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bstract

1,3,2-Diazaborolines (2,3-dihydro-1H-1,3,2-diazaboroles) are compounds at the interface between inorganic, organometallic and organic chem-
stry. The planar rings with 6�-electrons may be regarded as heteroarenes, as evident by NMR and photoelectron spectra and confirmed by quantum
hemical studies. High-yield syntheses of functionalized 1,3,2-diazaborolines have been elaborated, providing a prolific area of chemistry. Con-
ugation of the vacant 2pz-orbital on the boron center with the �* orbital of attached organic �-systems proved to be responsible for unique
bsorption and emission characteristics of 1,3,2-diazaborolinyl functionalized biphenyls, thiophenes and dithiophenes. Most of the functionalized
iazaborolines show clean irreversible oxidation waves in their cyclovoltammograms.
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Scheme 1. Isoelectronic systems; pyrrole and 1,3,2-diazaboroline.

. Introduction

Heterocycles containing boron and nitrogen atoms play an
mportant and fascinating role in main group chemistry. The
oncept of isoelectronic and isosteric compounds was success-
ully applied to carbon–carbon and boron–nitrogen containing
olecules [1]. Thus, the replacement of a C C unit in pyr-

ole affords 2,3-dihydro-1H-1,3,2-diazaboroles, which were
ormerly addressed as 1,3,2-diazaborolines. As in a first review
rticle on these compounds published in 2001 for the sake of
larity and readability the latter nomenclature is also preferred
n this account (Scheme 1) [2].

Since the first report on a representative of this class by
erriam and Niedenzu, who catalytically dehydrogenated the

orresponding fully saturated diazaborolidine (Scheme 2) [3]
nd an alternative protocol elaborated by Weber and Schmid
ho utilized the sodium amalgam reduction of diazaborolium

alts (Scheme 2) the chemistry of 1,3,2-diazaborolines devel-
ped continuously [4].

A series of 1,3,2-diazaborolines with alkyl- and aryl-
ubstituents at the heteroatoms were synthesized, and their

olecular and electronic structures were carefully studied [5–7].
p to the middle of the 1990s comparatively little work on

he chemistry of such rings was accomplished. Reports on �-
omplexation to the [Cr(CO)3] fragment [7–9] as well as N–Si

o
i
d

Scheme 2. Synthetic approaches to

Scheme 3. Synthesis of 1,3,2-diazaborole
y Reviews 252 (2008) 1–31

leavage by alkali amides and alkoxides [7,10] provided some
nsight into the synthetic potential of these interesting molecules.
his situation changed considerably when high-yield synthe-
es of 1,3,2-diazaborolines with halide substituents at the boron
tom were devised [11,12]. This target was reached either by
protocol according to Scheme 2 via the pregenerated 1,3,2-

iazaborolium salts or by reacting a 1,4-diazabutadiene with
ithium metal prior to the cyclocondensation with boron tri-
alides (Scheme 3).

Halide replacement by hydride, carbon-, nitrogen-, and
in-nucleophiles now became feasible [12–14]. Whereas the pre-
ious review provided an overview of 1,3,2-diazaborolines with
articular emphasis placed on synthetic and structural aspects,
his report highlights the remarkable richness of their chemistry
ith respect to the physico-chemical properties and their poten-

ial use as organic materials in optoelectronical devices. This
ccount covers the literature of the years 2001–2006.

. Synthesis of 1,3,2-diazaborolines

To date there are mainly three different methods for the con-
truction of the ring skeleton of the title compounds: (a) the
atalytic dehydrogenation of diazaborolidines; (b) the alkali-
etal reduction of 2-halo-1,3,2-diazaborolium salts; and (c)

he cyclocondensation of boron halides with dilithiated 1,4-
iazabutadienes (Schemes 2 and 3). For several good reasons it
s appropriate to also include benzo-1,3,2-diazaborolines in this
eview. They are readily available by the base-assisted cyclocon-
ensation of 1,2-phenylenediamines with organoboron dihalides
nd/or boron trihalides (Scheme 4).
Of course halide replacement reactions by suitable nucle-
philes in the sense of peripheral reactions remain an
mportant approach to a broad variety of functionalized 1,3,2-
iazaborolines (Scheme 5).

the first 1,3,2-diazaborolines.

s via dilithiated 1,4-diazabutadiene.
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Scheme 4. Synthesis of benzo-1,3,2-diazaborolines.
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Scheme 5. Halide replacement at 2-halo-1,3,2-diazaborolines.

In almost all papers published between the years 2001–2006
he protocol according to the first equation of Scheme 2 was of
o relevance.
.1. Reduction of 1,3,2-diazaborolium salts

The yellow to orange red-colored borolium salts 2, 4a–c, 6
nd 8a, b were formed by the slow combination of equimolar

s
t
b
s

Scheme 6. Synthesis of 1,3,
y Reviews 252 (2008) 1–31 3

mounts of the corresponding 1,4-diazabutadienes 1, 3, 5 or 7
nd organoboron dibromides or boron tribromide in hexane at
–20 ◦C (yield 43–97%). The employment of large quantities
f solvent was required to avoid polymerization (Scheme 6)
15,16].

The reduction of 2, (S,S)-4a–c and 8b with sodium amalgam
n hexane afforded colorless crystals of 9 (49%), 10a (60%)
nd 10c (48%). In contrast to this, the analogous reduction of
and 8a gave 11 and 12a as thermolabile oils in 32 and 44%

ield. Here it was recommended to freshly reduce the saline
recursors and subsequently employ these 1,3,2-diazaborolines
n further reactions. Reduction of 8b led to the formation of 12b
hich was obtained as colorless crystals by crystallization from

sopropanol (48%) (Scheme 7).
Compounds (S,S)-10a–c and (S,S)-11 were the first chiral

,3,2-diazaborolines, provided that enantiomerically pure (S)-
−)-1-phenylethylamine and (S)-(−)-1-cyclohexylamine were
sed in the formation of the diazabutadienes 5 and 3.

The synthetic principle under discussion was extended to the
reparation of multiply diazaboroline-functionalized �-systems

uch as benzene, biphenyl and thiophene. Here it was of interest
o study the electronic communication between the heteroarene
uilding blocks via the organic spacer. With this in mind hexane
olutions of the dibromoboryl precursors 13a–e were combined

2-diazaborolium salts.
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cheme 7. Preparation of 9, 10a–c, 11 and 12a, b by sodium amalgam reduction.

ith two (13a, b, d, e) or three molar equivalents (13c) of
,4-diazabutadiene 1 to yield orange yellow precipitates of the
orolium salts 14a–e (Scheme 8)

Their reduction with an excess of sodium amalgam in hex-
ne solution led the formation of 15a–e, as colorless crystals
69–84%) yield (Scheme 9) [17,18].
Boryl- and borate-functionalized metallocenes are of great
urrent interest. Two recent reviews have described their
pplications in homogeneous catalysis, anion sensing and
rganometallic polymer chemistry [19a,b]. Another point of

e
w

s

Scheme 8. Preparation of bis and tris(1
y Reviews 252 (2008) 1–31

nterest is related to the influence of the boryl substituent
n the electronic and structural properties of the metallocene
oiety. At this point it was of particular interest to combine

,3,2-diazaborolines with metallocene fragments. It is conceiv-
ble that the 6�-electron-containing heterocycle communicates
lectronically with the metallocene by (pp)�-interactions
nd/or �-bonding, thus altering the electronic properties of
he organometallic moiety. The synthesis of ferrocenyl- and
ymantrenyl-functionalized 1,3,2-diazaborolines was based on
he reaction of organodibromoboranes with 1,4-diazabutadienes
o afford borolium salts and the reduction of the latter species
ith sodium amalgam. The required precursors (dibromobo-

yl) ferrocene 16, 1,1′-bis-(dibromoboryl)-ferrocene 19 and
-dibromoboryl-3-methylcymantrene 22 are readily available
rom ferrocene and methylcymantrene by Friedel–Crafts-type
eactions with BBr3 [20].

Reaction of 16 with diazabutadiene 1 in n-hexane gave
n olive-green precipitate of borolium salt 17. The obtained
lurry was reduced in situ with an excess of sodium amalgam
or 2 d. Product 18 was isolated as red crystals in 74% from
he resulting dark-red n-hexane phase. Similarly, the treatment
f 19 with 2 equiv. of the diazabutadiene gave the olive-
reen salt 20, which was subsequently reduced to the cherry
ed crystalline compound 21 (81% yield). Yellow, crystalline
ethylcymantrenyl-1,3,2-diazaboroline 24 was synthesized in

3% yield by the reaction of complex 22 with the diazabutadi-

ne and the usual reduction of the dark yellow borolium salt 23
ith sodium amalgam (Scheme 10) [21].
The here devised strategy to obtain diazaborolines is far less

traightforward when the tert-butyl-groups at the nitrogen atoms

,3,2-diazaborolium) salts 14a–e.
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Scheme 9. Synthesis of the multiply 1,3,2-diazaboroline

Scheme 10. Preparation of the diazaboroles 18 [Fc = (C5H5)Fe(C5H4
-functionalized arenes 15a–d and thiophene 15e.

)], 21 [Fc′ = Fe(C5H4)2] and 24 [[Mn] = (MeC5H4)(CO)3Mn].



6 L. Weber / Coordination Chemistry Reviews 252 (2008) 1–31

h BC

o
c
r
f
b
o
S
l
r
a
3
f

a
B
r
c
t
t

o
a
b
y
i
[

V
o
3
i

d
o
w
t

b
d
did not yield the expected borolium salt 45. Instead
orange N,N′-bis(2,6-diisopropylphenyl)-2,4,5-trichloro-1,3,2-
diazaborolidine 46 was formed as the formal result of a double
chloroboration (Scheme 14) [23].
Scheme 11. Reaction of diazabutadienes 25 and 33 wit

f the diazabutadiene are replaced by aryl rings. In only one case
ombination of diazabutadiene 25 with 2 equiv. of boron trichlo-
ide in a mixture of toluene and hexane in the temperature range
rom −50 to 20 ◦C led to the precipitation of the burgundy-red
orolium salt 26 in ca. 70% yield. Usually an inseparable mixture
f borolium salts 26 and 27 was obtained as a black precipitate.
torage of the mother liquor for 14 h at 4 ◦C effected crystal-

ization of the dark-red compound 28 in 18% yield. The usual
eduction of the mixture of 26 and 27 with sodium amalgam
fforded an inseparable mixture of 1,3,2-diazaborolines 29 and
0 in a 10:1 ratio. Clearly this protocol is not particularly useful
or the intended generation of pure 29 (Scheme 11).

