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The oxidation potentials FE,, of a series of 2,3-dihydro-1H-1,3,2-diazaboroles

[ 1
‘BuNCH=CHN(‘Bu)BR (1a—i) and of the corresponding saturated 1,3,2-diazaborolidines 2a
(R = NHy), 2b (OMe), 2¢ (Me), 2d (NMey), 2e (H), 2f (SMe), 2g (SnMes), 2h (Br), 2i (CN)
were determined by cyclovoltammetry in CHyCly solution. The potentials E.,; of the
irreversible electrochemical oxidations range from E,; = —288 mV (1a) to 752 mV (1i). In
contrast to this, E of the corresponding diazaborolidines are anodically shifted by 260 mV
(1d, 2d) to 752 mV (1b, 2b) and vary from 280 mV (2a) to 1164 mV (2i). Gas-phase
photoelectron spectra of representatives of both series of compounds were recorded and
assessed by density functional calculations. The first ionization potentials of the 2,3-dihydro-
1H-1,3,2-diazaboroles range in the series 1¢ (7.1 eV) < 1f (7.3 eV) < 1le = 1h (7.4 eV) < 1i
(7.7 €V). They differ by less than 0.3 eV from the first ionization potentials determined for
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the saturated analogues [1st IP for 2¢ (7.3 eV) < 2e = 2f (7.4 eV) < 2h (7.7 eV)].

Introduction

The recent development of high-yield syntheses of
boron-functionalized 2,3-dihydro-1H-1,3,2-diazaboroles
(I)! has given a new impact upon the chemistry of such
compounds. Chemical reactions proceed either with
retention of the ring skeleton, e.g., nucleophilic dis-
placement processes at the boron center,? or with ring
transformations, as given in the reaction with diphenyl-
ketene to afford 1,3,2-oxazaborolidines.?> With regard
to the prolific chemistry of N-heterocyclic carbenes
(Arduengo-carbenes) (I)* and their silicon and germa-

nium analogues III° and IV® the quest for analogous
boron species of type V was intriguing. Whereas all our
initial attempts for the generation of salts containing
anions such as V by the reduction of appropriate
precursors remained fruitless,” analogous gallanides VI
are possible.8

In contrast to acyclic amino(halogeno)boranes, where
alkali metal reduction has led to diborane (4) deriv-
atives (MesN)(R)B—B(R)(NMes),? monoanions [(MesN)-
(R)B—B(R)(NMes)]~,1° and dianions [(Me2N)(R)B—B(R)-
(NMeg)]2~,11 all our attempts to chemically reduce 1f
or 1h did not furnish the expected diborane VIL.”
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However, with 1,3,2-diazaboroles where the five-mem-
bered heterocycle is fused to an aromatic ring as given
in VIII!2 and IX,!3 clean conversion into the diboranes
X and XTI was effected by treatment with a Na-K alloy
(Scheme 2).

On the other hand, it is well known that certain
boron-containing species serve as reducing agents.
However in most cases, e.g., BoHg, the boron atom
maintains its formal oxidation number (+3) and only
the substituent is involved in the electron transfer.
There exists a few examples where during an oxidation
process the oxidation number of the boron atom is also
increased. Thus, the reaction of compound 1g with an
equimolar amount of alkynes in the presence of a
catalytic amount of [Pd(PPhs),] led to the regio- and
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stereoselective formation of alkenes XII, as a result of
the insertion of the alkynes into the Sn—B bond!4
(Scheme 3)

In a catalyzed reaction an alkyne is inserted in the
boron—boron bond of XIII to yield bis-(boryl)alkenes
XTIV’ (Scheme 4).

Another interesting oxidation is the cleavage of the
Si—B-bond of the tricyclohexylphosphine(trimethylsilyl)-
borane adduct XV16 by iodine (Scheme 5). At this point,
it seems necessary to study the redox chemistry of our
2,3-dihydro-1H-1,3,2-diazaboroles in more detail. We
decided to perform cyclovoltammetric studies to obtain
reliable information on the redox behavior of these
heterocycles. To correlate the results, obtained in solu-
tion, with their behavior in the gas phase, He I photo-
electron spectra were recorded and corroborated by
density functional calculations of the ionization poten-
tials (Ip) of 1c, 1e, 1f, 1h, 1i, and the 1,3,2-diazaboro-
lidines as their saturated counterparts.

Results and Discussion

The 1,3,2-diazaboroles 1a—g,i employed in this study
were conveniently obtained from 2-bromo-2,3-dihydro-
1H-1,3,2-diazaborole 1h by nucleophilic displacements
as previously described in the literature!=3 (Scheme 6).

Diazaborolidine 2h results from the reaction of
EtsN-BBr; with N,N'-di-tert-butylethylenediamine in
the presence of 1 equiv of triethylamine in boiling
hexane. The product was isolated as a colorless micro-
crystalline solid in 84% yield. Compounds 2a—d,f,g,i
were available from 2h by treatment with a suitable
nucleophile. Aside from solid 2i all other compounds
were obtained as colorless to pale yellow oils in modest
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(2g) (36%) to excellent yields (83—96%). In contrast to
this, compound 2e (R = H) was synthesized as a
colorless oil in 74% yield from equimolar amounts of
N,N'-di-tert-butylethylenediamine and HsB-NHMe,
(Scheme 7).

