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In the majority of known azaboranes N, B,H_ and their deriv-
atives, the coordination number of the nitrogen atoms within
the cluster does not exceed the classical values of 3 or 4. In
the azaboranes closo-NBgH;,, nido-NB;ogH;3;, and closo-

NB;;H;, and in their derivatives, however, the nitrogen
atoms are 5- or 6-coordinate and thus represent a novel bon-
ding situation. The synthesis, structure, and reactivity of
these azaboranes are reviewed in this article.

Introduction

Azaboranes N,B,H, are closed deltahedral borane clus-
ters or fragments thereof, in which at least one BH vertex
is replaced by an NH vertex. Azaborates are the corre-
sponding anions [N,B,H."~. Derivatives of azaboranes are
formed by the addition of Lewis bases L to give N,B,H.L;
or by the substitution of hydrogen atoms by anionic groups
X to give N,B,H.X,; (X = F, OR, NR,, R etc.). Heteroaza-
boranes S,N,C.B,H,M, are those azaboranes in which BH
vertices have been replaced by S, CH, M etc.; the symbol
M in this context means the fragment of a transition-metal
complex with the metal atom being incorporated into the
cluster skeleton.

If the bonding within borane clusters is described in
terms of localized bonds, then electron deficiency makes it
necessary to take skeletal three-centre, two-electron [(3c,2e)]
bonds into account in addition to the more usual two-cen-
tre, two-electron [(2¢,2e)] bonds. The skeletal coordination
number, called connectivity (¢), may exceed the value ¢ = 3;
this value would allow a skeletal atom to form four tra-

ditional (2c,2¢e) bonds, including one radial (2c,2e) bond be-
tween the skeletal atom and its exo ligand. Values of ¢ =
3—5 are usually encountered in borane clusters, and ¢ = 6
is found in a few cases. With ¢ > 3, (2c,2e) bonds are no
longer sufficient for the description of bonds. It may be de-

Figure 1. Localized bonds for a skeletal atom A with different con-
nectivities of A
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Table 1. Formal charge 6x(A) of skeletal atoms A = B, C, N,
depending on the number ¢ of (3¢,2e) and y of (2c,2e) bonds at A
(see Figure 1)

c 3 4 4 5 5 6
tly 0/3 1/2 2/1 21 3/0 3/0
Sr(B) =3/3 —2/3 -1/3 —1/3 0 0
Sr(C) 0 +1/3 +2/3 +2/3 +3/3 +3/3

Sr(N) +3/3 +4/3 +5/3 +5/3 +6/3 +6/3

duced from Figure 1 that for ¢ = 4—6 at least one, two
or three (3c,2e) bonds are necessarily present, respectively,
provided the atom A obeys to the octet rule. (Note that
connectivities ¢ = 3—6 correspond to overall coordination
numbers of 4—7 by inclusion of the exo ligand.)

The discovery in 1963 that carbon atoms within the icos-
ahedral C,B;, skeleton of the carbaborane C,B;oH;,1 ex-
hibited a connectivity ¢ = 5 (coordination number = 6)
changed the traditional view of the bonding situation of

Figure 2. Azaboranes and azaheteroboranes with a nitrogen connectivity of 2 or 3 (read BR instead of BH in 1—6)
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Table 2. Azaboranes and azaheteroboranes with nitrogen connectivity of 2 or 3

Vertices Type Skeletal atoms Number in Figure 2
4 nido NB; 131161 2161
5 arachno N,B; SNB; 3161 4171 5181
6 nido N,By 61010]
8 arachno N,Bg 701
8 hypho SNBg 82l
9 nido NBg NB;M 9131 1014
9 arachno NBg 1110131 12[131116]
9 hypho NBg 13017
10 nido NB, NBgM 14031081019120121122] 151231 6231 17124
10 arachno NBy N,Bg NCBg SNBg NBgM 1821112311261 191251 20[27] 21 (28] 221121 231241
11 arachno NB;, NC,Bg SNBy 2420112911301 251311 262113211331 27[301
11 hypho SNBy S,NCB;, 281301 291341
12 nido NBy; 301351 313510361
12 arachno NCB;y NC;3Bg 32037 330371
18 nido B17 34[38
144 Eur. J. Inorg. Chem. 1998, 143—153
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carbon-containing molecules. Whereas the formal charge of
boron changes from —1 to the more favourable value of 0
as a result of an increase in its connectivity (Table 1), the
formal charge of carbon may become +1 with a connec-
tivity of ¢ = 6 or even ¢ = 5. Since carbon is more electro-
negative than boron and its real charge is less positive than
that of boron, the B—C skeletal bonds must be highly pola-
rized, and actually the border case ¢ = 6 is not observed
for carbon. Indeed, there is a strong tendency in the reac-
tions of icosahedral carbaboranes to reduce the connec-
tivity of carbon. The more electronegative nitrogen shows
a formal charge of at least +4/3 or +5/3, when incorporated
into a cluster skeleton with ¢ = 4 or 5, respectively. Hence,
a very large bond polarisation must be expected in corre-
sponding azaboranes. Nevertheless, the carbaborane
NC,BgH;; with ¢(N) = 4 was synthesized as early as
19741 followed in 1986 by the closed cluster molecule
NByH,([*!, and finally, the icosahedral cluster molecule
NB;H, in 1991. The discovery of NB;;H,, which is isoe-
lectronic with C,B;oH;,, represented the first observation
of the connectivity ¢(N) = 5%, Certainly, the reactivity of
the highly coordinated azaboranes is governed by their
tendency to reduce the connectivity at nitrogen.

