.57 3.06 4.18 

4.80 1.55 3.10 4.58 
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50% HD and 25% each H2 and 02. Apparently intermolecular exchange of 

hydrogen between the boron atoms was very fast compared to the polymeri

zation reaction. 
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