Inspection of the 1'B{'H} NMR spectra of the novel
1,3,2-diazaborolidines 2a—i showed an increased shield-
ing as follows: 2¢ [0 33.2; A0 (2¢ — 1¢) = 7.0] > 2f
[31.6; 8.3] > 2d [28.0; 5.2] > 2g [27.3; 1.5]; > 2e
[26.4; 7.5] > 2a [25.7; 3.6] > 2h [24.7; 8.5] > 2i
[18.9; 6.9]. These resonances appear markedly deshield-
ed relative to the 1'B NMR signals of the corresponding
1,3,2-diazaboroles 1a—i (Ad = 1.5—8.5). The increased
shielding of the unsaturated (6 7 electrons) heterocycles

the planar rings.

Electrochemical Studies. First, it was of interest
to find out whether the unsaturated heterocycles can
be reduced electrochemically to give the desired bo-
ranide anion.

The cyclovoltammograms of the diazaboroles 1h
(R = Br) and 1i (R = CN) look very similar. Most
importantly no reductive peak was observed. Obviously
more negative voltages are required. This unusual
stability toward reduction could stem from their aro-
matic (6 7t electrons) stabilization.

The cyclovoltammograms of all the unsaturated com-
pounds la—i show a significant oxidation signal. With
scan rates from 5 to 700 mV s~! no reversibility or
quasireversibility was observed. In addition to the
experiment at 298 K the oxidation of compound 1le was
repeated at 258 K. At this temperature, the oxidation
potential of the hydroborole is anodically shifted by
113 mV. Again, no quasireversibility was observed,
which points to the rapid decomposition of the oxidized
species in solution or at the surface of the electrode. The
oxidation potentials were confirmed by square-wave
voltammetry. The potentials of the 1,3,2-diazaboroles
were summarized in Table 1 (vs Fe/Fet in CHoCly at
298 K).

The oxidation potentials vary strongly with the sub-
stituents at the boron atom. These trends can be
rationalized by the donor/acceptor qualities of the
respective substituent. Thus, the amino group as well
as the methoxy group function essentially as z-donors
toward the boron—nitrogen heterocycle, whereas bro-
mide and cyanide have to be considered as acceptors.
Keeping with this, the observed potentials vary from
E,x = — 288 mV (for 1a; R = NHy) to Eox = 752 mV (for
1i; R = CN). The potentials are anodically shifted in
the order 1a (=288 mV) < 1b (=58 mV) < 1¢ (124 mV)
< 1d (158 mV) < 1le (310 mV) < 1f (354 mV) < 1g
(396 mV) < 1h (576 mV) < 1i (752 mV). For comparison
we also investigated the electrochemical oxidation of the
saturated diazaborolidines 2 with an identical substitu-
tion pattern. The oxidation potentials, taken from
square-wave experiments, are given in Table 2
(vs Fc/Fe' in CHyCly at 298 K).
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Table 3. Differences AE,; in the Oxidation

Potentials of Compounds 1la—i and 2a—i in mV

1,2a 1,2b 1,2¢ 1,2d 1,2¢ 1,2f 1,2g 1,2h 1,2i
R NH; OMe Me NMe; H SMe SnMes Br CN
AE = 548 566 468 260 360 436 358 400 412

Eoxo = Eox1

An situation analogous to that with compounds 1a—i
was encountered. The oxidation process is irreversible
and the potentials vary in the same way depending on
the substituents at the boron center. The compounds
are less easily oxidized within the series 2a (280 mV)
< 2d (418 mV) < 2b (516 mV) < 2¢ (592 mV) < 2e
(662 mV) < 2g (754 mV) < 2f (790 mV) < 2h (993 mV)
< 2i (1164 mV). The influences of the substituents of
the 1,3,2-diazaboroles and 1,3,2-diazaborolidines are
comparable and follow the same trend. It is obvious that
the potentials of 2 are anodically shifted by 260 to 566
mV. The differences are compiled in Table 3. This
observation may be rationalized by the fact that the
nature of the HOMO is different in 1 and 2. The ease
of the oxidation of the NHy derivatives 1a and 2a in
comparison to the NMey derivatives 1d and 2d is
surprising and might be rationalized by a facile oxida-
tion of the amino substituent with release of H* ions.
This is, of course, not possible with 1d and 2d.

UV-Photoelectron Spectra and Theoretical Stud-
ies. He I PE spectra of selected diazaboroles (1c, 1le,
1f, 1h, 1i) and diazaborolidines (2¢, 2e, 2f, 2h) have
been recorded in order to determine their electronic
properties and estimate the effect of substitution on the
boron atom on the energetic position of the different
MOs. As this is effected in the gas phase, complications
by solvation or by decomposition at the surface of the
electrode are absent. The PE spectra of 1e, 1h, 2e, and
2h are presented in Figures 1 and 2, and the ionization
potentials of all studied compounds are reported in
Table 5.