A great number of small azaboranes and heteroazabo-
ranes clusters with ¢(N) = 2 and larger ones with ¢ = 3 are
known. The skeletal nitrogen atoms in these azaboranes are
bonded in a way that may be interpreted only in terms of
(2¢,2e) bonds. A survey is given in Figure 2 and Table 2. In
terms of Wade's rules, nido, arachno, and hypho clusters are
present, although no closo species are found. Note that the
same structural pattern, an icosahedral fragment, holds for
all the molecules and anions 11—34. Note also that in cases
of ¢(N) =2 (1-5,7,8, 13, 29, 32, 33) © bonds need to be
taken into account in order to provide the nitrogen atom
with an electron octet.

A much smaller number of azaboranes and heteroazabo-
ranes with ¢(N) = 4, 5 have been described; Table 3 and
Figure 3 present a synopsis. All these clusters are derived
from three parent azaboranes, all of which are well-charac-
terized: closo-NBoH o (35), nido-NBoH ;5 (38), and closo-
NB;H;, (43). It is intended here to review the synthesis,
structure, and reactivity of these azaboranes with 5- and 6-
coordinate nitrogen centres. Part of this chemistry has al-
ready been reviewedPOIBU2I53] We start with a section
about synthetic procedures that still includes all of the aza-
boranes.

Synthesis

The commercially available decaborane, B;gH 4, is the
starting material for the synthesis of the azaboranes 8—45,
presented in this section. The synthesis of the azaboranes
1-7, which starts from the azadiboriridine NB,R3 or from
iminoboranes RB(NR'), will not be discussed here. There
are three synthetic possibilities that include a change of
skeletal atoms: the addition (insertion) or the removal
(degradation) of a skeletal atom or both (degradative inser-
tion). In addition, there are two possibilities that involve a
change only in the skeletal arrangement, and which go hand

Eur. J. Inorg. Chem. 1998, 143—153

Figure 3. Azaboranes and azaheteroboranes with nitrogen of con-
nectivity 4 or 5
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Table 3. Azaboranes and azaheteroboranes with nitrogen connecti-
vity of 4 or 5

Vertices  Type Skeletal atoms Number in Figure 3

10 closo NBg NB;M, 35BI131139] 361401

11 closo  NBoM 37001141

11 nido NB;y NC,Bg NBoM 38311421 394311441 - 4([431[44]
41121321(33]145] 4 [46]

12 closo  NBj; NBj\M 43PIIBONATIH8]I49]. 44 [431144]

45144

in hand with a transformation in the direction arachno —
nido — closo (closure) or vice versa (opening). Changes in
the ligand sphere or in the hydrogen bridge area (e.g. depro-
tonations) are not considered in this section.

Insertion

We describe here the insertion of sulphur S (into azabor-
anes), nitrenes NH or NR (into boranes), metal-complex
fragments M (into azaboranes), and borylenes BH (into az-
aboranes). The insertion of elemental sulphur transforms
the nido anion 15 into the arachno anion 27, the sulphur
atom contributing four electrons to the cluster [Eq. (1)]. The
anion 15 is easily available from RNBoH;; (14) by applying

the base 1,8-bis(dimethylamino)naphthalene (proton
sponge) 301,
[RNBgH o]~ + 1/8 Sg — [S(RN)BoH (]~ 1)

The insertion of a nitrene unit NR into a By skeleton can
be achieved by first transforming BoH;3(SMe,) into
BoH3(NH,R) followed by a dehydrogenation in boiling xy-
lene to give products of type 14 [Eq. (2)]!"*11, [Note the
identity of the structures 14 given in Eq. (2) and in Figure
2].

R

NH
H
RN H
H . — (2
- -2H,
14

145



MICROREVIEW

P. Paetzold

The insertion of a unit NH (from HN3) into B,oH,L,
(L = SMe,) to give 25 with a bridging NH, group [¢(N) =
2] is accompanied by an H/Nj; ligand exchange [Eq. (3)]131.

L L o+2mn, e
—— @)
2L -N,

25

The reaction of CBgH, first with NaNO, and then with
hydrochloric acid yields NCBgH;3 (21); the stoichiometry
of this insertion of an NH vertex is unknown[?8l. The inser-
tion of metal cations into azaboranes, on the other hand,
follows a clear cut stoichiometry. The 10-vertex nido species
NByH;, (14) is transformed into an 11-vertex species either
of the closo type [37; M = CpCol'], (cymene)Ruf*!l; Eq.
(4)] or the nido type (42; X = Cl, M = Cp*Ir[*l). The 11-
vertex nido species [NBoH 5]~ (39) and [NB,(H;,]*~ (40)
are transformed into the 12-vertex closo species NB;gH; M
[44; M = (Ph;P),HRh*I (C¢Meg)Ru, (Ph;P),Nil*l; Egs.
(5), (6)] or [M(NB,oH,),]~ (45; M = Col*¥). The arachno
9-vertex species NBgH3 (11), finally, gives the nido species
NBgH ;M [23; M = (Me,PhP),Pt?4; Eq. (7)].