This problem was circumvented by the slow combination of
toluene solution of 25 with the pentane solution of 2 equiv. of
Cl3 at −78 ◦C. Adduct 31 precipitated as a red-brown solid, the

eduction of which with sodium amalgam furnished the colorless
rystalline E-N,N-bis-amino ethene 32 in 70% yield. Cycliza-
ion of the latter species to give pure 30 was accomplished by
reatment with solid CaH2 in hexane (Scheme 12) [22].

Analogously, the reaction of diazabutadiene 33 with 2 equiv.
f BCl3 at −50 ◦C led to a 1:1 mixture of borolium salts 34
nd 35 as a black solid. From the concentrated mother liquor
icyclic compound 36 was isolated as dark green crystals in 14%
ield. Sodium amalgam reduction of salts 34 and 35 afforded an
nseparable mixture of diazaborolines 37 and 38 (Scheme 12)
22].

Again, the purposive synthesis of pure 37 required a detour.

iolet adduct 39 resulted from the treatment of 33 with 2 equiv.
f BCl3 a −78 ◦C (70% yield). Sodium amalgam reduction of
9 afforded 40, which cleanly cyclized to give 37 when brought
n contact with CaH2 (54% yield).
l3 and subsequent reduction of salts 26, 27, 34 and 35.

Undesired side reactions were completely suppressed when
iazabutadiene 41 was subjected to the reaction with 2 equiv.
f BCl3 in hexane. The green borolium salt 42 (63% yield)
as reduced with sodium amalgam to quantitatively yield the

hermolabile diazaboroline 43 (Scheme 13) [22].
The situation completely changes with increasing steric

ulk at the aryl-substituents. Thus reaction of N,N′-bis(2,6-
iisopropylphenyl)-1,4-diazabutadiene 44 with BCl3 in hexane
Scheme 12. Alternative route to 1,3,2-diazaborolines 29 and 37.
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Scheme 13. Synthesis of diazaboroline 43.

The synthetic principle for 1,3,2-diazaborolines from 1,4-
iazabutadienes and boron halides via 1,3,2-diazaborolium
ntermediates was extended to the generation of 1,2-
ihydro[1,3,2]-diazaborolo[1,5-a]pyridines which can be con-
idered as fused 1,3,2-diazaborolines. Thus, reaction of
quimolar amounts of pyridine carbaldimine 47 and boron
ribromide in hexane at room temperature afforded the
orolium salt 48 as an orange precipitate in 85% yield.
eduction of a slurry of 48 in hexane with an excess of

odium amalgam to compound 49 was achieved in 79%. The
roduct was isolated as air- and moisture sensitive yellow
il (Scheme 15) [24].
In contrast to the formation of 48, the reaction of the pyridine
arbaldimines 47 and 50 with 2 equiv. of an ethereal BF3·OEt2
olution led to the precipitation of the yellow adducts 51 or 52
78–81% yield). Stirring slurries of 51 or 52 in hexane in the

p
t

t

Scheme 14. Synthesis of 1,3

Scheme 15. Synthesis of 1,2-dihydro[1,3

Scheme 16. Synthesi
y Reviews 252 (2008) 1–31 7

resence of an excess of sodium amalgam during 48 h cleanly
fforded bicyclic 53 as a yellow oil (67% yield) or 54 as a yellow
ax (63% yield) (Scheme 16) [24].
Thermolabile 2-ferrocenyl[1,3,2]-diazaborolo[1,5-a]pyri-

ine 56 was accessible as an orange solid by the treatment of
errocenyl dibromoborane 16 with pyridine carbaldimine 47
nd the subsequent reduction of borolium salt 55 with sodium
malgam (Scheme 17) [21].

.2. Synthesis of 1,3,2-benzodiazaborolines from
-phenylene diamines

For optophysical purposes 1,3,2-benzodiazaborolines proved
o be valuable building blocks in organic light emitting materials.
herefore this class of compounds also deserves consideration

n this account. The first report on 1,3,2-benzodiazaborolines
ates back to the middle of the last century. They are mainly
erived from o-phenylene diamine 57, which was cyclocon-
ensed with PhBCl2 [25], BMe3 [26], B(NMe2)3 [27], MeBBr2
n the presence of sodium hydride [28] and phenyl boronic
cid [29]. The parent compound 62 was synthesized from o-

henylene diammonium chloride 61 and NaBH4 in THF at room
emperature (Scheme 18) [30].

N,N′-Diorganyl-o-phenylene diamines were also used for
he production of 1,3,2-benzodiazaborolines. N,N′-Diethyl-o-

,2-diazaborolidine 46.

,2]diazaborolo[1,5-a]pyridine 49.

s of 53 and 54.
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Scheme 17.
henylene diamine 63 and BBr3 underwent reaction in toluene
n the presence of calcium hydride to give 2-bromo-1,3,2-
enzodiazaborole 64 as colorless oil in 77% yield (Scheme 19)
31].

cheme 18. Synthesis of 1,3,2-benzodiazaborolines from o-phenylene diamine.

a
f
p
b
b
a
1
d
t
t
2
(

t
c
N
t
a

a
3
(

2

t
f
g
b
n

t

2

T
(
w
l
s
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Orange crystalline benzodiazaboroline, which is function-
lized at boron by an osmium complex fragment resulted
rom the condensation of the dichloroboryl osmium com-
lex 66 with 2 equiv. of N,N′-dimethyl-o-phenylene diamine in
enzene (Scheme 19) [32]. Compounds 71–73 where two 1,3,2-
enzodiazaboroline units are linked by a phenylene spacer are
vailable by the cyclocondensation of the 2,5-bis(hexyloxy)-
,4-phenylene diboronic acid 68 with 2 equiv. of o-phenylene
iamines 57, 69 and 70 in boiling toluene, toluene–NEt3 or
oluene–DMF. Yields range from 65.8 to 78.1%. Similarly,
he 1,3,2-naphthodiazaboroline 75 was prepared from 68 and
,3-diaminonaphthalene 74 in refluxing toluene (71.3% yield)
Scheme 20) [33].

Compound 76 featuring a 4,4′-biphenyl spacer between
wo benzo-1,3,2-diazaboroline rings was synthesized by the
yclocondensation of 4,4′-bis(dibromoboryl)biphenyl 13d with
,N′-diethylphenylenediamine in the presence of an excess of

riethylamine in toluene at 60–80 ◦C. The product was isolated
s colorless crystals in 58% yield (Scheme 21) [18].

Combination of 2 equiv. of 63 with the mixture of 13e
nd 4 equiv. of NEt3 in hexane and boiling the mixture for
h afforded product 77 as light-brown crystals (55% yield)

Scheme 21) [18].

.3. Synthesis by substitution reactions at the boron atom

In the preceding section synthetic pathways for the construc-
ion of the ring skeleton of a wide variety of 1,3,2-diazaborolines
rom different precursors are discussed. The replacement of
ood leaving groups such as halides or pseudohalides at the
oron atom by nucleophiles opens the door to a plethora of
ovel diazaboroline derivatives.

This section is organized by the nature of the nucleophile and
he group of the contact atom in the periodic table.

.3.1. Hydride
Reduction of (S)-78 with lithium aluminium hydride in a

HF/hexane mixture afforded the 2-hydro-1,3,2-diazaborole

S)-79 as a yellow oil [15]. The yellow oily borohydride 80
as accessible in 79% yield by treatment of 49 and equimo-

ar amounts of lithium aluminium hydride in the same solvent
ystem (Scheme 22).
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Scheme 19. Syntheses of 64 and 67.

Scheme 20. Syntheses of 1,4-phenylene-bis(diazaborolines) 71–73 and 75.

Scheme 21. Synthesis of 76 and 77.
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Scheme 22. LiAlH4-reduction of compounds (S)-78 and 49.

.3.2. Group 14 nucleophiles

.3.2.1. Carbon-based nucleophiles. The replacement of a
alide substituent at the boron atom of 1,3,2-diazaborolines by
he cyanide unit markedly enhances the thermostability of the
ing systems. Hereby silver cyanide proved to be the reagent of
hoice. In most cases the resulting 2-cyano-1,3,2-diazaborolines
isplay a similar chemical behavior as their halide counterparts.
eaction of chiral (S)-78 with silver cyanide in acetonitrile for
h furnished a liquid mixture of 2-isocyano-1,3,2-diazaborole
1 and 2-cyano-1,3,2-diazaborole 82, as evidenced by 1H, 13C
MR and IR-spectra of a freshly prepared sample. Vacuum
istillation at 200 ◦C completely effected the rearrangement
1 → 82 and the pure cyano derivative was isolated as a colorless
il in 57% yield (Scheme 23) [15].

The highly functionalized crystalline 2-cyanoborolines
S,S)-83 and the oily (rac/meso)-84 were synthesized from 2-
romoboroles (S,S)-10a and (rac/meso)-12a and AgCN in 70
r 50% yield, respectively (Scheme 26) [16]. Thermolabile 2-
hloro-1,3,2-diazaboroline 43 was in situ converted into stable

5 by treatment with AgCN during 20 h at room temperature
yield 41%) (Scheme 24) [22].

Bicyclic 2-bromo-diazaborolines were also susceptible to
r/CN-replacement. Thus cyano derivative 86 resulted from the

o
b
a
b

Scheme 23. Synthesis of 2-c

Scheme 24. Synthesis of (S,S)-8
Scheme 25. Preparation of bicyclic 2-cyano-1,3,2-diazaborolines.

etathesis reaction between 49 and silver cyanide in acetonitrile
t room temperature in the absence of daylight. The compound
as isolated by vacuum distillation as light yellow crystals in
3% yield [24]. Colorless oily 87 was synthesized analogously
n 94% yield (Scheme 25) [31].