The PE spectrum of 1e (Figure 1) presents two first
bands at 7.4 and 8.8 eV and a broad peak with a
shoulder at 11.1 eV. The PE spectrum of its saturated
analogue 2e (Figure 2) displays two first bands at 7.4
and 9.4 eV and the corresponding shoulders at 10.6 and
11.5 eV. For 1h (Figure 1), four first bands at 7.4, 9.0,
9.8, and 10.4 eV are clearly distinguished, whereas the
PE spectrum of 2h (Figure 2) presents three first
ionizations at 7.7, 9.2, and 9.8 eV.

To assign these different PE bands, density functional
theory calculations have been carried out on selected
diazaboroles and diazaborolidines at the B3LYP/
6—311(d,p) level of theory.

The geometrical parameters of diazaboroles 1¢,e,f,h,i
and diazaborolidenes 2¢,e,f,h,i are summarized in Table
4. As expected, for 1 the five-membered diazaborole ring
is planar (3}B: 360°, YNi: 360°, YNy 360°). The
saturated heterocycle 2 is slightly twisted (C1N1BN2:
Dge: 7.5°, Dge: 9.2°, Dap: 9.3°, Dyg;: 9.2°, Pyg: 0.5°) with
a planar boron atom and two nearly sp2-hybridized
nitrogen atoms. The BN bond lengths in 2 (1.424—
1.446 A) are slightly shorter than those of the corre-
sponding unsaturated compounds 1 (1.436—1.458 A).
The endocyclic NC bond lengths in diazaborolidines 2
(1.469—1.474 A) are longer than in the corresponding
diazaboroles 1 (1.395—1.403 A). The endocyclic carbon—
carbon bond lengths are in the range of a double bond
for 1 and a single bond for 2.

Weber et al.
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Figure 1. He I PE spectra of 1e and 1h.

All these calculated geometrical parameters are in
quite good agreement with X-ray structural data of
diazaboroles and diazaborolidines.217-1® Thus, the endo-
cyclic bond lengths determined for °lg2|O [B—N 1.439(7)
A, C—N 1.379(7) A, C—C 1.344(8) A] fall in the range
calculated for diazaboroles. The endocyclic angles in 1g
[B—N-B 105.0(4)°; B-N—C 107.1(4)°, 108.1(4)°; N—C—-C
109.7(5)°, 110.2(5)°] are also consistent with the com-
putational results. The experimental as well as the
theoretical data agree with a significant delocalization
of the nitrogen lone pairs and 7 electrons of the carbon—
carbon double bond into the vacant 2p, orbital of the
boron atom in 1.

To assign different ionizations in all PE spectra, the
energetic position of the Kohn—Sham orbitals (exs) and
the “corrected” (see theoretical section) and TD-DFT
calculated ionization potentials have been determined.
All these IP estimations are based on geometries
obtained with BSLYP/6-311G(d,p) and are displayed in
Tables 5 and 6.

For 1, the first ionization potential corresponds
mainly to the bonding combination of the nitrogen lone
pairs (n*x7) delocalized in the p boron vacant orbital
(*NBN) In antibonding interaction with the 7c—c orbital.
The nature of the second ionization potential (third one
for 1f) fits with the 7~ c=n orbital which is due to the
antibonding nitrogen lone pairs combination in interac-
tion with the #*c—c orbital (for 1f the second IP
corresponds to the ionization of the ¢ sulfur lone pair).
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Figure 2. He I PE spectra of 2e and 2h.

The lowest value of IP is obtained for the methyl-
substituted diazaborole le; the highest ones are ob-
served for the cyano derivative 1i and the bromo
derivative 2h. For diazaborolidines 2, the natures of the
HOMO and the HOMO-1 are different when compared
to their unsaturated analogues. The HOMO corresponds
to the nitrogen lone pairs antibonding combination
(n~n%), while the HOMO—1 is due to the nitrogen lone
pairs bonding combination (n*x") (except for 2f:
HOMO-1: ng® and HOMO-2: n*N?).

The nature and the order of these two highest
occupied molecular orbitals are consistent with the
CNCD/S calculations of 1,3-dimethyl-2-tert-butyl-1,3,
2-diazaborole and 1,3-dimethyl-2-tert-butyl-1,3,2-diaz-
aborolidine.!?

The comparison of the experimental ionization po-
tentials and the theoretical results allows us to assign
different bands on the PE spectra. We describe here only
four PE spectra presented in Figures 1 and 2. For other
compounds, the assignments are given in Tables 5 and
6.

The attribution of the first two ionizations for unsat-
urated diazaboroles should be done as follows: the first
band at 7.4 eV for 1e and 1h corresponds to the ejection
of an electron from the n™n” orbital in interaction with

(17) Schmid; G.; Polk, M.; Boese, R. Inorg. Chem. 1990, 29, 4421.

(18) Weber, L.; Domke, I. Manuscript in preparation.