NBoHys + 172 [(C1oH;4)RuCl], —
NBsH, o[Ru(C1oH,)] + 2 HCl (4)

[NB;oH 5]~ + (Ph3P);RhCl —
NB,oH,,[RhH(PPhy),] + PPhs + CI=  (5)

[NBoH 1 ?~ + 1/2 [(CsMeg)RuCl,], —

NB]OHH[RU(CGMeé)] +2ClI~ (6)

NBgHy5 + [(PhMe,P),PtCl,] —
NBgH,;[Pt(PMe,Ph),] + 2 HCl (7)

The insertion of a BH unit into azaboranes plays an im-
portant role in the synthesis of the icosahedral species
NB;H;, (43). It is possible to start from the nido clusters
NBoH;3 (38) or NByH,, (14) and insert one or two BH
units, respectively [Eq. (8)[* and (9)[*%]]. The thermal de-
hydrogenation (140°C) of 38 or 14 in the presence of BH;
yields the closo anion [NBH]7, either directly [Eq. (8)]
or via closo-(Me,SBH,)NB,;H;; [Eq. (918 the anion can
then easily be protonated to give 43.

®) T
+ BH,(NE,) /Nr} +H
- [NHEt,]* T
-2H,
43

38
+ tBUNH,
- [BUNH,J*
- SMe,
e

?Mez
©  HB_
+3BHySMe,) N
-2 SMe,
-4H,
14
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The synthesis of the N-organo closo 12-vertex derivative
RNB;H;; can be achieved in one step from RNBgH;; (14)
[Eq. (10)]21,

RNBoH,, + 2 BHy(SMe,) — RNB,H,, + 2 SMe, + 3 H, (10)

The insertion of a molecule BH; without loss of H,
should transform a nido into an arachno species, exemplified
by the formation of the anion 24 from the anion 15 [Eq.
(1 l)] [291[30]

[RNBoH, ]~ + BHj(thf) — [RNB,oH,5]~ + thf (11)

Both a carbyne unit and a nitrene unit are inserted when
nitriles R'CN are added to the anions [BoH;3]” or
[C;BgH ™ to give the 12-vertex arachno clusters
[N(R'C)B gH;3]™ (32) and [NC,5(R'C)BgH 1]~ (33), respec-
tively 37,

Degradation

The nido cluster NBoH,, (14) is sensitive towards protic
agents. One boron atom is removed by the attack of water
in the presence of an acid to give arachno-NBgH 53 (11)
[Eq. (12)]1*31.

NBoH,, + 3 H,O — NBgH,; + B(OH); + H, (12)

One boron vertex is removed from closo-RNBgHy and
recovered in the borazine (HBNR');, when primary amines
are applied, either according to Eq. (13) in polar THF or
according to Eq. (14) in less polar, noncoordinating di-
chloromethane giving the nido anion 9 or the arachno spe-
cies 12, respectively!!3],

RNByH, + 2 R'NH, — [R'NH;][RNBgH,] + 1/3 (HBNR'); (13)
RNByH, + 2 R'NH, — RNBgH,((NH,R') + 1/3 (HBNR'); (14)

The elimination of a BH; unit from the anions
[NB,oH 4]~ and [NB;oH;3(N3)]~ (24) on protonation may
be accompanied by a cluster closure and is therefore men-
tioned in a later section.

Degradative Insertion

The first production of an azaborane with ¢(N) = 3 dates
back to 1967, when two products, including the arachno
cluster 19 (X = H)[ were isolated from the reaction of
decaborane and a thionitrosyl amine [Eq. (15)]. The fate of
the expelled B atom is not known.
BioH14/Me;NNS — [SBoH 1] /[(Me;N)NBoH 5]~ (15)

Going from thionitrosyl to nitrosyl made a series of aza-
boranes available by the application of NaNQO, in acidic
medial¥.  The transformation of the carbaborate
[C;BgH 5]~ into a mixture of NC,BgH;; (26) and
NC,BgH;; (41) marked the starting point for this method
in 19742, followed by the synthesis of NBoH 5 (14) in 1975;

Eur. J. Inorg. Chem. 1998, 143—153
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the workup can be done with conc. H,SO, [Eq. (16)]!3 or
with iodine, giving a 57% yield'°l,

BioH,4/NaNO,/H,S0, — NBoH,, (16)

The diazaborane N,BgH;, (20) can be prepared from
NBoH,, (14) by the same method. More stoichiometric
clarity is achieved when the ionic nitrite is replaced by alkyl-
nitrites [Eq. (17)]°). The expelled boron vertex is then
identified as trialkoxyborane.

BioH,s + 3 EtONO — NBoH,, + B(OEt); + H, + NO + NO,
17)

The thiaborane SBoH, was transformed by the action of
BuONO into a mixture of SNB¢H;; (8) and SNBgH;;
(22)U21 and B;sH,, into NB;;H,, (34)381,

We formally consider the nitrogen atoms of bridging
amino groups to be skeletal atoms with ¢ = 2 throughout
this review article; the alternative position would be to view
such groups as having the same functionality as two skeletal
ligands, one of which contributes one and the other two
electrons. The very first synthetic route to a larger azabor-
ane was by the degradative insertion of an NHEt vertex by
reacting BoH3(SEt,) with NH,Et. The hypho cluster 13
(L = NH,Et) was synthesized by this method in 196207
and was structurally identified in 19631'7), The expelled bo-
ron vertex was presumably incorporated into a borazine

[Eq. (18)].

BoH,5(SEt,) + 3 NH,Et —
(EtHN)BgH, ,(NH,Et) + SEt, + 2 H, + 1/3 (HBNEt); (18)
The 10% yield of NB;HoM [10; M = Ir(PMes);] from
the action of N,H4 on BgH,M' [M’ = Ir(CO)(PMes),] is
formally the result of a degradative insertion!!“l.

