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1,2,4,5-Tetrakis(tetramethylguanidino)benzene: Synthesis and Properties of a
New Molecular Electron Donor

Anastasia Peters,!?! Elisabeth Kaifer,'*! and Hans-Jorg Himmel*1?l
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The molecular electron donor 1,2,4,5-tetrakis(tetramethyl-
guanidino)benzene (ttmgb) was synthesised by reaction be-
tween 1,2,4,5-tetraaminobenzene and 2-chloro-1,1',3,3'-tet-
ramethylformamidinium chloride. Protonation and oxidation
of the molecule were analysed. In the course of titration of
initially yellow-coloured solutions of ttmgb with HCI intense
and fully reversible colour changes were observed; the di-
and tetraprotonated forms are green- and blue-coloured,
respectively. The tetraprotonated molecule crystallised with
CI, and the diprotonated molecule crystallised with PFg™ as
counterions. Oxidation, which already occurs slowly in air,
was followed by CV measurements. Oxidation with I, leads
to deeply green-coloured solutions, from which purple-black

crystals of (ttmgb)(I3), of metallic appearance and a layer
structure were obtained. The analysis of the molecular struc-
ture shows that the n system has rearranged with loss of the
aromatic benzene system. Quantum chemical calculations
suggest ttmgb to be an excellent two-electron donor superior
even to the “organic sodium” tetraazafulvalene in the gas
phase. However, in polar solvents (modelled with the CO-
SMO model) the situation changes (in line with the experi-
mental results from CV measurements), as the dication of tet-
raazafulvalene is considerably more solvent stabilised than
[ttmgb]?*.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

There is a long-standing interest in redox-active organic
molecules. These compounds are not only of academic
interest, as they are also useful for applications, for exam-
ple, in preparative synthesis (especially for stoichiometric
reductions) and as “noninnocent” ligands in transition-
metal complexes. Some of these molecules also undergo
spectacular colour changes in the course of their reactions.
One important class of molecular electron donors are
amino-substituted aromates. Oxidation of 1,4-bis(dimethyl-
amino)benzene has been known since the 19th century to
lead to the blue Wursters’ salts.l'l 1,2,4,5-Tetraaminoben-
zene (1) is also a well-known molecule,?! and the redox ac-
tivity of its derivative 1,2,4,5-tetrakis(dimethylamino)ben-
zene (2) was thoroughly studied.P’! Finally, the oxidation of
hexakis(dimethylamino)benzene was assessed in several re-
ports.*l The analysis was extended further to other aro-
matic systems substituted by dimethylamino groups such as
isomers of tetrakis(dimethylamino)naphthalene.[>!

Stabilisation of the oxidised form by an extended 7 sys-
tem can also be found in other systems. Recently, the first
examples of N,N',N'',N'''-tetra(alkyl)-p-benzoquinonedii-
mines, such as 3 (with R = 7Bu, see Scheme 1), were synthe-
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sised.[fl Solutions of 3, which itself is yellow coloured, were
shown to undergo colour changes upon protonation.
Hence, 3-HCl is red coloured and 3-2HCI is blue coloured.
Moreover, in the solid state, 3-2HCI is green coloured. It
proved also possible to synthesise a first binuclear complex
of 3.1 Furthermore, imidazole-derived donors have been
used as organic super-electron donors. One representative
is bisimidazolylidene(tetraazafulvalene) (4; see Scheme 1).5¥]
This molecule has been applied successfully for the re-

HZNQNHZ MezNQNMeZ
H2N NH2 MezN NMe2

R R
3 (R =1Bu) 4
NC(NMe,),  (MeN),CN NC(NMe3y),
O:NC(NMeZ)Z (MezN)ZCNQNC(NMez)z
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Scheme 1.
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ductive cleavage of sulfones and sulfonamides® and also
for the reduction of aryl iodides.''®?! It is, however, in dif-
ference to conventional strong reducing agents such as Mg
or sodium naphthenide, not capable of reducing ketones.
Several other strong electron donors were also reported.!'3!