As previously discussed 2-alkyl-1,3,2-diazaborolines can
e synthesized in high yield by reacting 1,4-diazabutadienes
ith alkyl-dibromoboranes and the subsequent reduction of

he obtained borolium salts. An alternative approach to such
pecies is based upon the nucleophilic substitution of good
eaving groups at the boron atom of 1,3,2-diazaborolines by
rganolithium compounds. Here 2-bromo- as well as 2-cyano-
,3,2-diazaborolines proved to be equally useful. The reaction
f 2-bromo-1,3,2-diazaboroline (S)-78 with methyllithium in a
ixture of hexane and tetrahydrofuran cleanly afforded (S)-88 as
colorless oil after distillation (51%). Similarly the preparation

f the 2-butyl-1,3,2-diazaboroline (S,S)-89 was accomplished
y treatment of (S,S)-10a with an excess of n-butyllithium in
hexane/THF mixture. Pure colorless oily 89 was obtained

y distillation (47% yield). Compound (S,S)-10a was con-

yano derivative (S)-82.

3, (rac/meso)-84 and 85.
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Scheme 26. Synthesis of (S)-88, (S,S)-89 and (S,S)-10b.

erted to the oily iso-butyl derivative (S,S)-10b by reaction
ith iso-butyllithium in a diethylether/THF mixture (61% yield)

Scheme 26) [15,16].
This protocol for the preparation of 2-alkyl-diazaborolines

as also applied for fused systems. 2-Bromo-1,2-
ihydro[1,3,2]diazaborolo[1,5-a]pyridine 49 and methyllithium
nderwent reaction in hexane–diethylether solution between
and 20 ◦C to generate the methylated heterocycle 90 as a

ellow oil (Scheme 27) [24]. The methylation of 64 to give
roduct 91 as a light red oil in 81% yield was realized by
eaction with methyllithium in pentane–diethylether solution.
olorless prisms of compound 93 were obtained in 90% yield

rom the treatment of 2-bromo-1,3-di(isopropyl)benzo-1,3,2-
iazaboroline 92 with tert-butyllithium in hexane at 0 ◦C [34]
Scheme 27).

Acyclic C-borylated diazomethanes are rare compounds.
ith the exception of (iPr2N)2BC(N)2H [35] they are
hermolabile. The paucity of this class of compounds is
resumably due to the ability of Lewis acids to initiate
he decomposition of the diazoalkanes. The incorpora-
ion of the boron center into a diazaboroline ring greatly

cheme 27. Preparation of the bicyclic diazaborolines 90, 91 and 93.
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cheme 28. Synthesis of 1,3,2-diazaborolinyl functionalized diazamethanes.

dds to the stability of C-boryldiazoalkanes. Reaction
f lithio(trimethylsilyl)diazomethane and 1 equiv. of 1,3,2-
iazaborolines 94, 64 and 49 in hexane or hexane/toluene
olutions in the temperature range −78 to 20 ◦C afforded the
,3,2-diazaborolinyl(trimethylsilyl)diazomethanes 95–97 [36]
n yields of 76–81%. Whereas compounds 95 and 96 are
hermally robust enough to be purified by vacuum distilla-
ion, diazoalkane 97 decomposed under these conditions [36]
Scheme 28).

In a comparable way aryl- and heteroaryl substituted diaz-
borolines could be synthesized. Thienyl- and dithienyl rings
ere introduced as substituents at boron by the reaction of 64
ith 2-thienyllithium and 2,2′-dithienyllithium in mixtures of
iethyl ether and hexane to give benzodiazaboroles 98 and 99
n 62 or 57% yield, respectively [18]. Similarly, reaction of
quimolar amounts of 2-bromo-1,3,2-naphthodiazaboroline 100
nd thienyllithium in hexane at ambient temperature afforded
ompound 101 as colorless needles in 57% yield (Scheme 29).

In contrast to this, the reaction of 100 with 2-dithienyl
ithium under comparable conditions gave only a few crystals of
ure 102 after crystallizing the crude product from acetonitrile
Scheme 29) [18].

The cyano group at the boron atom may also be replaced by
arbon nucleophiles. Previously, we found that tert-butyllithium
nd 2-cyano-1,3,2-diazaboroline 103 underwent reaction to give
he 2-tert-butyl-1,3,2-diazaborole 104 in 88%, whereas the cor-
esponding reaction with the bromo derivative 94 failed [13].

oreover, cyano derivative 103 was converted in high yields
nto the 2-ethynyl-1,3,2-diazaboroline 105 by treatment with
he ethylenediamine adduct of lithium acetylide. Thereby, the

mployment of the 2-cyano-1,3,2-diazaboroline was crucial
ince the bromo derivative 94 and the organolithium component
ave rise to the formation of aminolysis product 106 instead of
05 (Scheme 30) [14].
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Scheme 29. Synthesis of 2-thienyl- and 2-dithienyl-functionalized diazaborolines.
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p
(60%). The isopropyl derivative 110 was formed as a minor
product in only 10% yield (Scheme 32).

For the success of the formation of 111 obviously a 2:1 ratio
of 103 and isopropyllithium and a reaction time of at least 12 h
Scheme 30. Different reactivities of 94

These observation necessitated the study of the reactivity of
-cyano-1,3,2-diazaborolines towards organolithiums in more
etail [37].

Treatment of 103 with equimolar amounts of cyclopropyl-
ithium, i-butyllithium and phenyllithium gave mirocrystalline
07 (91%), oily 108 (81%) and needles of 109 (89%)
Scheme 33) [37]. With isopropyllithium as a reagent things
ere somewhat different. Here the reaction with 103 in a
:1 stoichiometry in hexane at −30 ◦C also gave rise to
he 2-isopropyl derivative 110 as a light yellow oil in 61%

ield (Scheme 31).

Treatment of cyano derivative 103 with isopropyllithium in a
olar ratio 2:1 in hexane at −30 ◦C for 12 h, however, afforded

he C,N-diborylated imine 111 as the main product. The com- S
103 towards tBuLi and Li(en)C CH.

ound was isolated as a red microcrystalline solid by distillation
cheme 31. Synthesis of 107–110 from 103 and organolithium reagents.
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Scheme 32.

as crucial. In all other cases the increase of the amount of
03 employed was of no effect. Only, 107–110, in addition
o unreacted 103 were observed in the reaction mixtures. It is
onceivable that the formation of 111 was initiated by the nucle-
philic attack of the organolithium compound at the LUMO of
03 which is the �*BCN orbital to give a situation as depicted in
12. Extrusion of LiCN on path a gave the substitution products
07–110. The addition of the isopropyllithium to the CN func-
ion of 103 would lead to lithium imide 113, the attack of which
t the BC bond of a second molecule of 103 would furnish 111.
rom a formal point of view 111 is the product of a diboration
rocess at isopropyl cyanide [37].

.3.2.2. Silicon-, germanium-, tin- and lead-based
ucleophiles. When equimolar amounts of 2-bromo-
enzodiazaboroline 92 were added at −78 ◦C in THF or
t2O to freshly prepared triphenylsilyl-, triphenylgermyl-,
riphenylstannyl-, or triphenylplumbyl-lithium the 2-silyl-, 2-
ermyl-, 2-stannyl- and 2-plumbyl-1,3,2-benzodiazaborolines
ere generated as colorless solids in 40–86% yield [34]

Scheme 33).

a
o

1

Scheme 33. Preparati
tion of 111.

Colorless prisms of 2-trimethylstannyl-benzodiazaborole
18 were synthesized in 85% by treatment of freshly prepared
rimethylstannyllithium with 92 in a THF/diethyl ether mixture
n the range 0 ◦C to room temperature [34] (Scheme 34). Hex-
ne solutions of the chiral diazaborolines (S,S)-10a or (S,S)-11
ere reacted with a slight excess of LiSnMe3 in THF at 20 ◦C,
hereupon the stannylated heterocycles (S,S)-119 (58% yield)
ere formed as a colorless oil and (S,S)-120 (67% yield) as a

olorless crystalline compound [15] (Scheme 34).

.3.3. Nitrogen-based nucleophiles
To increase the steric demand of chiral 1,3,2-diazaborolines

ulky amino substitutents were introduced at the boron atom
f the ring. Bromide replacement from (S)-78 with an excess
f tert-butylamine in hexane gave (S)-121 as a yellow oil after
acuum distillation (74% yield) [15] (Scheme 35).

Liquid (S,S)-122 resulted from the treatment of (S)-78 with

n equimolar amount of (S)-1-phenylethylamine in the presence
f triethylamine (48% yield) [15].

The stable amino-functionalized 1,3,2-diazaboroline (S,S)-
23 resulted as a colorless liquid from the reaction of 10a

on of 114–117.
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Scheme 34. Synthesis of 2-trimethylstannyl-1,3,2-diazaborolines 118–120.

uted 1

w
(
1
y

Scheme 35. Synthesis of 2-amino substit
ith a twofold amount of tert-butylamine in hexane at 20 ◦C
58% yield). Similarly, the yellow liquid diazaboroline (S,S)-
24 was synthesized from (S,S)-11 and tert-butylamine (50%
ield) (Scheme 36) [15].

Scheme 36. Synthesis of chiral 1,3,2-diazaborolines 123–126.
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,3,2-diazaboroles (S)-121 and (S,S)-122.

Oily colorless heterocycles (S)-125 and (S)-126 were formed
y aminolysis of achiral 94 with chiral (S)-Cy(Me)CHNH2 and
S)-Ph(Me)CHNH2 in the presence of NEt3 (72–74% yield)
Scheme 36) [15].

The combination of cyano derivative 87 and the ethylenedi-
mine complex of lithium acetylide in toluene at 20 ◦C gave rise
o the formation of the crystalline colorless aminolysis product
27 instead of the expected 2-ethynyl-1,3,2-diazaboroline 128
Scheme 37) [31].