A metal rather than a nitrogen vertex may be inserted
under expulsion of a boron vertex. For example, NBgH;;M
[17; M = (C4Meg)Ru] may be formed from NBgH;, (14)
and [MCL],% and azadirhoda-closo-decaborane 36 (M =
Cp*Rh) from the hypho-borane 13 and [MCL], [Eq.
(19)]101,

(EtHN)BgH, ;(NH,Et) + [Cp*RhCL], + 4 NaH —

(EtN)B,H,(RhCp*), + BHy(NH,Et) + 4 NaCl + 3 H, (19)

Closure

Thermal dehydrogenation of nido-NBoH, at 375—400°C
makes closo-NBogH |, available [Eq. (20)]P, and the de-
hydrogenation of RNBgH;; follows the same pattern to
give RNBoH, (13,

— (20)

14 35

The arachno species NB;oH4(N3) (25) undergoes an
elimination of HNj; in boiling xylene to give the nido cluster
38 [Eq. (21)]; the degradation product 14, however, is the

Eur. J. Inorg. Chem. 1998, 143—153

(X=H)
+H 140°C
(24) -H, - "HNy” 21
38
T N
3~
X<g fHT M, B
(25)
25
24
(23) +He 140°C (22)
(X=HN;) x= N3

predominant product component [Eq. (22)]3!. Upon pro-
tolysis, the 1l-vertex arachno anions of type 24,
[RNBoH 3]~ [from 15 by the insertion of BH;, Eq. (11)]
or [NB,oH;3(N3)]~ (from 25 by deprotonation?l), are also
predominantly degraded to give products of type 14 [Eq.
(23)]POI91I301: in the case of [NBoH 4], the nido species
38 is the concurrent closure product [Eq. 24)]?°). The de-
protonation of 25, according to Eq. (25)P%, represents a
closure process that transforms one arachno structure (25)
into another (24). Note that the skeleton of 24 can formally
be derived from the corresponding nido skeleton of 30 or
31 by the removal of a vertex with ¢ = 4, thus increasing
the pentagonal aperture of 30 and 31 by one vertex; a vertex
of ¢ = 5 needs to be removed in order to transform 30 or
31 formally into 25 with a heptagonal aperture.

Opening

The opening of the closo species RNBgHy (35) and
RNBH;; (43) by protic agents HX, neutral bases L, or
anionic bases X~ gives nido products of the type
RNBngoX (16), RNB“H“L (30), or [RNB11H11X]7 (31),
respectively, as discussed in a later section. The nido clusters
RNByH;; (14) are transformed into the arachno clusters
RNByH;;L (18) by the addition of Lewis bases L; the term
“opening” has only an electronic meaning in this case, since
the topology of the 10-vertex cluster skeleton is the same
for nido and arachno species.

Structure

The geometry of the parent aza-closo-boranes NBoH
(35) and NB;;H,, (43) have been determined from Hartree-
Fock SCF calculations with 3-21G an 6-31G* basis sets as
well as from X-ray (35) and electron diffraction work (43)
(Table 4). The structures represent a C,, distorted bicapped
tetragonal antiprism and a Cs, distorted icosahedron,
respectively, as expected from Wade's cluster rules. We de-
note the three types of symmetrically equivalent boron
atoms as ortho, meta, and para with respect to their distance
from the nitrogen vertex. Typically, the nitrogen vertex of
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NByH,j is in one of the two capping positions with ¢ = 4.
The highly symmetric structures, calculated for NBoH o and
NB;;H;, and observed for NB;;H;, in the gas phase, are
also present in solution, according to NMR data; they are
slightly distorted in crystalline NBgHy and in two crystal-
line derivatives of NB;;H;, (Table 4). Although the skeletal
distances of the free molecules are in general longer than
those in the crystal, the sequence is the same when going
through the five zones of equivalent distances for Cy4, or
Cs, symmetry. The BN bonds, the shortest in both closo
clusters, are distinctly shorter in the NBg than in the NBy;
skeleton, a phenomenon that is apparently related to the
different connectivity of the nitrogen atom. A smaller effect
of the same type and origin is observed for the boron atoms
in the antipodal position, i.e. the apex opposite to the nitro-
gen atom.

A typical feature of both polyhedra is the short distance
between the nitrogen atom and the polyhedral centre, if
compared to the boron atoms. The penetration of the nitro-
gen atom into the cluster widens the B—B distances in the
upper pyramidal basis making them the largest in the skel-
eton. In addition, the four (five) B—H bonds in the upper
pyramidal basis are shifted away from the radial direction
towards the nitrogen atom, thereby shielding it consider-
ably.

six-coordinated nitrogen atoms (¢ = 5) into the skeletons
of the closo 12-vertex species.

Although the formal charge of the nitrogen atom is
highly positive, the real atomic charge is expected to be
most negative at the electronegative nitrogen atom of
NBoH;, or NB;;H;,, whereas the most positive positions
should be the nitrogen-bound hydrogen atom and the boron
atoms adjacent to the nitrogen atom (ortho position, o0-B).
This is confirmed by ab initio calculations of the atomic
charges, which are quantitatively different depending on
whether calculated according to the methods of either Mul-
liken or Lowdin (Table 5). Qualitatively, however, the results
of the two calculations are in accord and indicate that the
boron atoms in the meta position (m-B) are the most nega-
tively charged ones, the antipodal boron atoms (para posi-
tion, p-B) range between 0-B and m-B, and the least posi-
tively charged hydrogen atoms are the antipodal ones. The
large calculated dipole moments of ca. 5.1 (35) and 4.6 D
(43) are oriented with their positives ends towards the nega-
tively charged nitrogen atoms, demonstrating that all the
20 (24) atoms and particularly the hydrogen atoms on the
symmetry axis contribute to the dipole moment.