(19) Kroner. J.; N6th, H.; Niedenzu, K. J. Organomet. Chem. 1974,
41, 165.
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the mc=c orbital (n™n™ — 7c=c or wtnBN — 7c=c). The
second band of 1e at 8.8 eV and that of 1h at 9.1 eV are
assigned to the n™n”" orbital in interaction with the
7"c—c orbital (m c—ny or n N — @'c—c). For 1h, the
following ionizations at 9.8 and 10.4 eV are respectively
attributed to the ionization of the ¢ and & bromine lone
pairs (np,” and ng,” + n*Nx"). For 2e, the first ionization
potential at 7.4 eV corresponds to the nitrogen anti-
bonding combination of lone pair (n"N7) and the band
at 9.4 eV to the nitrogen bonding combination of lone
pair (n*N7). The first ionization potential of 2h at
7.7 eV is assigned to the removal of an electron from
the n N7 orbital and the band at 9.2 eV to the ejection
of an electron from the n™N" orbital in interaction with
the bromine 7 lone pair (n*N™ — ng,”). The following
band at 9.8 and the shoulder of the band at 11.0 eV are
attributed to the ionization from the ¢ and & bromine
lone pairs (np,” and ng,” + n'x7), respectively.

We can note that the calculated vertical ionization
potentials are very close to the measured photoelectron
spectroscopic data of diazaboroles 1. Larger deviations
are observed for 2, but they do not exceeded 0.3 eV.
However, for 1e¢, 1f, 2h, and 2f, the second TD-DFT ionic
states are not correctly correlated with experimental
values of IPs. The experimentally observed energetic
gaps between the n™™ and n " orbitals vary from 1.4
to 2 eV [AE(™n"/n"N7): 2.0 eV 2e, 1.7 eV 2¢, 1.5 eV
2h,19eV2f;1.4eV1e,1.8eVic,1.7eV1h,1.5eV 1i,
1.7 eV 1f] (a more important difference is observed for
2e and 1c) and correlate fairly well with the theoreti-
cally determined energetic gaps [AEmTN/n N"):
2.01 eV 2e, 1.66 eV 2¢, 1.34 €V 2h, 1.85 eV 2f; 1.62 eV
le, 1.69 eV 1c¢, 1.73 eV 1h, 1.50 eV 1i, 1.64 eV 1f].

As can be seen from Tables 5 and 6, the substitution
effect on the boron atom is not the same for unsaturated
and saturated heterocycles 1 and 2. For 1, the first and
the second IPs seem to be more sensitive to the methyl
substitution. Its electron-donating effect lowers signifi-
cantly these IPs compared to the unsubstituted com-
pound 1e. A rather strong ¢ and 7 electron withdrawing
effect is observed for the CN-substituted compound 1i,
for which IP; and IPs are stabilized (shifted to highest
values of IP). Bromine and thiomethyl substitution of
diazaboroles led to a slight stabilization of the second
IP. The first IP is practically unchanged for 1f and 1h
when compared to le.

The situation is different for the saturated hetero-
cycles. The first two ionization potentials seem to be
more sensitive to the bromine substitution on boron and
leads to a stabilization of the n~n orbital of 0.3 eV
compared to the parent compound (R = H) [7.4 eV (2e),
7.7 ev (2h)]. This fact is consistent with the o-withdraw-
ing effect of the Br atom. The IPs, corresponding to the
n'N7 orbital, is destabilized by 0.2 eV compared to the
parent compound [9.4 eV (2e), 9.2 eV (2h)] and shows
that in this case the sz-donor effect of the Br atom
(destabilizing effect) is more important than its o-with-
drawing effect (stabilizing effect). In the case of 1h, the
s-donor effect of the Br atom is diminished by its
o-attractor effect; therefore the IP is the same for le
and 1h. The methyl substitution (2¢) gives a more
pronounced effect. Indeed, for the second IP we can note
0.4 eV destabilization of the n*y orbital.
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Table 4. Geometrical Parameters of Diazaboroles 1 and Diazaborolidines 2

le 1c 1i 1h 1f
Selected Bond Distances (A)
B—X 1.179 1.586 1.535 1.962 1.863
B-N 1.436 1.458 1.440 1.442 1.453/1.452
N—C (ring) 1.400 1.400 1.395 1.403 1.397/1.398
C—C (ring) 1.352 1.344 1.351 1.344 1.346
Selected Bond Angles (deg)
NBN 106.0 104.8 106.7 107.4 105.8
NBX 130.8 126.5 127.6 126.3 127.0/127.1
BNC 107.4 107.3 106.5 105.8 106.8/106.8
CCN 109.6 110.2 110.1 110.5 110.3/110.3
>B 360.0 360.0 360.0 360.0 360.0
SN 360.0 360.0 360.0/360.0 360.0/360.0 360.0/360.0
2e 2¢ 2i 2h 2f
Selected Bond Distances (A)
B-X 1.182 1.586 1.549 1.971 1.882
B—N 1.424/1.424 1.441/1.446 1.424/1.424 1.427/1.427 1.433/1.437
N—C (ring) 1.471/1.472 1.469/1.470 1.474/1.474 1.474/1.474 1.470/1.470
C—C (ring) 1.539 1.526 1.532 1.529 1.529
Selected Bond Angles (deg)
NBN 109.8 108.6 111.5 111.9 110.0
NBX 125.1/130.5 129.3/125.2 124.2/124.3 124.1/124.1 127.0/123.0
BNC 108.2/108.2 107.8/107.5 106.3/106.4 105.7/105.8 107.6/107.2
CCN 104.2/104.2 103.9/104.1 104.2/104.2 104.3/104.3 105.2/104.3
>B 360.0 360.0 360.0 360.0 360.0
SN 358.6/358.7 354.8/356.8 355.7/355.9 355.6/356.8 360.0/359.7