.3.4. Oxygen- and sulfur-based nucleophiles
Stirring a hexane solution of diazaborole 94 with sodium

ethanolate between −20 ◦C and room temperature led to the
eneration of the colorless oily 2-methoxy-1,3,2-diazaboroline
29 in 66% yield (Scheme 38) [38]. The diazaborolinyl sulfanes
30 and 131 were accessible by the reaction of 94 with a slight

xcess of sodium methylthiolate or potassium tert-butylthiolate,
espectively, in hexane. Compounds 130 and 131 are formed in
0 and 82% yield, respectively, as colorless solids. Similarly,
ellow oily 132 was isolated in 63% yield from the reaction of
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Scheme 37. Reaction of 87
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cheme 38. Synthesis of the chalcogenolatodiazaborolines 129–132.

9 with solid potassium tert-butylthiolate in hexane (Scheme 38)
38].

.3.5. Halides
Treatment of 49 with a slight excess of chlorotrimethylsilane
t 20 ◦C in hexane solution effected a clean Br/Cl exchange and
hloro derivative 133 was isolated by vacuum distillation as a
ellow oil in 95% yield (Scheme 39) [24].

Scheme 39. Synthesis of 133 by Br/Cl exchange with Me3SiCl.
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with Li(en)C CH.

.4. Insertion reactions

The variation of substituents at the boron atom of 1,3,2-
iazaborolines is not restricted to nucleophilic substitution
rocesses as discussed before. In a number of cases unsaturated
rganic molecules or low-valent and coordinatively unsatu-
ated transition metal complexes may be inserted in the B–X
ond of halo-, cyano- or trimethylstannyl-functionalized 1,3,2-
iazaborolines giving rise to novel derivatives, which are not
ccessible by the standard routes. The regio- and stereoselec-
ive synthesis of �,�-unsaturated �-borolinyl nitriles 135 and
36 was devised by the palladium-catalyzed cyanoboration of
-octyne and tolane with cyanoborolidine 134 in boiling dioxane
n the presence of 5 mol% of CpPd(�3-C3H5) and 20 mol% of
Me3. The yield determined by gas chromatography was nearly
uantitative and underlines the efficiency of this transformation
Scheme 40) [39].

When the same type of reaction was applied to 3-phenyl-
ropyne(2) a 83:17 mixture of the regioisomers 137 and 138 in
total yield of 96% was formed (Scheme 41) [39].

Generally, the major product was assigned as the isomer
n which the cyano group is attached to the carbon atom �
o the aryl group. Improved regioselectivites were observed
or alkynes with bulky aryl groups and for boron hetero-
ycles with bulky substituents at the ring nitrogen atoms.
he treatment of 2-bromo-1,3,2-benzodiazaboroline 92 with
solution of (�2-C2H4)Pt(PPh3)2 in toluene for 24 h gave

ise to the generation of trans-bromo-(1,3-diisopropyl)-1,3,2-
iazaborolin-2-yl-bis(triphenylphosphan)platinum(II) 139 as a
rown solid in 76% yield (Scheme 42) [34].

From a formal point of view the coordinatively unsat-
rated complex fragment [Pt(PPh3)2] was inserted into the
–Br-bond of the precursor. Colorless crystalline complex
40 was isolated from the reaction of the zerovalent plat-
num complex with 2-trimethylstannyl-1,3,2-diazaboroline 118

n toluene at ambient temperature for 3 d (Scheme 43)
34].

In contrast to this, the related 1,3,2-diazaborolines 114–117
id not react with the platinum complex [34].
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Scheme 40. Pd-catalyzed cyanoboration of 4-octyne and tolane.
Scheme 41. Cyanoboration o

Scheme 42. Preparation

Scheme 43. Prepar
f 3-phenyl-propyne(2).

of complex 139.

ation of 140.
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(153) to δ = 30.8 ppm (1JSnB = 986 Hz) in (S,S)-119.
The 11B{1H} NMR-spectra of the benzo-1,3,2-

diazaborolines (Table 2) exhibit a similar trend than those
Scheme 44. Two

.5. Miscellaneous

Chemical transformations at the nitrogen atoms in 1,3,2-
iazaborolines are also conceivable. Double metallation of 60
y 2 equiv. of n-butyllithium at −78 ◦C occurred readily. At
60 ◦C compound 141 separated as a white solid from the mix-

ure. Treatment of the precipitate with trimethylchlorosilane in
HF in the range −78 to 20 ◦C resulted in the formation of 142

Scheme 44) [40].

. Physico-chemical and structural aspects of
,3,2-diazaborolines

.1. Spectroscopic data

.1.1. NMR-studies
Inspection of the 11B NMR-spectra of monocyclic 1,3,2-

iazaborolines (Table 1) showed that the boron atoms in these
eteroarenes are generally better shielded than those in the corre-
ponding saturated 1,3,2-diazaborolidines. The high-field shifts
δ [�δ = δ11B(borolidine)–δ11B(boroline)] range from 4.8 ppm

n going from 143 to 144 [2,6] to 7.0 ppm in going from 145 to
46 [2,7] (Scheme 45).

The chemical shifts of 1,3,2-diazaborolines with alkyl or
ryl-substituents at boron as well as alkyl groups at both
itrogen atoms range from δ = 25.3 ppm (18, 21) to δ = 28.4 ppm
n 12b (av. 26.4 ppm, σ = 0.79). The 11B NMR resonance of
he tert-butyl derivative 104 (δ = 30.1 ppm) appeared slightly
eshielded. Significant high-field shifts were observed when
he organic substituent at the boron atom were replaced by
mino groups. Here the resonances were measured in the
arrow range between δ = 21.6 ppm in (S,S)-122 to δ = 22.5 ppm
n (S,S)-124. Comparable chemical shifts were encountered
n the 2-methoxy derivative 129 (δ = 22.1 ppm) and the
-alkylthiolato-1,3,2-diazaborolines 130 (δ = 23.3 ppm) and
31 (δ = 21.9 ppm). In the series the

hemical shifts of the 11B nuclei decrease in the series X = F
δ = 20.3 ppm, 147) ≈ Cl (δ = 20.2 ppm, 148) > Br (δ = 16.2 ppm,
4) > I (δ = 6.5 ppm, 149). The 11B NMR resonances of chloro
erivatives 29 (δ = 21.1 ppm) and 37 (� = 21.9 ppm) and
silylation of 60.

he bromo derivatives (S,S)-10a (δ = 18.2 ppm) and 11
δ = 19.0 ppm) are similar. The corresponding signals in the
-cyano-1,3,2-diazaborolines 103, (S)-82 and (S,S)-83 range

rom δ = 11.6 to 16.4 ppm. In (103)
δ = 12.0 ppm) the 11B NMR signal is between those of the
romo- and iodo derivatives. Interestingly, the acetylide

ubstituent in (150) exerts a similar
ffect on the chemical shift of a diazaboroline (δ = 15.7 ppm)
ike the bromo substituent in 94. The 11B shifts in the
-hydrido-derivatives appear in the narrow range between

= 18.9 ppm in (151) and δ = 21.9 ppm in

(152), and are thus close to the data in
he 2-chloro-1,3,2-diazaborolines. For the coupling constants
alues between 1JBH = 146–158 Hz were measured. The 11B
MR resonances in the 2-trimethylstannyl derivative vary from

= 25.8 ppm (1JSnB = 1031 Hz) in
Scheme 45. 11B NMR shifts of compounds 143–146.
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Table 1
11B NMR and relevant 1H and 13C NMR data of selected monocyclic 1,3,2-diazaborolines

Compound R1 R2 R3 δ11B δ1H (CH) 13C (CH) Reference

9 tBu CH2SiMe3 tBu 26.4 6.31 113.1 [16]
(S,S)-10a Me(Cy)HC Br Me(Cy)HC 18.2 6.17 113.5 [15]
(S,S)-10b Me(Cy)HC iBu Me(Cy)HC 26.7 6.21 112.3 [16]
(S,S)-10c Me(Cy)HC CH2SiMe3 Me(Cy)HC 26.9 6.19 112.4 [16]
11 Me(Ph)HC Br Me(Ph)HC 19.0 6.13 114.6 [15]
(rac/meso)-12a Me(Et)(Ph)C Br Me(Et)(Ph)C 19.0 6.25 115.2 [16]
(rac/meso)-12b Me(Et)(Ph)C CH2SiMe3 Me(Et)(Ph)C 28.4 6.22 114.5 [16]
15a tBu 1,4-C6H4 tBu 25.9 6.45 113.0 [17]
15b tBu 1,3-C6H4 tBu 25.8 6.47 112.7 [17]
15c tBu 1,3,5-C6H3 tBu 25.8 6.49 112.8 [17]
15d tBu 4,4′-C6H4-C6H4 tBu 25.9 6.48 112.9 [17]
15e tBu 2,5-C4H2S tBu 23.5 6.48 112.9 [18]
18 tBu Fc tBu 25.3 6.42 112.7 [21]
21 tBu Fc′ tBu 25.3 6.39 112.9 [21]
24 tBu 3-Me-C5H3Mn(CO)3 tBu 23.2 6.34 113.7 [21]
29 Xyl Cl Xyl 21.1 5.85 117.7 [22]
37 Mes Cl Mes 21.9 5.92 117.8 [22]
(S)-79 tBu H Me(Ph)HC 19.4, JBH = 146 Hz 6.15d/6.40d, J = 2.0 Hz 114.4/116.2 [15]
(S)-82 tBu CN Me(Ph)HC 11.6 6.25d/6.40d, J = 2.3 Hz 114.8/116.1 [15]
(S,S)-83 Me(Cy)HC CN Me(Cy)HC 16.4 5.98 115.7 [16]
(rac/meso)-84 Me(Et)(Ph)C CN Me(Et)(Ph)C 13.5 5.83/5.84 116.95/117.05 [16]
(S)-88 tBu Me Me(Ph)HC 26.2 6.32d/6.48d, J = 2.5 Hz 111.1/113.5 [15]
(S,S)-89 Me(Cy)HC nBu Me(Cy)HC 26.4 6.19 112.4 [15]
94 tBu Br tBu 16.2 6.27 113.6 [11]
95 tBu C(N2)SiMe3 tBu 21.0 6.32 113.9 [36]
103 tBu CN tBu 12.0 6.14 114.6 [12]
104 tBu tBu tBu 30.1 6.32 113.6 [13]
105 tBu C CH tBu 15.7 6.25 112.8 [13]
107 tBu cPr tBu 27.3 6.23 112.3 [37]
108 tBu iBu tBu 26.7 6.32 113.2 [37]
109 tBu Ph tBu 26.4 6.36 112.9 [37]
110 tBu iPr tBu 27.4 6.31 [37]
111 tBu iPrC N tBu 21.8/24.0 6.31/6.36 112.5/113.7 [37]
(S,S)-119 Me(Cy)HC SnMe3 Me(Cy)HC 30.8, JSnB = 986 Hz 6.37 115.4 [15]
(S,S)-120 Me(Ph)HC SnMe3 Me(Ph)HC 28.2, JSnB = 994 Hz 6.38 116.4 [15]
(S)-121 tBu NHtBu Me(Ph)HC 22.3 5.93d/6.25d, J = 2.8 Hz 109.6/113.0 [15]
(S,S)-122 tBu NHCH(Ph)Me Me(Ph)HC 21.6 5.86d/6.13d, J = 2.6 Hz 109.2/111.9 [15]
(S,S)-123 Me(Cy)HC NHtBu Me(Cy)HC 22.1 5.95 110.6 [15]
(S,S)-124 Me(Ph)HC NHtBu Me(Ph)HC 22.5 6.12 111.9 [15]
(S)-125 tBu NHCH(Cy)Me tBu 22.0 6.06 110.0 [15]
(S)-126 tBu NHCH(Ph)Me tBu 22.3 6.19 111.3 [15]
129 tBu OMe tBu 22.1 6.12 111.5 [38]
130 tBu SMe tBu 23.3 6.35 113.4 [38]
131 tBu StBu tBu 21.9 6.43 114.8 [38]
1 45