The sequence m > p > o for the charge densities at the
boron atoms (Table 5) does not parallel the ''"B-NMR
chemical shifts, which form a series m > 0 > p with decreas-

Table 4. Calculated and experimental distances in closo-NBy and -NB;, skeletons(®]

NBoH, NB,H g NB, H,; NB, H,, RNB, H, NB Y™

calcd. POI57] X-rayP”] calcd. 130 GED®I X-ray[?1 X-ray[*s]
Upper pyramid (B—N) 157.7 152 171.0 171.6(9) 171.9 172.2
Upper pyramidal basis  187.4 181 182.1 182.5(6) 179.6 179.7
Antiprismatic zone 180.6 175 176.7 179.1(5) 174.5 175.2
Lower pyramidal basis  186.9 177 180.8 179.1(5) 177.3 178.3
Lower pyramid 171.1 163 179.8 179.1(5) 177.0 178.1

[alAverage of four (five) slightly different values in the four pyramidal zones and of eight (ten) values in the antiprismatic zone in the NB,
(NBy)) skeleton in the case of crystal data — ™} R = PhCH, — ! Group Y represents a —BH,—NEt—CH,—CH,— chain, bridging N

and B2

The structures of the azametalla-closo-boranes NB;Hg-
(RhCp*), (36)1*), NB,oH,;[RhH(PPh;),]**), and NB,oH;-
[Ru(C¢Mey)] (44)4 have also been investigated in the crys-
talline phase and represent typical 10- or 12-vertex closo
structures, respectively.

The azametallaboranes 37, NBoH,o(CoCp*)I'°! and
NByH, o[Ru(cymene)]*!], represent the rare case of a 11-ver-
tex closo species for which the structure has been confirmed.
Typically, the metal atom is in the unique position with ¢ =
6; this position is unfavourable for boron and impossible
for nitrogen.

The nido 11-vertex molecules RNB,)H;, (R =
NB,HBujs; 38), NC,BgH,; (41), and NBoH,,Cl(IrCp*) (42)
can be described as the expected icosahedral fragment
structures with a pentagonal aperture, which is confirmed
by crystal structure analysis[#21[431146]

There is no doubt that five-coordinated nitrogen atoms
(¢ = 4) are incorporated into the borane cluster skeletons
of the closo 10-, closo 11- and nido 11-vertex species and

148

ing field [in CD,Cl,, standard BF3(OEt,)]: —21.7, —5.6,
62.4 (NBoH,()31 and —11.9, —9.8, 2.7 (NB;;H,,)]". The
downfield shift of p-B, particularly with NBoH;j, is called
the antipodal effect. 1t has been compared to the corre-
sponding antipodal effect exhibited by the isoelectronic
species XBoHy and XB;;H;; with X = AIH?>~, BH>~, CH,
S etc. The antipodal effect for NBgH,( has been described
as greatly influenced by the paramagnetic part of the chemi-
cal shielding; the HOMO—LUMO energy difference is also
an important factor, as are the tangential p,, p, orbitals at
the p-B atom, which are called NMR-activel1811591 Since
precise calculated geometrical data are available, compu-
tational methods such as IGLO allow the calculation of
IIB.NMR data which are in good accord with experimen-
tal results[*7],

An analysis of the charge distribution in clusters should
provide an understanding of which vertices will be attacked
by electrophiles and which by nucleophiles. The products of
ligand substitution, opening, and even degradation reac-

Eur. J. Inorg. Chem. 1998, 143—153



Five- and Six-Coordinate Nitrogen in Azaborane Clusters

MICROREVIEW

Table 5. Mulliken (a) and Lowdin (b) atomic charges of NByH
and NB11H12[56]

N 0-B m-B p-B 1-H o-H m-H p-H

NBoH;, (a) —1.073 0.184 —0.068 0.092 0.434 0.000 0.027 —0.024

(b) —0.234 0.062 —0.135 —0.077 0.291 0.030 0.040  0.031
NB, Hy> (a) —1.065 0.097 —0.054 0.009 0.443 0.037 0.037  0.029
(b) —0.222 0.027 —0.123 —0.078 0.295 0.040 0.048 0.038

tions may be predicted, provided that the first step of the
reaction determines the products and that the ground-state
polarities determine the transition state of that first step. In
the case of NBgH ;5 and NB;H;,, one would expect nucleo-
philes to attack the ortho position and electrophiles the
meta position. Such an expectation is met for nucleophiles,
which exclusively attack at the ortho belt, whereas electro-
philes attack either in the para or in the meta, but never in
the ortho position (see following sections).