Table 5. Kohn—Sham Energies (—€KS), “Corrected” IPs, TD-DFT IPs (first IP value: ASCF), and
Experimental Ionization Potentials (exptl IP) in eV for the Diazaboroles 1c,e,f,h,i

le 1c
nature of MOs  —eKS  “corrected” IP TD-DFT  exptl IP nature of MOs —eK8  “corrected”IP  TD-DFT  exptl IP
ATNBN — 7To=c 5.20 7.40 7.19 7.4 ATNBN — 7To=C 5.02 7.10 6.93 7.1
T =N 6.82 9.02 8.55 8.8 TTo=N 6.71 8.80 8.40 8.9
OBN, ONC 8.80 11.00 9.98 11.1 0BN, ONC, 0cc'Bu 8.58 10.66 9.77 10.6
oBH, 0cc'Bu
OBN, ONC 8.83 11.03 10.01 11.6 OBN, ONC,00cMe 8.83 10.91 10.07 11.2
UcctBu GcctBu
1h 1f
nature of MOs —eK8  “corrected” IP  TD-DFT exptl IP nature of MOs —eK8  “corrected”IP TD-DFT  exptl IP
7NBN — 7Toc — N7Br 5.40 7.40 7.26 7.4 TTNBN — 7To=C 5.37 7.40 7.20 7.3
T =N 7.13 9.13 8.76 9.0 ng’ 5.81 7.74 8.2
n’sr 7.32 9.32 8.83 9.8 T Cc=N 7.01 8.94 9.0
n7g, + nty 7.96 9.96 9.76 104 OBS 8.00 9.93 / 10.2
1i
nature of MOs —ek8 “corrected ” IP TD-DFT exptl IP

TTNBN — TToe — TCN 5.73 7.75 7.62 7.7

T =N 7.38 9.35 9.01 9.3

TTCN 8.55 10.52 9.90 10.9

aeN + 0ty 8.96 10.93 10.33 shoulder11.0

Conclusion and Perspectives

For the studied compounds presented here, we can
note for the methyl-cyans and the hydro-substituted
1,3,2-diazaboroles and 1,3,2-diazaborolidines a conspicu-
ous correlation between the CV and PES data (see
Figure 3).

In agreement with experimental IPs, 2h and 1i are
more electron deficient; therefore it is more difficult to
oxidize them electrochemically compared to 2e. Fur-
thermore, 2¢ and 1lc are easier to oxidize than the
corresponding parent compounds le and 2e, which is
coherent with a lower value of ionization potential.

For the boroles with the bromo and the thiomethyl
substituents at the boron atom, the results of the
experiments in the gas phase and in solution differ

notably, probably due to kinetic and surface effects.?°
Chemical oxidations and the elucidation of the obtained
products are under way.

Experimental Section

General Procedures. All manipulations were performed
under an atmosphere of dry dinitrogen or argon using standard
Schlenk techniques. All solvents were dried by common
methods and freshly distilled prior to use. The compounds *-

I 1
BuN-CH=CH-N(*Bu)B—R (1la—i: R = NH;,%22 OMe,” Me,?!
NMe,,22 H,2> SMe,” SnMes,?* Br,2d CN2) were prepared ac-

(20) Dhiman, A.; Miiller, T.; West, R.; Becker, J. T. Organometallics
2004, 23, 5689.
(21) Schmid, G.; Schulze, J. Chem. Ber. 1977, 110, 2744.
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2e 2¢ 2h 2f le 1c 1h 1i 1f
Figure 3. First ionization potential (IP eV) and oxidative peak (E,;y mV) for 1 and 2.
Table 6. Kohn—Sham Energies (—¢KS), “Corrected” IPs, TD-DFT IPs (first IP value: ASCF), and
Experimental Ionization Potentials (exptl IP) in eV for the Diazaborolidiness 2c,e,f,h
2e 2¢
nature of MOs  —eK8  “corrected” IP TD-DFT  exptl IP nature of MOs —eK8  “corrected”IP  TD-DFT  exptl IP
nN 5.33 7.40 7.09 7.4 nN 5.33 7.30 7.05 7.3
n'y 7.31 9.38 9.36 9.4 n'y 6.99 9.00 8.96 9.0
OBN, ONC 8.54 10.61 10.00 10.6 0BN, ONC, 0cc'Bu 8.42 10.40 9.78 10.6
oBH, occ'Bu
OBN, ONC 8.68 10.75 10.05 10.6 OBN, ONC,00cMe 8.58 10.50 10.00 10.6
OcctBu occtBu
2h 2f

nature of MOs  —e¥8  “corrected” IP TD-DFT exptl IP nature of MOs  —e¥8  “corrected” IP TD-DFT  exptl IP
nN 5.75 7.70 7.47 7.7 nN 5.49 7.40 7.13 7.4
nnyt — n7g, 7.09 9.04 8.76 9.2 ng’ 5.87 7.78 7.47 8.1
n’pyr 7.38 9.33 8.86 9.8 nxt — n7g 7.34 9.25 9.08 9.3
ng, + nyt 8.34 10.29 10.02 shoulder11.0 OBN, OBS 8.10 10.01 9.67 10.2

cording to literature methods. Boron tribromide, HsBNMe2H,
N,N'-di-tert-butylethylenediamine, trimethyltin chloride, so-
dium methoxide, sodium thiomethylate, methyllithium, lithium
metal, ammonia, and silver cyanide were purchased from
commercial sources.