o
p
δ

C
9
(
1
i

w
d
w
o

80 2,6-iPr2C6H3 Li(DME) 2,6-iPr2C6H3

f its monocyclic congeners. With an identical substitution
attern the shielding of the 11B nuclei increase in the series
= 29.7 (X = Me, 91) > 28.6 (4,4′-biphenyl, 76) > 26.6 (2.5-
4H2S, 77) = 26.6 (2-thienyl, 98) > 26.2 (5,2,2′-dithienyl,

9) > 23.1 (HN(CH2CH2)NH, 127) > 22.8 (Br, 64) > 15.7
CN, 87). Generally, the annulation of a benzogroup to the
,3,2-diazaboroline unit led to a deshielding of the 11B signals
n comparison to the related monocyclic species. In the series

1
(
(
(

.4 6.22 119.3 [58]

ith isopropyl substituents in the 1,3-positions the 11B NMR
ata show a deshielding of the 11B nucleus as the atomic
eight of the group 14 element increases. Similar influences
f the substituent on the shielding of the boron center in

,2-dihydro[1,3,2]diazaborolo[1,5-a]pyridines were registered
Table 3). 11B NMR resonances decrease in the order δ = 23.9
X = Me, 90) > 19.9 (StBu, 132) > 19.4 [C(N2)SiMe3, 97] > 18.0
F, H, 53 and 80) > 17.9 (Cl, 133) > 14.8 (Br, 49) > 8.9 (CN, 86).
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Table 2
11B NMR and 13C NMR data of selected benzo-1,3,2-diazaborolines

Compound R1 R2 δ11B δ13C(N–C C–N) Reference

64 Et Br 22.8 136.7 [31]
76 Et 4,4′-C6H4–C6H4 28.6 141.4 [18]
77 Et 2,5-C4H2S 26.6 137.6 [18]
87 Et CN 15.7 136.2 [31]
91 Et Me 29.7 137.7 [31]
93 iPr tBu 29.5 136.6 [34]
96 Et C(N2)SiMe3 26.4 137.8 [36]
98 Et 2-C4H3S 26.6 133.7 [18]
99 Et 5-2,2′-dithienyl 26.2 n.o. [18]

114 iPr SiPh3 29.9 – [34]
115 iPr GePh3 30.5 – [34]
116 iPr SnPh3 32.4 – [34]
117 iPr PbPh3 39.6 – [34]
118 iPr SnMe3 32.8 – [34]
127 Et HN(CH2)2NH 23.1 138.1 [31]
139 iPr Pt(PPh3)2Br 27.9 138.1 [34]
140 iPr Pt(PPh3)2(SnMe3) 44.7 – [34]
1

r
n
i
w
t
2
δ

a
d

3

T
1

C

1
1

42 SiMe3 NMe2

The hydrogen atoms at the ring carbon atoms in the symmet-
ically substituted diazaborolines with alkyl groups at the ring
itrogen atoms range from δ = 5.95 ppm in (S,S)-123 to 6.49 ppm
n 15c. The 13C{1H} NMR signals of the 1,3,2-diazaborolines

ith N-alkyl-substituents vary from δ = 110.0 ppm in (S)-125

o δ = 116.4 ppm in (S,S)-120. In the N-arylated compounds
9 and 37 the corresponding resonances were observed at
= 117.7 and 117.8 ppm. These NMR spectroscopic results

a
a
2

able 3
1B NMR data of selected 1,2-dihydro[1,3,2]diazaborolo[1,5-a]pyridines

ompound R1 R2 δ11B

49 tBu Br 14.8
53 tBu F 18.0
54 Xyl F 17.9
56 tBu Fc 23.9
80 tBu H 18.0d, JBH = 15
86 tBu CN 8.9
90 tBu CH3 23.9
97 tBu C(N2)SiMe3 19.4
32 tBu StBu 19.9
33 tBu Cl 17.9
32.0 142.0 [40]

re considered as evidence for the heteroaromaticity of
iazaborolines.

.1.2. UV–vis and fluorescence spectra

Three-coordinate luminescent organoboron compounds are

n important class of molecules because of their potential
pplications in advanced materials. Conjugation of the vacant
pz-orbital on the boron center with the �* orbital of the attached

δ13CHNR1 δ13CNR1 Reference

6.31 104.5 [24]
6.14 99.7 [24]
5.96 103.1 [24]
6.47 105.1 [21]

5 Hz 6.34 104.5 [24]
6.12 106.1 [21]
6.45 103.5 [21]
6.36 – [36]
6.67 106.1 [21]
6.46 103.7 [21]
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Table 4
Photophysical data of 15c, 13d, 15d

Compound Solvent Absorption,
λmax (nm)

Emission,
λmax (nm)a

Stokes shift,
λ (nm)

15c Hexane and THF 287 381 94
13d Hexane 282 338 56
13d THF 282 372 92
1
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Table 5
Photophysical data of the thienylborolines 98, 99, 101 and the
bis(diazaborolines) 76 and 77 in THF

Compound Absorption,
λmax (nm)

Emission,
λmax (nm)

φabs. (%) Stokes
shift (nm)

98 296 382 – 86
99 326 433 29 107
101 341 371 18 30
7
7

f
4
7
3
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d

5d Hexane 276 326 50
5d THF 274 393 119

a [c] = 1 × 10−5 to 1 × 10−6 M L−1.

rganic �-system proved to be responsible for some outstanding
roperties such as unique absorption and emission characteris-
ics, a low reduction potential susceptible to doping as well as
igh electron-transporting abilities [41]. In the past, heavily sub-
tituted triarylboranes have been investigated for this purpose
42,43].

Solutions of benzo- and naphtho-1,3,2-diazaboroles 71–73
nd 75 showed absorption peaks around 350 nm in their UV
pectra. Compounds 71 and 73 exhibited violet emission (71:
em/nm = 370, 389, 405; 73: 378, 389) using 340 nm as an exci-

ation wavelength. Interestingly the emission maximum of 72
as observed around 438 nm which corresponds to the blue

egion. The absorptions (λmax = 357 nm) and emissions of 75
λem/nm = 376, 395, 417) compare well with those of 71. Quan-
um yields φ range from 0.78 ± 0.03 to 0.99 ± 0.01 (relative
o p-terphenyl in cyclohexane with φ = 0.92 at 303 nm as the
xcitation wavelength) [33].

The bis(borolinyl) systems 15a and 15b with a phenyl ring
etween each heterocyclic unit do not show luminescence. The
V–vis maxima of these compounds range from 245 to 252 nm,
hereas the UV–vis absorption of 15c, is shifted bathochromi-

ally to 287 nm. 15c exhibits a moderate blue luminescence at
81 nm (Table 4).

The position of the absorption band is independent of the sol-
ent. The optical behavior of the biphenyl derivatives 13d and
5d is much more pronounced. They display absorption peaks
round 280 nm and a blue luminescence. When the solvent is
hanged from hexane to THF the emission band is shifted to a
onger wavelength, whereby this tendency is most evident for
5d (�λ = 67 nm). The Stokes shifts range from 56 nm (13d) to
19 nm (15d) in THF. Generally this shift is less pronounced
n hexane. Such a solvatochromism was rationalized by the
tabilization of a polar excited state by the polar solvent [17].

Compounds 76, 77, 98, 99 and 101 exhibit blue luminescence
nder ultraviolet radiation (Table 5). The absorption maxima
ange from 296 nm (98) to 341 nm (101), and the emission
axima from 371 nm (101) to 433 nm (99). As expected, the
olecule with the smallest �-conjugated system 98 exhibits
aximum absorption at the shortest wavelength compared to the

ther systems. Enlargement of the �-system at the backbone of
he benzodiazaboroline leads only to a bathchromic shift of the

aximum absorption but not to that of emission. This fact leads

o the extremely small Stokes shift of compound 101 (30 nm)
n comparison to 98 (86 nm). Extending the �-system by using
ithiophene instead of thiophene as a substituent at the boron
tom effects a bathchromic shift of the maximum absorption

fi
o
t
d

6 304 427 52 123
7 316 404 59 88

rom 296 to 326 nm as well as that of the emission from 382 to
33 nm. The optical behavior of the bis(diazaborolines) 77 and
6 is even more pronounced. They show absorption maxima at
16 and 304 nm and emission maxima at 404 and 427 nm. Both
f them have quantum yields higher than the standard coumarin
20 (φ = 0.50).