The binding electrons in closed boranes are delocalized
over the whole skeleton in a way that is strongly suggestive
of the m electrons in benzene-type molecules, and closed
boranes have therefore been denoted as aromatic systems.
In this context, azaboranes may be compared to pyridine.
In the old-fashioned valence-bond description of benzene,
the delocalization of the & electrons is achieved by introduc-
ing resonance between structures built up by localized (2c,
2e) m bonds. Such a procedure can also be applied to bor-
anes, where the resonating structures are built up by lo-
calized (2c,2e) and (3c,2e) bonds!®®. The icosahedral do-
decaborate [B;,H5]*>" is given as an example. This anion
may be built up by y (2c,2e) bonds and ¢ (3c,2e) bonds.
The 24 atoms contribute 60 valence orbitals and 50 valence
electrons. From the balances 60 = 3¢ + 2y and 50 = 2¢ +
2y, we find y = 15 and ¢t = 10. There are twelve B—H
(2c,2e) bonds leaving three (2c¢,2e) and ten (3c,2e) bonds to
build up the cluster skeleton. Four resonance structures of
different energy can be constructed (Figure 4). Each of the
structures A and B of C; symmetry is related to 120 de-
generate resonance structures, the structure C (Cs; sym-
metry) allows 40 and the structure D (Cs, symmetry) 20
degenerate structures, which altogether sum up to 300 re-
sonating structures. (Note that the number of degenerate
structures is equal to the ratio of the order of the group I,
to the order of the corresponding subgroup.) The number

Figure 4. Resonance formulae A—D of [B,H,,]>", front and rear

side of the icosahedral structure being shown for each

1

1 5

B Cc D
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of structures would be increased if we allowed those which
(a) contain also open instead of only closed (3c,2e) bonds,
(b) contain edges without bonding interaction, (c) contain
vertices not obeying the octet rule. In going from [B;,H >~
to the isoelectronic NB;H;, the degeneracy decreases and
structures in which the nitrogen atom adopts one of the
(2c,2¢) bonds become favourable.

Reactivity

Little is known about the reactivity of the azametalla-
closo-boranes with either an NB;M, (36), NBoM (37), or
NB (M skeleton (44, 45). The same is true for the reactivity
of the mnido 11-vertex clusters NC,BgH;; (41) and
NBoH;;CIM (42). More is known about the reactivity of
closo-NBoH( (35), closo-NB H;, (43), and nido-NByH;
(38).

Redox Reactions

The N-alkyl derivatives RNBgHy and RNB;;H;; are
stable towards iodine and bromine, even if dissolved in
liquid bromine™®. A mixture of RNB; H;, and liquid
chlorine may be kept for a while at low temperature, but
can undergo a spontaneous violent reaction. No doubt BN,
BHal; and HHal are the thermodynamically stable prod-
ucts from a mixture of NB;;H;, and excess Hal,, but such
a mixture is more or less metastable. Strong reduction ag-
ents like alkali metals do not react with RNB, H;;.

Brensted Acid/Base Reactions

The skeleton of the closo species RNBgHg and RNB; Hy;
is stable if dissolved in strong acids such as triflic acid
F5CSO;H™I; a proton/proton exchange cannot be ex-
cluded, however. The nitrogen-bound protons of the parent
molecules NBgH o and NB;;H;, can be easily removed by
bases, in the case of NB; H;, even with the weak base
NEt;, to give the anions [NBoHy]~ and [NB,;H;;]~. These
anions can easily be alkylated by RI and RO;SCFs;, respec-
tively, if R represents an a-unbranched alkyl group1211136l;
bulky alkyl and aryl groups R cannot be fixed to the nitro-
gen atom of the anions, but such derivatives RNBgHy and
RNB,H,; are available from RNBoH;; by either dehydro-
genation [Eq. (20)] or insertion of two BH units [Eq. (10)],
respectively.

The nido cluster NBoH 3 (38) can be deprotonated once
or twice by hydride bases, depending on the stoichiometric
amount of base. The protons are removed from the bridging
positions, not from the NH group. The corresponding
anions [NB;oH,]~ (39) and [NB,oH;,]>~ (40) are isoelec-
tronic with the anions [C,BoH;,]~ and [C>BoH,;]*~ and,
like these, they offer a pentagonal open face which is iso-
lobal with CsHs~ and is ready, therefore, to form penta-
hapto bonds with transition-metal species M2*. A third
proton cannot be removed from [NB;oH;]>". Interestingly,
the nido-azadicarbaborane NC,BgH; (41) which is isoelec-
tronic with NB;oH3 can be deprotonated at the nitrogen
atom, since bridging hydrogen atoms are absent; applying
K,COj3; and Mel consecutively gives the corresponding N-
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methyl derivative 32431, Nevertheless, the terminal nitrogen
atom and not one of the bridging protons becomes active
when NB; H,; is added to the azadiboriridine NB,7Bu; to
yield (NB,H7Bu;)NB;oH;, 1.

Electrophilic Substitution

The closo clusters RNByHy (R = p-CIC¢H,) and
RNB;;H;; (R = Me) react neither with triflic acid (as men-
tioned above) nor with methyl triflate. A mixture of one of
the clusters, with methyl triflate as the solvent and triflic
acid as a catalyst, however, results in a five- and six-fold
methylation after four hours [Egs. (26), (27)]#°L.

NBoH, + 5 MeOTrf — RNBH,Mes + 5 HOTtf
RNB, H,, + 6 MeOTrf — RNB,,HsMes + 6 HOTtf

(26)
@7

As expected from the cluster charge distribution, the
ortho positions remain unattacked by the electrophile,
whereas the meta and para positions are completely substi-
tuted. The same procedure transforms the ortho-dicarba-
borane C,B;oH/, into C,B;(H,Me,(; all boron vertices in
this product carry methyl groups, even those adjacent to
carbonl®!l. If the methylation of the aza-closo-boranes is
prolonged by 16 hours, one of the methyl groups in each of
the products is replaced by a triflate group [Eqs. (28), (29)].