NMR spectra (C¢Ds) were recorded on a Bruker AM Avance
DRX 500 spectrometer (*H, 1B, 13C) using SiMe, and BF5-OEt;
as external standards. UV—vis spectra were recorded on a
Perkin-Elmer UV Win Lab spectrometer; mass spectra on a
VG Autospec sector field mass spectrometer (Micromass).

The electrochemical experiments were performed with a
PAR Model 270A instrument and the relevant software (Model
270). A system of microelectrodes with a three-electrode array
was used. As working electrode served a platinum wire
(1.5 cm length, 0.5 mm diameter) that was formed as a helix
around the counter electrode. A silver wire (1.5 cm length, 1
mm diameter) served as a pseudoreference electrode. All
experiments were conducted in a glass device, which was
flame-dried prior to use and filled with dry dinitrogen. The
determinations were performed in a 0.1 M solution of tetra-
butylammonium hexafluorophosphate (TBAPF) in CH3Cl; and
MeCN, with concentrations of the analyte of ca. 1 x 107* mol
L7! in the range 0 to 3 V. The cyclovoltammograms were
recorded with scan rates of 5—700 mV s~!, whereby the
diagrams published here were obtained with a constant scan
rate of 100 mV s~1. All published potentials were confirmed
by square-wave voltammetry (frequency: 5 Hz). The determi-
nation of the oxidation potentials was not possible by cyclo-
voltammetry alone, because of the irreversibility of the redox
process regardless of the scan rate employed. The oxidation

potentials were referenced versus the ferrocene/ferrocinium
complex (Eox = 0 eV).

Photoelectron spectra were recorded with a Helectros 0018
spectrometer equipped with a 127° cylindrical analyzer using
21.21 eV He I radiation as a photon source and monitored by
a microcomputer supplemented with a digital-to-analogue
converter. Helium ionization at 4.98 eV and nitrogen ioniza-
tions at 15.59 and 16.98 eV were used for calibration. The
spectra contain 2000 points and are accurate to 0.1 eV.

Theoretical Information. Calculations were performed
with the Gaussian 982223 program package using the density
functional theory?* method. All structures were fully optimized
at the B3LYP level.?’® This functional is built with Becke’s
three-parameter exchange functional?*® and the Lee—Yang—
Parr correlation functional.?>c The 6-311G(d,p) basis set was

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.;
Stratman, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford,
S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowswi, dJ.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople,
J. A. Gaussian 98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(23) Hehre, W. J.; Radom, L.; Schleyer, P. V. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; John Wiley and Sons: New York, 1986.

(24) Parr, R. G.; Yang, W. In Functional Theory of Atoms and
Molecules; Breslow, R., Goodenough, J. B., Eds.; Oxford University
Press: New York, 1989.
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used. The second derivatives were calculated in order to check
that the optimized structures are true minima on the potential
energy surface. All total energies have been zero-point energy
(ZPE) and temperature corrected using unscaled density
functional frequencies. Excited states were obtained from
density functional theory by its time-dependent development
(TD-DFT).2627 This calculation is based on the evaluation of
the electronic spectrum of the low lying ion, described by the
ASCF corresponding to the first vertical ionization potential,
IPy,@l calculated as the difference Ecation — Eneutral molecule: S0~
called “corrected ” IPs were calculated by applying a uniform
shift (x = |-¥S(HOMO) — IP,**?|, where ¥S(HOMO) is the
highest occupied B3LYP/3-111G(d,g) Kohn—Sham MO energy
of the ground-state molecule and IP,*® is the lowest energy
experimental IP of the molecule, as suggested previously by
Stowasser and Hoffmann.?$

1

Preparations. ‘BuNCH;CH:N(‘Bu)BBr (2h). A solution
of boron tribromide (4.35 g, 17.4 mmol) in 10 mL of hexane
was slowly added to the chilled solution (0 °C) of triethylamine
(3.52 g, 34.8 mmol) in 100 mL of hexane, whereby a white
precipitate was formed. After warming to room temperature
the solution of N,N'-di-tert-butylethylenediamine (3.00 g
17.4 mmol) in 10 mL of hexane was added, and the mixture
was heated under reflux for 3 h. Then it was filtered, and the
filtrate was evaporated to dryness to afford pure 2h as a
microcrystalline colorless solid, yield 3.81 g (84%) (Found: C,
45.74; H, 8.32; N, 10.57. C10H22BBrN;y requires: C, 46.02; H,
8.50; N, 10.73). 'TH NMR: ¢ 1.28 (s, 18H, 'Bu), 2.91 (s, 4H,
CH,). B3C{'H} NMR: 6 30.3 [s, C(CHj)s], 41.5 (s, CHy), 52.2
[s, C(CH3);s]. "B{'H} NMR: 6 24.7 s. MS/EI (70 eV): m/z =
261 (M*, 12) and 246 (M™ — CHs, 100). CV: E, = 976 mV.