Meanwhile it is a matter of common knowledge that the
acant pz-orbital of boron makes conjugation with organic
-systems possible. Recent investigations have shown that

hree-coordinate boron can serve as a fluoride-sensor simply
y the fact that the fluoride ion occupies the vacant pz-orbital.
f the systems under discussion possess a fully conjugated �-
ystem which includes the pz-orbital of the boron, fluoridation
hould lead to a change in absorption and emission properties.
n keeping with this, compounds 98 and 99 give a clear fluores-
ence in THF under UV radiation. After addition of nBu4NF
he emission bands of both compounds decrease drastically
Scheme 47). The 11B{1H} NMR signal of the fluoride-adduct
f 98 appears at δ = 3.4 ppm and its 19F{1H} NMR resonance at
= −132.1 ppm. The corresponding data for the F−-adduct of
9 are δ11B = 3.3 ppm and δ19F = 132.2 ppm. For the equilibrium
onstant of adduct formation between 98 and tetrabutylammo-
ium fluoride in CDCl3 at 20 ◦C a value of 5.2 × 10−4 mol L−1

as determined by 19F NMR spectroscopy. Removal of fluoride
y the addition of BF3·OEt2 leads to an increased intensity of
he emission bands nearly to its original values [18].

.1.3. He(I) photoelectron spectra
He(I) photoelectron spectra were recorded for selected

iazaborolines [X = Me (154), H (151),
Me (130), Br (94), CN (103)] and diazaborolidines

[X = Me (155), H (156), SMe (157), Br
158)] in order to determine their electronic properties and esti-
ate the effect of substitution of the boron atom on the energetic

osition of the different molecular orbitals (MOs) (Table 6) [44].
he PE spectrum of 151 presents two first bands at 7.4 and 8.8 eV
nd a broad peak with a shoulder at 11.1 eV. The PE spectrum
f its saturated analogue 156 displays two first bands at 7.4
nd 9.4 eV and the corresponding shoulders at 10.6 and 11.5 eV.
or 94 four first bands at 7.4, 9.0, 9.8 and 10.4 eV are clearly
istinguished, whereas the PE spectrum of 158 presents three

rst ionizations at 7.7, 9.2 and 9.8 eV. For the diazaborolines
f this study, the first ionization potential corresponds mainly
o the bonding combination of the nitrogen lone pairs (n+

N�)
elocalized in the p-boron vacant orbital (�∗

NBN) in antibonding
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Table 6
First ionization potentials of selected 1,3,2-diazaborolines and 1,3,2-
diazaborolidines in eV

Compounds

154 130 151 94 103 155 156 157 158

X
1
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Table 8
Oxidation potentials of 1,3,2-diazaborolidines 155–158 and 161–165 in CH2Cl2
vs. Fc/Fc+

Compounds

161 162 155 163 157 156 164 158 165

R
E

w
o
(
(
c
1
(

l
t
b
t
(
1
t
2
t
c

i
r
t
w
u
c

Me SMe H Br CN Me SMe H Br
.IP 7.1 7.3 7.4 7.4 7.7 7.3 7.4 7.4 7.7

nteraction with the �C C orbital. The nature of the second ion-
zation potential (third for 130) with the �C N

− orbital which is
ue to the antibonding nitrogen lone pairs combination in inter-
ction with the �∗

C C orbital. For 130 the second IP corresponds
o the ionization of the � sulfur lone pair. The lowest value
f IP is obtained for the methyl-substituted diazaboroline 154
7.1 eV); the highest ones are observed for the cyano derivative
03 (7.7 eV) and the 2-bromoborolidine 158 (7.7 eV). For 156
he first ionization potential at 7.4 eV corresponds to the nitrogen
nti-bonding combination of lone pair (n−

N�) and the band at
.4 eV to the nitrogen bonding combination of lone pair (n+

N�).
he first ionization potential of 158 at 7.7 eV is assigned to the

emoval of an electron from the n−
N� orbital in interaction with

he bromine � lone pair (n+
N�–nBr�).

.2. Electrochemistry

Inspection of the cyclovoltammograms of selected 1,3,2-
iazaborolines 94, 103, 129, 130, 153, 154, 159 and 160 show
significant irreversible oxidation signal (Table 7), whereas

n all cases no reductive waves were observed up to −3.0 V.
he oxidation potentials vary strongly with the substituents
t the boron atom. These trends can be rationalized by the

onor/acceptor qualities of the respective substituent. Thus, the
mino group as well as the methoxy group function essentially as
-donors toward the boron–nitrogen heterocycle, whereas bro-
ide and cyanide have to be considered as acceptors. In keeping

able 7
xidation potentials of 1,3,2-diazaborolines 94, 103, 129, 130, 153, 154, 159,
60 in CH2Cl2 vs. Fc/Fc+

Compounds

159 129 154 160 151 130 153 94 103

NH2 OMe Me NMe2 H SMe SnMe3 Br CN

ox (mV) −288 −58 124 158 310 354 396 576 752

b
1
t
(
t
w
n
t
h

9
b
v
i
w
v
v

NH2 OMe Me NMe2 H SMe SnMe3 Br CN

ox (mV) 280 516 592 418 662 790 754 993 1164

ith this, the observed potentials are anodically shifted in the
rder 159 (−288 mV) < 129 (−58 mV) < 154 (124 mV) < 160
158 mV) < 151 (310 mV) < 130 (354 mV) < 153 (396 mV) < 94
576 mV) < 103 (752 mV). For comparison the electrochemi-
al oxidation of the saturated diazaborolidines 155–158 and
61–165 with an identical substitution pattern were investigated
Table 8).

A situation analogous to that with the unsaturated diazaboro-
ines was encountered. The oxidation process is irreversible and
he potentials vary in the same way with the substituents at the
oron center. The compounds are less easily oxidized within
he series 161 (280 mV) < 163 (418 mV) < 162 (516 mV) < 155
592 mV) < 157 (662 mV) < 164 (754 mV) < 156 (790 mV) <
58 (993 mV) < 165 (1164 mV). It is obvious that the poten-
ials of the 1,3,2-diazaborolidines are anodically shifted by
60–566 mV. This observation was rationalized by the fact that
he nature of the HOMO is different in both classes of heterocy-
les [44].

The cyclovoltammograms of 71–73 and 75 were measured
n DMF at 298 K versus a Fc/Fc+-standard. No significant
eduction waves were observed and the order of the oxida-
ion potentials was 72 (180 mV) < 71 (460 mV) < 73 (756 mV),
hich could be related to the substituents at the fused aromatic
nit. The oxidation potential of compound 75 (500 mV) was
lose to that of 71 [33].

In order to test a conceivable electronic communication
etween the diazaboroline units via the �-electron system in
5a–15d cyclic voltammograms were recorded. Only one oxida-
ive wave was observed for 15a (180 mV), 15b (168 mV) and 15c
198 mV) which excludes any significant electronic communica-
ion via the �-system. In contrast to this, two irreversible waves
ere observed for 15d (245 and 1066 mV). The strong lumi-
escence and the electrochemical behavior of this species was
aken as evidence for interaction and �-conjugation between the
eterocycles [17].

The mono- and dithienyl-substituted 1,3,2-diazaborolines
8, 99 as well as the thienyl- and the biphenyl-bridged
is(diazaborolines) 76 and 77 were also oxidized by cyclo-
oltammetry to find out how the oxidation potentials are

nfluenced by the substitution pattern at the boron atom, and
hether or not these species give rise to reversible cyclic
oltammograms. All cyclovoltammograms show a clean irre-
ersible oxidative wave with increasing potentials in the
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Table 9
Voltammetric data of ferrocenyl- and methylcymantrenyl-functionalized diaz-
aborolines and diazaborolidines vs. Fc/Fc+ standard

Compounds E0 (mV)

18 −180
21 −340
24 210
1
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66 −110
67 −200
68 490

eries 98 (435 mV) < 99 (510 mV) < 77 (589 mV) < 76 (867 mV)
18].

For similar reasons the ferrocenyl- and methylcymantrenyl-
unctionalized diazaborolines 18, 21 and 24 and their saturated
ongeners 166–168 were also investigated by cyclic voltam-
etry, whereby on higher scan rates quasi-reversible Fe2+/Fe3+

xidations were observed (Table 9):

From these data it is obvious that the diazaboroline and
he diazaborolidine groups transfer electron density onto the
edox-active center of the ferrocene unit. The diborolinylated
errocene 21 is more easily oxidized (E0I = −340 mV) than
he monoborolinidylated analogue 18 (E0I = −180 mV), and the
ame trend is observed with compounds 166 (E0I = −110 mV)
nd 167 (E0I = −200 mV), where one or two diazaborolidinyl
ubstituents are present. Moreover, it is evident that the oxidation
f the ferrocanyl-diazaborolines 18 and 21 is easier than that of
he saturated congeres 166 and 167. In contrast to the ferrocene
erivatives, the methylcymantrenyl systems 24 (E0I = 210 mV)
nd 168 (E0I = 490 mV) suffer thereby from an irreversible oxi-
ation process with the formation of free methylcymantrene
E0I = 840 mV) [21].