RNByH,Mes + HOTrf — RNByHMe,(OTrf) + CH,
RNB]]HsMe(, + HOTif — RNB”HsMes(OTrf) + CH4

(28)
(29

The triflate group is fixed to a meta position in the 10-
vertex product, but to a para position in the icosahedral
species. An electrocyclic mechanism via a six-membered
cyclic transition state has been proposed for the reactions
(28) and (29)],

Although ortho-alkyl derivatives of NBoH( are not avail-
able by electrophilic alkylation, they are available, if one
starts from NBgH;;R with the group R in the 9 position.
The thermal dehydrogenation yields NBoHgR with R in
ortho position [Eq. (30)]. The starting material can be syn-
thesized from NBoH;, and the corresponding alkenes by
hydroboration®?l. As expected, the 9-alkyl derivative
PhNBgH (R gives the meta-alkyl derivative PhNB; H;(R
on ring closure with BH;(SMe,) [Eq. (31)](°L

R
30 31
B/ (30) R (31) _R
- B' 4 2BH,(SMe,) o8
\ - —_—
-H, -2 SMe,
-3 H,
e NH R = CH,CH,SiMe, @ NPh

A singular alkylation at the ortho belt of the closed NB;
skeleton is observed when the synthesis of NB;;H;, from
NBoH,;, is performed with BH;(NEt;) instead of
BH3(SMe,), according to Eq. (9). At 200°C the product,
expected from Eq. (9), is apparently not stable, and un-
dergoes a further dehydrogenation; a B—C bond is formed
from a CH; and a BH moiety [Eq. (32)]*®. An intermole-
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cular dehydrogenation of this type has never been observed;
the loss in entropy would be too great.

gz
NEt, Etz’l/ \CHz
HZL\N H, RN/
¥ - . ¥ (32)
-H,

The bromination of the same closo species that were used
for the methylation, yields either a fivefold-brominated or a
monobrominated product when AlBr; acts as a Friedel—
Crafts catalyst [Egs. (33), (34)]#°L.

RNBoHy + 5 Br, — RNBoH,Brs + 5 HBr
RNB,,H,, + Br, — RNB,,H,(Br + HBr

(33)
(34

As expected, the bromination takes place in the meta and
para position of the NBy, but exclusively in the para posi-
tion of the NB;; skeleton. Iodination in the presence of
AICl; stops at the diiodination to give RNBgH,I,, with
iodine in the meta and para position, or at the moniiodation
to give the para product RNB;;H ,l.

There is some similarity in the halogenation of the aza-
boranes RNBgyHgy and RNB;;H;; on the one hand and of
the isoelectronic thiaboranes SBgHy and SB;;H;; on the
other; these can be halogenated once, twice or three times,
preferably in the meta, also in the para, but not in the ortho
position 02116311641 The isoelectronic carbaborates [CBoH o]~
and [CB;H,,]” also undergo a similar electrophilic halo-
genation to give [CBoHoHal]~™ (Hal = Cl, Br, I, in the meta
position) or [CByHsHals]~ (Hal = Cl, Br, in the meta and
para positions)[63166167] and to give [CB,;H,;Hal]~ (Hal =
Cl, Br, 1, in the para position) or [CB;;Hgl,]~ (I in the
meta and para position) or [CB;;HgHals]™ (Hal = Cl, Br,
in the meta and para position) 681161701,

Cluster Opening by Bases

The 10-vertex aza-closo-borane RNByHy (35) can be
opened by amines. Whereas simple tertiary amines like
NEt;, NiBus do not react with RNBgHy (R = p-CIC¢Hy,),
the bifunctional tertiary amine Me,N—CH,—CH,—NMe,
(tmen) gives a 1:1 adduct via one of the basic nitrogen
atoms, which attacks one of the ortho positions. The closo
species is transformed into a nido-NBy skeleton that con-
tains an unsymmetric hydrogen bridge without fluxional be-
haviour, according to NMR data at room temperature [Eq.
(35)]?3. The same type of hydrogen bridge is present in the
anions [RNByH (]~ (15; R = Ph, PhCH,), which are
formed from RNBgH;; (14) by the addition of R'NH,
(R’ = tBu) and subsequent deprotonation of the adduct
(18) by hydride [Eq. (36)]”*. The difference in reactivity
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between ordinary tertiary amines and tmen is not under-
stood.

/Nl\\llez
B CH,
+tmen |
CH,  (39)
I\(Me2
35 @ N(CH,C)
+R'NH, +H™ -H, )
RNBgH,4 RNB,gH,(NH,R’) = [RNBgHo]™  (36)
14 18 : 15

The closo species RNBgH, is degraded when an excess of
primary or secondary amine is applied. A secondary amine
like NHEt, or NHiPr, and even a primary amine with a
bulky group like NH,7Bu simply opens RNBgHy without
degradation, when an excess of amine is avoided. The hy-
drogen atoms of the reacting moieties BH and NH are
found in the open face of the product [Eq. (37)]. Bridging
positions B§—B9 and B10—B9 would be expected if the
product RNByH((NR'R"”) was a nido cluster, whereas
bridging positions B5—B10 and B7—B8 would indicate an
arachno cluster. An electron count, according to Wade's
rules, predicts a nido product RNBoH (X (14) if the ligand
X behaved like a hydrogen atom, but would give an arachno
product if X acted as a three-electron ligand, forming a ¢
and a dative © bond, due to a lone pair of X. The two non-
exo-hydrogen atoms of the product, Eq. (37), were found
by NMR methods to be predominantly in an endo position
at B8 and B10, i.e. a position inbetween those typical for
nido and arachno 10-vertex clusters. Such an electronic-hy-
brid situation was also concluded from the ''B-NMR
datal?3! apparently because of weak BN n bonding between
the amino ligand and the cluster.