—

‘BuNCH:CH:N(*Bu)BNH;, (2a). During 20 min at room
temperature gaseous ammonia was bubbled through a hexane
solution (60 mL) of compound 2h (1.02 g, 3.91 mmol). A white
precipitate separated from the solution. Thereafter the flask
with the reaction mixture was freed from ammonia by a stream
of nitrogen for 30 min. Filtration and removal of volatile
components in vacuo afforded a clear oil, which was purified
by distillation (1 x 1073 mbar, 72—75 °C), yield 0.71 g (91%)
(Found: C, 63.00; H, 12.78; N, 9.23. C10H24BNj3 requires: C,
62.62; H, 12.31; N, 10.40). '"H NMR: 6 1.17 (s, 18H, 'Bu), 1.86
(s, 2H, NHy), 2.99 (s, 4H, CHg). 3C{'H} NMR: 6 29.9
[s, C(CHs)s], 44.3 [s, CH3l, 50.5 [s, C(CH3)s]. "B{'H} NMR:
0 25.7 s. MS/EI (70 eV): m/z = 197 (M™, 12) and 182 (M* —
CHs, 73). CV: Exx = 280 mV.

1

‘BuNCH:CH:N(!Bu)BOMe (2b). Sodium methylate
(0.54 g, 9.5 mmol) was dissolved in hexane (50 mL) at 0 °C.
The solution of compound 2h (1.00 g, 3.8 mmol) in hexane
(30 mL) was added dropwise, and the resulting mixture was
stirred for 1 h at 20 °C. The solvent was removed in vacuo,
and the remaining yellow oil was purified by distillation
(1 x 1073 mbar, 101—-104 °C), yield 0.69 g (86%) (Found: C,
61.93; H, 11.70; N, 12.93. C1;H3;BN20O requires: C, 62.28; H,
11.88; N, 13.21).'"H NMR: ¢ 1.22 (s, 18H, 'Bu), 2.95 (s, 4H,
CHy), 3.41 (s, 3 H; OCHj;). 3C{'H} NMR: 6 29.8 [s, C(CHj3)s],
46.8 [s, CH3l, 50.5 [s, C(CH3)s], 53.5 [s, OCHsl. "B{'H} NMR:
0 26.3 s. MS/EI (70 eV): m/z = 212 (M*, 10), 197 (M" —
CHs, 69). CV: Exx = 516 mV.

S —
‘BuNCH:CH:N(*Bu)BMe (2¢). A 1.6 M solution of methyl-
lithium (2.9 mL, 4.64 mmol) in diethyl ether was diluted with

(25) (a) Becke, A. D. Phys. Rev. 1988, A38, 3098. (b) Becke, A. D. J.
Chem. Phys. 1993, 98, 5648. (c¢) Lee, C.; Yang, W.; Parr, R. G. Phys.
Rev. 1988, B37, 785.

(26) (a) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J. J. Chem.
Phys. 1998, 109, 8218. (b) Casida, M. E.; Jamorski, C.; Casida, K. C.;
Salahub, D. R. J. Chem. Phys. 1998, 108, 4439.

(27) Lemierre, V.; Chrostowska, A.; Dargelos, A.; Chermette, H. /.
Phys. Chem., in press.

(28) Stowasser, R.; Hoffmann, R. J. Am. Chem. Soc. 1999, 121, 3414.
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20 mL of hexane, and the resulting mixture was added
dropwise to the chilled hexane solution (40 mL, —10 °C) of
compound 2h (1.00 g, 3.80 mmol). After stirring for 0.5 h at
—10 °C it was warmed to room temperature. It was filtered,
and the filtrate was freed from solvent and volatile components
in vacuo. The oily residue was distilled at 10~ mbar to afford
product 2¢ as a colorless oil (bp 92 °C), yield 68 g (91%)
(Found: C, 67.27; H, 12.66; N, 14.08. C1;H9;BNs requires: C,
67.36; H, 12.85; N, 14.28). '"H NMR: 6 0.60 (s, 3H, BCH3), 1.20
(s, 18H, tBu), 3.03 (s, 4H, CH,). BC{'H} NMR: ¢ 30.7
[s, C(CHj)sl, 45.3 (s, CHy), 51.1 [s, C(CHs)s]. 1'B{'H} NMR:
0 33.2 s. MS/EI (70 eV): m/z = 196 (M*, 33) and 181 (M* —
CHs, 27). CV: Exx = 592 mV.

1

‘BuNCH:CH:N(‘Bu)BNMe; (2d). At room temperature a
stream of gaseous dimethylamine was bubbled through a
hexane solution (50 mL) of compound 2h, whereby a white
precipitate was formed. Excess of amine was removed by a
stream of nitrogen during 30 min. It was filtered, and the
filtrate was evaporated to dryness to afford pure product 2d
as a pale yellow oil, yield 1.92 g (89%) (Found: C, 63.67; H,
12.26; N, 18.08. C12H2sBNj requires: C, 64.01; H, 12.53; N,
18.66). 'H NMR: 6 1.18 (s, 18H, 'Bu), 2.33 (s, 6H, NCH3), 3.00
(s, 4H, CHy). 3C{'H} NMR: 6 30.0 [s, C(CH3)s], 39.8 (s, NCHj),
43.3 (s, CHy), 50.6 [s, C(CH3)s]. 'B{'H} NMR: ¢ 28.0 s. MS/
EI (70 eV): m/z = 225 (M*, 14), 210 M+ — CHs;, 100). CV:
E,x =418 mV.