.3. Molecular structures

In the previous review on this topic [2] the molecular
tructures of a number of typical 1,3,2-diazaborolines were
iscussed in detail. Thus in this account, only a brief sum-
ary of bonding parameters within a 1,3,2-diazaboroline ring

s presented. Beyond this, more attention is spent to the
onformational situation in some highly functionalized diaz-

calculated for H2NBH2 w
[46]. The C–C distances
1.36 Å, including the val
in ethene. The endocyclic
1.41 Å, and are thus elo
value for a localized CN
[47]. For the exocyclic N(
1.48 Å (av.) are measured
B–N–C and N–C–C are 1

In compound 95 the pla
atoms B(2)–C(11), Si(1)
(φ = 89.4◦). This observa
[1.575(2) Å] exclude �-in
molecule. A similar situa
where the plane of the
C5H4 ring [B(1)–C(1) =
of 73.1◦. Compound 15 e
wheel where the diazabor
to N(4) and B(3) to N(6
104.1◦ and 87.1◦ with res
again excludes any electro
rocyclic units via the cent
extend the electrochemic

Compound 86 feature
regarded as a 1,3,2-diaza
unit via the two adjacent
series of monocyclic 1,3,
ters within the boroline p
distances [1.420(2) and 1.
acter. The bond length C(
the upper end of the rang
borolines, particularly with respect of communication between
ifferent �-systems. Structural features of the novel 1,2-
ihydro[1,3,2]diazaborolo[1,5-a]pyridines are also considered.
he most characteristic structural feature of almost all mono-

a
N
t
a

y Reviews 252 (2008) 1–31

yclic 1,3,2-diazaborolines, as determined by single-crystal
-ray diffraction analysis, is the planarity of the heterocyclic

ore (Fig. 1). The BN bond lengths vary from 1.41 to 1.45 Å
nd show no significant differences to the BN bonds in the
ully saturated borolidines [17]. In the planar aminoborane
CF3)2B N(iPr)2 the BN distance was determined to 1.37(1) Å
45] which compares well with the BN bond length of 1.38 Å

ith an efficient p(�)–p(�) interaction
in diazaborolines range from 1.32 to
ue for the localized CC double bond
CN bond lengths range from 1.39 to

ngated compared with the calculated
double bond in Schiff bases (1.27 Å)

sp2)–C(sp3) single bonds lengths of ca.
. Average endocyclic angles N–B–N,
05.5◦, 107.2◦ and 110.1◦.

nes defined by the heterocycle and the
and N(3) are oriented perpendicularly
tion and the single bond B(1)–C(11)
teractions between these units in the
tion was encountered in structure 18
diazaboroline ring and the attached
1.588(2) Å] enclose a dihedral angle
xhibits the conformation of a paddle
olinyl-substituents B(1) to N(2), B(2)
) enclose interplanar angles of 89.9◦,
pect to the central arene unit. This fact
nic communication between the hete-

ral arene spacer, and confirms to some
al data.
s a planar molecule which may be

boroline connected to a 1,3-butadiene
atoms N(1) and C(5). In contrast to a
2-diazaborolines the bonding parame-
art of 86 differ significantly. The B–N
429(2) Å] indicate multiple bond char-
4)–C(5) in 86 [1.362(2) Å] appears at
e encountered for such bonds in diaz-
borolines. The endocyclic bonds N(3)–C(4) [1.395(2) Å] and
(1)–C(5) [1.416(2) Å] differ significantly in length and fall in

he range measured for the CN multiple bonds in the monocyclic
nalogues. The calculated value for a Csp2 –Nsp2 single bond is
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Fig. 1. Molecular structures of the 1,3,2-diazab

.45 Å [47]. The carbon–carbon distances in the six-membered
ing of 86 alternate. Double bonds are C(8)–C(9) [1.339(2) Å]
nd C(6)–C(7) [1.353(2) Å] whereas the longer bonds C(5)–C(6)
1.424(2) Å] and C(7)–C(8) [1.425(3) Å] may be considered as
ingle bonds. The boron atom is linked to the cyano group via a

–Csp single bond of 1.538(3) Å.

The molecule 99 features a planar 1,3,2-benzodiazaboroline
nit which is linked to the �-carbon atom of the dithienyl frag-
ent by a BC-single bond of 1.547(5) Å. Both rings of the

t
t
N
t

es 15c, 18, 86, 95, 99 and the borolium salt 26.

ithienyl groups are present in an anti-conformation enclosing
nterplanar angles of 137.5◦ and 133.7◦ with the plane of the BN-
eterocycle. The BN bond lengths [1.431(5); 1.440(4) Å] are at
he upper end of such values in monocyclic 1,3,2-diazaborolines.
ond C(1)–C(6) [1.413(5) Å] is markedly longer than the one in
he monocyclic congenors. The remaining C–C bonds average
o 1.394 Å. The endocyclic bonds N(1)–C(1) [1.397(7) Å] and
(2)–C(6) [1.392(4) Å] are as expected and significantly shorter

han the exocyclic CN contacts [1.464(4) and 1.465(4) Å].
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The X-ray structure of a borolium salt (26) should also be
ncluded in this account. The analysis shows a planar diaz-
borolium cation in addition to a tetrachloroborate anion with
o contact between the two ions. The bond lengths B(1)–Cl(1)
1.813(2) Å] and B(1)–Cl(2) [1.791(2)] are slightly shorter
han the B–Cl contacts in the BCl4− ion, which range from
.830(2) to 1.872(2) Å. The boron nitrogen bonds [B(1)–N(1)
.615(2) Å, B(1)–N(2) 1.594(2) Å] slightly exceed the aver-
ge B–N single bond length of 1.59 found in amine-boranes
48]. The endocyclic C–N bond lengths [C(1)–N(1) 1.276(2) Å,
(2)–N(2) 1.279(2) Å] are characteristic for double bonds. The
arbon–carbon bond length in the cation [1.477(2) Å] indicates
bond order of unity. In comparison to monocyclic diazaboro-

ines the angle at the boron atom was compressed to 95.8(1)◦,
hereas the endocyclic angles B(1)–N(1)–C(1) [110.7(1)◦],
(1)–N(1)–C(2) [111.5(1)◦] are slightly more obtuse than in
iazaborolines. In contrast to this the endocyclic angles at C(1)
110.7(1)◦] and C(2) [110.6(1)◦] compare well with those in the
eutral heteroarenes.

. Theoretical calculations

In a recent paper [41] density functional calculations on
elected 1,3,2-diazaborolines (94, 103, 130, 151, 154) at the
3LYP/6-311 (d,p) level of theory have been reported. The
ature and the order of the two highest occupied molecular
rbitals are consistent with the CNCD/S calculations of 1,3-
imethyl-2-tert-butyl-1,3,2-diazaboroline [2,49]. The HOMO
f these molecules corresponds mainly to the bonding com-
ination of the nitrogen lone pairs (n+

N�) delocalized in
he p-boron vacant orbital (�∗

NBN) in antibonding interaction
ith the �C C orbital. The following orbital energies are cal-

ulated: 154 (7.10 eV) < 94 (7.40 eV) ≈ 130 (7.40 eV) ≈ 151
7.40 eV) < 103 (7.75 eV). They correlate well with the first ion-
zation potentials experimentally determined by photoelectron
pectroscopy. The respective value for 1,3-dimethyl-2-tert-
utyl-1,3,2-diazaboroline is 7.44 eV [48]. The nature of the
econd ionization potential (third one for 130) fits with the
C N

− orbital which is due to the antibonding nitrogen
one pairs combination in interaction with the �∗

C C orbital
for 130 the HOMO-1 is the � sulfur lone pair). Ener-
ies for the HOMO-1 are: 154 (8.80 eV) < 151 (9.02 eV) < 94

9.13 eV) < 103 (9.35 eV). The energy of the �−

C N orbital of
30 is 8.94 eV. The energy of the nS� orbital is 7.74 eV. In 1,3-
imethyl-2-tert-butyl-1,3,2-diazaboroline for the energy of the
OMO-1 a value of 9.04 eV was calculated [48].
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Scheme 46. Oxidation of bromo
y Reviews 252 (2008) 1–31

. Chemical properties

In this section the reactivity of 1,3,2-diazaborolines towards
xidizing and reducing agents are considered. Moreover, the
eaction of various diazaborolines with diphenylketene with the
im of synthesizing chiral oxazaborolidines is reported. Ligand
ubstitution at the boron atom leading to other diazaboroline
erivatives were included in the section on the synthesis of
iazaborolines, and are not discussed here (vide supra).

.1. Oxidations

As pointed out earlier the electrochemical oxidation of N,N′-
i-tert-butyldiazaborolines 94, 103, 129, 130, 153, 154, 159
nd 160 by cyclic voltammetry displayed clean, but irreversible
aves, whereby the oxidation potentials Eox,1/2 vary strongly

n dependence of the substitution pattern at the boron center
41]. With respect to this, there was interest in the nature of the
xidation products. Therefore oxidation of these heterocycles
as performed on a preparative scale using nitrosonium salts as
xidants.

The reaction of 1 equiv. of 2-bromo-1,3,2-diazaboroline 94
ith 2 equiv. of NO+PF6

− in CH2Cl2/hexane led to the quan-
itative formation of the difluoroborolium salts 169 as yellow
rystals (Scheme 46) [50].

The counterion was not uniform. Obviously the bromo ligand
f 94 was replaced by fluoride, which was released from a PF6

−
on before, and serves now as a counterion in the salt in addition
o the PF6

− ion and the tribromide ion. The Br3
− anion could be

ormed from Br− by partial oxidation with excessive NO+PF6
−.

Surprisingly, the reaction of the 1,3,2-diazaborolidine 158
ith NOPF6 under the same conditions also led to the formation
f product 169 (Scheme 47). The employment of 4 equiv. of
OPF6 did not lead to an improved yield. Instead 2 equiv. of the
itrosonium salt were recovered after the reaction [49].

When the 1,3,2-diazaboroline was substituted by poor leav-
ng groups such as hydride, ethynyl or cyano units only one
uoride atom was added to the boron atom and borolium salts
ith two different ligands were formed. Thus, the treatment of
51, 103 or 105 with 2 equiv. of NO+PF6

− afforded the intensely
ellow (170) or red borolium salts (171, 172) in moderate to high
ields (Scheme 48).
Here, the hexafluorophosphate was observed as the sole
ounterion. The treatment of diazaborolines containing electron-
onating substituents on the boron atom like dimethylamino-
r methoxy-functionalized derivatives 160 and 129 with

borole 94 with NO+PF6
−.
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Scheme 47. Oxidation of the bromoborolidine 158 with NO+PF6
−.

Scheme 48. Formation of salts 170–172.

Scheme 49. Oxidation of diazaborolines 129 and 160 with NO+PF6
−.

Scheme 50. Synthesis of 175.
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OPF6 did not afford borolium salts. Instead ring opening
ccurred with the formation of N,N′-di-tert-butyldiazabutadiene
, (Me2NBF2)2 (173) and (MeOBF2)n (174) (Scheme 49) [49].

The reaction of 94 with NO+BF4
− gave the mixed borolium

alt 175 (Scheme 50).
The established protocol for the synthesis of 2-halo-1,3,2-

iazaboroles involves the reduction of the corresponding
iazaborolium salts with a strong reducing agent. This
reparative result is supported by reductive cyclovoltammet-
ic experiments. All borolium salts 169–172 show a clean,
eversible curve in the range of 0 to −2 V, performed in
ichloromethane or acetonitrile as a solvent. The reductive
otentials E1/2 vary from −731 mV (170) to −742 mV (171)
ersus the ferrocene/ferrocenium standard. No electrochemical
xidation was observed in the range of 0–3.2 V.