‘e 7 8 9: N
+NHRR B==NRR
—_—— 10| (37)
® N(C,H,CI

35 (CeHLCI) 16

In the case of the closo-borane RNB; H;; (43), simple
tertiary amines such as NEt; are added to the ortho position
to give the nido cluster 30 by the migration of the former
terminal hydrogen atom into a neighbouring bridge posi-
tion in the open pentagonal face (R = Ph) [Eq. (38)].

PhNB, H,, + NEt; — PhNB,,H,,(NEt;) (38)

The similarity of the steric course of reactions (35) and
(37) is elucidated by observing the closo clusters along the
main axes. The reduction of the connectivity at the nitrogen
atom to ¢ = 3 involves the opening of one B—N bond in
reaction (35), but of two B—N bonds in reaction (38). No
B—B bond is opened during reaction (38), whereas three
B—B bonds are opened and one B—B bond is closed during
reaction (35), which can be considered to be the reverse of
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the dehydrogenation, Eq. (30), with respect to the skeletal
changes.

i (35)
L
L
. &N e

43 30

nido products of type 31 are formed when anions X~ are
added to closo-RNB;;H;; [Eq. (39)]3%. Substances MX as
different as LiMe, LiBu, K[O7Bu], [N(PPh;),]CL, [S(NMe,);]-
[Me;SiF,] (X = F by elimination of Me;SiF), and K[BHEt;]
(X = H by elimination of BEt;) have been allowed to react
with MeNB; H;,.

MeNB, H,, + MX — M[MeNB,,H,,X] (39)

In the case of protic agents such as HOMe, the anion
MeO™ is added to RNB;;H;; (R = H, Me, Et, Ph), and the
proton, the corresponding cation, is dissolved in the organic
medium, e.g. CH,Cl,. Efforts to isolate the free acid
H[RNB,;;H;;{(OMe)] resulted in a complete degradation of
the cluster. The cluster anion can be precipitated, however,
from solutions of the free acid by adding salts such as
[N(PPhs3),]Cl, leaving HCI in the solvent[*®]. No deuterium
is incorporated into the cluster if DOMe instead of HOMe
is applied, proving that the bridging hydrogen atom in the
anion 31 is one of the hydrogen atoms of the starting mate-
rial 43 and that there is no hydrogen/deuterium exchange
between the anion 31 and DOMel*¢l, A secondary amine
such as the protic agent HNEt, yields the salt-type product
[HoNEG][RNB; H;(NEt,)]*°L

We assume that the mechanism of the formation of
anions 31 from 43 is best described by the reaction sequence
(40), which starts with the addition of X~ to 43, followed
by a series of rearrangements of a hydrogen atom from an
endo into a bridging position and vice versa. The second
intermediate in this sequence corresponds to the isolated
neutral adduct RNB;;H;;(NEt;) (30). [Only the 6-vertex
upper halves of the 12-vertex polyhedral anions are drawn
in sequence (40).]

The anions [RNB;;H;X]™ (31) are remarkably stable in
protic media including aqueous acids and bases. Efforts
have failed to deprotonate the anion [PhNB;;H;;(OH)]™ in
order to study the oxo-ligand in the expected dianion
[PhNB; H,;0]*>", even though the strongest bases have
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(40)

31

been applied. A degradation of the anions 31 has never
been observed.

To summarize the findings on cluster opening: The closed
NBy and NB,; skeletons of 35 and 43 are stable toward
oxidation and reduction and toward Brensted and Lewis
acids. The closo-NBy; skeleton is opened by anionic or neu-
tral bases to give a nido-NB;; skeleton with a nonplanar
pentagonal aperture; this nido skeleton is stable towards
degradation by bases. This is in striking contrast to the be-
haviour of the isoelectronic C,Biq skeleton, which un-
dergoes a degradative opening with bases to give the nido-
C,By skeleton, whose planar pentagonal aperture is the
basis for the synthesis of so many dicarbametalla-closo-do-
decaboranes. The isoelectronic nido-NB;, clusters are not
available from closo-NB;; systems and have to be synthe-
sized by an alternative method. The closo-NBy skeleton can
be opened by amines, if no excess is applied, but will be
opened and degraded by protic bases in excess.

Degradative Opening of closo-RNByH,

The closo-NBy skeleton is transformed into the nido-NBg
skeleton in a sufficiently polar, aprotic medium such as thf
as has been shown for RNBgHy with R = p-CIC¢Hy, p-
MeCgH,, PhCH,['3; the nido anion [RNBgHy]™ (9) is the
product. The expelled boron atom is found in a borazine
molecule (HBNiPr),, if iPrNH, is the attacking base [Eq.
(13)], but will be detected in the anion BF,™, if fluorides
such as [NBuy]F or [S(NMe,);][MesSiF,] are the degrading
agents, according to reactions of unknown stoichiometry.
The reaction of RNByHy with /PrNH, or other primary
amines in the less polar solvent CH,Cl,, on the other hand,
yields the arachno-NBg species RNBgH | ((NH,R") [12; Eq.
(14)]0131,

Applications of Azaboranes

The nitrogen-bound amino group in the anion
[(Me,N)NBgH 5]~ [19; Eq. (15)] can be treated with Mel to
form (Me;N)NByH ,[?). This product and similar ones are
reported to be useful as blowing agents, in electrical re-
sistors, and as reducing agents[’!,
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