1

‘BuNCH,CH:N(*Bu)BH (2e). A mixture of N,N'-di-tert-
butylethylenediamine (3.20 g, 18.6 mmol) and HsBNHMe,
(1.09 g, 18.6 mmol) in toluene (50 mL) was heated under reflux
for 4 days. After cooling to room temperature a white precipi-
tate was filtered off, and the filtrate was freed from solvent in
vacuo. Crude oily 2e was purified by distillation at 4 mbar
(50—51 °C) to afford 2.54 g (74%) of 2e as a colorless oil
(Found: C, 65.88; H, 12.91; N, 15.36. C19Hs3BNs requires: C,
65.95; H, 12.73; N, 15.38). 'H NMR: ¢ 1.16 (s, 18H, *Bu), 3.11
(s, 4H, CHy). 8C{'H} NMR: 6 30.2 [s, C(CH3)3], 44.8 (s, CHy),
50.1 [s, C(CH3)s]. "B{'H} NMR: 6 26.4 s. "B NMR: 6 26.5
(d, YJgr = 140 Hz). MS/EI (70 eV): m/z = 182 (M*, 11), 167
(M* — CHs, 100). CV: E = 662 mV.

1

‘BuNCH,CH:N(‘Bu)BSMe (2f). A solution of compound 2h
(1.00 g, 3.80 mmol) in hexane (40 mL) was combined with a
slurry of NaSMe (1.87 g, 6.00 mmol) in 20 mL of hexane. The
resulting mixture was stirred for 10 days at room temperature.
It was filtered and the filtrate was freed from solvent in vacuo.
The oily residue was distilled by means of a heat gun at
1073 mbar to yield 0.73 g (83%) of 2f as a colorless, viscous oil
(Found: C, 58.61; H, 11.33; N, 11.88. C1;H2;BNsS requires:
C, 57.89; H, 11.04; N, 12.28). 'TH NMR: ¢ 1.42 (s, 18H, ‘Bu),
2.03 (s, 3H, SCHs)s, 3.07 (s, 4H, CHy). 3C{'H} NMR: 6
13.4(s, SCH3), 30.4 [s, C(CHs)s], 44.9 (s, CHy), 50.2 [s, C(CH3)s].
HUB{'H} NMR: ¢ 31.6 s. MS/EI (70 eV): m/z = 228 (M™, 27),
213 (M*™ — CHs, 100). CV: E, = 790 mV.

1

‘BuNCH.CH:N(*Bu)BSnMe; (2g). A slurry of lithium
powder (0.15 g, 21.62 mmol) in 10 mL of THF was sonicated
for 30 min. Then another portion of 30 mL of THF and 1.13 g
(5.67 mmol) of solid trimethyltin chloride was added with
vigorous stirring. A solution of 2h (1.48 g, 5.67 mmol) in
25 mL of hexane was added dropwise to this mixture. Stirring
was continued overnight. Thereafter volatiles were removed
in vacuo and the residue was triturated with hexane. It was
filtered, and the filtrate was evaporated to dryness. The
residue was distilled at 10~ mbar by means of a heat gun to
afford 2g as a colorless, viscous oil, yield 0.70 g (36%) (Found:
C, 45.33; H, 8.83; N, 8.79. C13H3:BN2Sn requires: C, 45.25;
H, 9.06; N, 8.12). 'H NMR: 6 0.23 (s, 9H, SnMes), 1.24 (s, 18H,
tBu), 2.92 (s, 4H, CHy). ¥C{'H} NMR: 6 —10.2 [s, Sn(CHjs)s],
29.9 [s, C(CHj3)s], 44.5 (s, CHy), 51.6 [s, C(CHy)s]. 'B{'H}
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NMR: 6 27.3 s. MS/EI (70 eV): m/z = 331 (M*™ — CHs, 70).
CV: Ex = 754 mV.

1

‘BuNCH,CHN(*Bu)BCN (2i). A sample of silver cyanide
(0.54 g, 4.00 mmol) was added to the solution of compound 2h
(1.00 g, 3.80 mmol) in acetonitrile (40 mL). The slurry was
stirred in the dark for 6 h. Volatiles were removed in vacuo,
and the residue was triturated with hexane (3 x 20 mL). The
combined hexane extracts were filtered and freed from solvent
in vacuo to afford pure 2i as a colorless solid, yield 0.76 g (96%)
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(Found: C, 63.56; H, 10.95; N, 20.09. C11;H23BN3 requires: C,
63.79; H, 10.70; N, 20.29). 'TH NMR: ¢ 1.16 (s, 18H, tBu), 2.79
(s, 4H, CHy). 3C{'H} NMR: 6 30.0 [s, C(CH3)3], 45.1 (s, CHy),
51.6 [s, C(CH;)s]. "B{'H} NMR: 6 18.9 s. MS/EI (70 eV): m/z
=207 (M*, 21), 192 (M* — CH3, 100). CV: E, = 1164 mV.
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