.2. Reductions

The preparation of diboranes (4) by alkali-metal reduction of
alogenoboranes XBR2 (X = Cl, Br; R = Me2N, Aryl) is mean-
hile state of the art [51]. Their further reduction to dinuclear
ono- and dianions was recently reported [52,53] (Scheme 51).
The complete cleavage of the dinuclear dianions to ionic

pecies such as M+(BR2)−, however, has never been observed.
teric bulk at the substituents at the boron centers, however,
hould provide a situation, where such a dissociation process
ecomes conceivable. Particularly, with regard to the first
solable N-heterocyclic carbenes A [54] and silylenes B [55]
he quest for the isoelectronic N-heterocyclic boranides C was
bvious [38]:

Compound 94 seemed to be a promising precursor for
his target. Reduction of this 2-bromo-diazaboroline with
odium–potassium alloy in hexane was very sluggish and
fforded 2-hydro-1,3,2-diazaboroline 151 as the only tractable

roduct (Scheme 54). The same reduction of 94 with a potas-
ium mirror in DME at ambient temperature after 36 h afforded
2:1:1 mixture of the 2-methoxy-1,3,2-diazaborole 129, com-
ound 151 and the diborolinyloxane 176. The reduction of 94

a
m
p

1.

ith a potassium–sodium alloy in TMEDA took 3 d to go to
ompletion and furnished 151 as a major product in 79% iso-
ated yield. Derivative 160 could be identified as one of the minor
roducts in addition to traces of 177 (Scheme 52).

When a stoichiometric amount of [15]crown-5 was added to
he slurry of the sodium–potassium alloy in toluene the color
f the solution became deep blue and after 30 min most of the
etal went into solution. Then 94 was added. After less than 2 h
1:1 mixture of 151 and of the 2-benzyl-1,3,2-diazaboroline 172
as obtained. The same reaction in perdeuteriotoluene afforded
1:1 mixture of 151-d1 and 172-d7. The analogous reaction in
6D6, however, led to the exclusive production of the 2-protio-
erivative 151 (Scheme 53) [38].

To rationalize these results the alkali-metal 1,3,2-
iazaborolinide 173 was invoked as a reactive intermediate
Scheme 54).

The anion of 173 as a very strong Brønsted base abstracts a
euterium ion from the solvent to give 151-d1 and potassium
henylmethanide. Starting material 94 was then converted by
he latter to give the 2-benzyl-1,3,2-diazaboroline 172-d7. In
iew of the straightforward desulfurization of imidaza-2-thione
o imidazol-2-ylidene by potassium [56] desulfurization of 130
nd 131 was also envisaged as a possible route to salts with
,3,2-diazaborolinide anion.

2-Methylato-1,3,2-diazaboroline 130 was allowed to react
or 14 d with sodium–potassium alloy (9:91) to afford 2-
ethyl-1,3,2-diazaboroline 154 in 44% yield in addition to

,4-diazabutadiene 1 (40%) (Scheme 55).
The reduction of compound 131 with sodium–potassium

lloy (9:91) was performed in an ultrasound bath. Diborane-
4) 177 was isolated as a yellow oil in 38% yield from the
btained slurry after 10 h. In the 11B{1H}NMR spectrum of 177
broad singlet at δ = 25.2 ppm, w1/2 = 120 Hz was observed.

n line with the fact that fused polyarenes like naphthalene or
henanthrene are more readily reduced than the monocyclic
enzene [57], the reduction of 2-bromo-1,2-dihydro-1,3,2-
iazaborolo[1,5-a]pyridine 49 by potassium–sodium alloy in
exane proceeded smoothly to furnish compound 178 as a
ellow crystalline solid in 64% yield. Traces of the 2-hydro
erivative 80 were detected by 11B NMR spectroscopy [38]
Scheme 56).
In contrast to this, the employment of tetramethylethylenedi-
mine as solvent or the addition of a crown ether to the reaction
ixture in toluene or tetrahydropyrane invariantly led to com-

lete deterioration of the boron heterocycle.
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Scheme 52. Alkali-metal reduction of 94.

Na al

1
d
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[

w

Scheme 53. Reduction of 94 with K/

A pentane slurry of sodium potassium alloy was reacted for
4 h at 20 ◦C with benzodiazaboroline 64. Bis(1,3-diethyl-1,3,2-

iazaborolinyl) 178 was isolated as colorless needles in 87%
ield (Scheme 57).

All attempts to further reduce 178 to an anion failed
31].

b
t

t

loy in the presence of a crown ether.

A compound 180 featuring the long sought boranide anion
as recently synthesized by the reductive cleavage of the

oron–bromine bond in diazaborole 179 by lithium naph-
halenide in THF or DME at −45 ◦C (Scheme 58).

According to an X-ray structure analysis the lithium atoms of
wo molecules are bridged by two molecules of DME via their
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Scheme 54. Suggested mechanism of the reduction of 94 with K/Na alloy in perdeuteriotoluene.

130 a

o
s
b
w

Scheme 55. Reduction of
xygen atoms. The lithium boranide reacted with electrophiles
uch as methyl trifluoromethylsulfonate, 1-chlorobutane and
enzaldehyde to 1,3-diazaboroles 181–183. Protonation by
ater afforded derivative 184 (Scheme 58) [58].

5

e

Scheme 56. Reduction of
nd 131 with Na/K alloy.
.3. Reaction of 1,3,2-diazaborolines with diphenylketene

Oxazaborolidines are mild Lewis acids of current inter-
st which efficiently catalyze a great number of organic

49 with Na/K alloy.
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Scheme 57. Reduction of 64 with sodium–potassium alloy.
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ransformations [59–67]. A few years ago the reaction of
,3,2-diazaborolines and diphenylketene was investigated.
his process regioselectively led to 1,3,2-oxazaborolidines

Scheme 59) [68].
Thereby a stereogenic center at ring carbon atom C(4) was

reated. It was obvious to elaborate for conditions of a stere-
selective synthesis of such compounds. Here chiral, heavily

ubstituted 1,3,2-diazaborolines were the starting materials of
hoice. The reaction of enantiomerically pure 1,3-bis(S,S)-(1-
yclohexylethyl)-1,3,2-diazaborolines 10b, 10c, 89, 123 with
iphenylketene in hexane at −70 ◦C led to the diastereos-

w
u
o

Scheme 59. Conversion of 1,3,2-diazabo
8.

lective formation of the (S,S,R/S)-3-(1-cyclohexyl)-4-(E)-(1-
yclohexylethyl)iminomethyl-1,3,2-oxazaborolidines 192–195
n good chemical yields (70–98%) (Scheme 60) [69].The
iastereoselectivity increased with the steric bulk of the sub-
tituents at the boron center from de = 55% for 192 with a
-n-butyl group to de ≥ 95% for 195 with a tert-butylamino
roup at the B atom.
Providing the chiral information via the substituent at boron
as less efficient. Reaction of (S)-126 with diphenylketene
nder identical conditions furnished a quantitative yield of 1,3,2-
xazaborolidine 196 with a de of only 52% (Scheme 61) [69].

roline into 1,3,2-oxazaborolidines.
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Scheme 60. Synthesis of 1,3,2-o
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Scheme 61. Synthesis of 196.

. Conclusions and perspectives

It is obvious that the chemistry of 1,3,2-diazaborolines has
eveloped rapidly in the recent years. In the beginning, the
nterest was mainly focussed on the synthesis and structure elu-
idation of a novel class of 6�-electron-containing heterocycles.
ore and more it has shifted towards the reactivity of these com-

ounds. Here particularly substitution and insertion reactions at
he BX unit to afford novel highly functionalized diazaborolines
ere studied. Their subsequent transformation into 1,3,2-
xazaborolidines by treatment with ketenes was extended to the
symmetric synthesis of chiral 1,3,2-oxazaborolidenes. Along
ith purely preparative considerations, physico-chemical inves-

igations have gained increasing attention. Here electrochemical,
hotoelectron spectroscopic and optophysical investigations
oint to a promising future with respect to application of
iazaborolines. Intense luminescence with different colorations
ecommend the use of such heterocycles fused to organic �-

ystems for application in optoelectronic devices. High yields,
igh thermostability and a comparatively low price for their
roduction renders them interesting also from an economical

[

[

xazaborolidines 192–195.

oint of view. Pyrolysis experiments with the aim of generating
eactive boranediyls “BX” opens up another area of materials
hemistry.

eferences

[1] E. Wiberg, Naturwissenschaften 35 (1948) 182, 212.
[2] L. Weber, Coord. Chem. Rev. 215 (2001) 39.
[3] J.S. Merriam, K. Niedenzu, J. Organomet. Chem. 51 (1973) 21.
[4] L. Weber, G. Schmid, Angew. Chem. 86 (1974) 519;

L. Weber, G. Schmid, Angew. Chem. Int. Ed. Engl. 13 (1974) 467.
[5] K. Niedenzu, J.S. Merriam, Z. Anorg. Allg. Chem. 406 (1974) 251.
[6] G. Schmid, J. Schulze, Chem. Ber. 110 (1977) 2744.
[7] (a) G. Schmid, M. Polk, R. Boese, Inorg. Chem. 29 (1990) 4421;

(b) M. Polk, Ph.D. Thesis, University of Essen, 1988.
[8] G. Schmid, J. Schulze, Angew. Chem. 89 (1977) 258;

G. Schmid, J. Schulze, Angew. Chem. Int. Ed. Engl. 16 (1977) 246.
[9] G. Schmid, J. Schulze, Chem. Ber. 114 (1981) 495.
10] (a) G. Schmid, J. Lehr, M. Polk, R. Boese, Angew. Chem. 103 (1991) 1029;

G. Schmid, J. Lehr, M. Polk, R. Boese, Angew. Chem. Int. Ed. Engl. 30
(1991) 1015;
(b) J. Lehr, Ph.D. Thesis, University of Essen, 1991.

11] L. Weber, E. Dobbert, H.-G. Stammler, B. Neumann, R. Boese, D. Bläser,
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