The analysis of the properties and chemistry of guan-
idines represents an important research theme in our group.
Recently, we reported on the protonation and synthesis of
several transition-metal complexes of bis(tetramethylguan-
idino)benzene (btmgb, 5).['41 Here we report on the first
synthesis of 1,2,4,5-tetrakis(tetramethylguanidino)benzene
(ttmgb, 6), which is a new superbasic and redox-active com-
pound. Its oxidation and protonation will be analysed on
the basis of experimental work and some quantum chemical
calculations.

Results and Discussion

This section is divided into four parts. We first report on
the synthesis and characterisation of 6. The analysis of its
protonation and oxidation follows. Finally, we compare the
electron donor strength with other known organic super-
electron donors with the help of quantum chemical calcula-
tions.

Synthesis and Characterisation of 1,2,4,5-Tetrakis-
(tetramethylguanidino)benzene (ttmgb, 6)

The synthesis of 6 was accomplished as sketched in
Scheme 2. Reaction between 2-chloro-1,1',3,3'-tetrameth-
ylformamidinium chloride (freshly prepared from tetra-
methylurea and oxalyl chloride) and 1,2,4,5-tetraaminoben-
zene afforded the protonated product, which, after treat-
ment with NaOH, gave 6 in 61% yield. The 'H NMR spec-
trum of 6 showed one signal due to the protons of the
methyl groups at 0 = 2.63 ppm. It was shown previously
in the case of other guanidines that low temperatures are
necessary to freeze the various fluxional processes (rotation
around the C-N and C=N bonds and possibly also pyrami-
dal inversion at the N atoms) of the guanidino groups.['>-1¢]
Colourless crystals of 6 were grown from CH;CN solutions
and exhibit a diamond-like appearance pointing to a large
refraction index. Figure 1 displays the molecular structure
of 6 as determined by X-ray diffraction. Table S1 (see Sup-
porting Information) contains selected structural param-
eters. The molecule possesses a centre of inversion in the
solid state. With values of 139.79(17) (C1-C3’) and
140.87(17) pm (C1-C2), the C-C distances within the ben-
zene ring deviate only slightly from the C-C distance in
benzene. As anticipated, the N1-C4 and N4-C9 bond
lengths together with the symmetry-equivalent N1'-C4’
and N4'—C9’ bond lengths [128.77(16) and 129.10(16) pm]
are shorter than all other guanidine C-N distances in the
molecule, which is in line with their formulation as N=C
bonds. For comparison, in compound 5 (see Scheme 1),
N=C bond lengths of 129.1(3) and 130.1(3) pm were mea-
sured.[!?!
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Figure 1. Molecular structure of 6. Ellipsoids are drawn at the 50%
probability level.

Figure 2 displays the UV/Vis spectrum of 6 in hexane.
The UV/Vis spectrum of 5 is also included for comparison.
A relatively intense electron-excitation band occurs at
329 nm (¢ = 1.36 X 10* Lmol ' cm '), which is redshifted by
about 37 nm with respect to the corresponding band of 5
(292 nm).
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Figure 2. UV/Vis spectra of hexane solutions of 5 and 6.

Protonation Experiments

An aqueous 5.6 mM solution of 6 exhibited a pH value
of 11.6, showing that 6 is indeed a strong base. The solution
was titrated with 0.1 m HCI, and the resulting curve is plot-
ted in Figure 3. Starting with a yellow solution of 6 (sce
inserted photos in Figure 3) two poorly resolved proton-
ation steps can be observed upon addition of one and two
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equivalents of HCI. After addition of two equivalents of
HCI the solution exhibits a pH value of 8.6 and is thus still
basic. Interestingly, the solution is green coloured at this
point. Further addition of HCI leads first to a much slower
decline in the pH value, showing that solutions of the dipro-
tonated molecule have some buffer capacity. A sharp drop
in the pH value is again observed upon addition of more
than three equivalents of HCI. At the same time, the colour
of the solution turns bright blue (see Figure 3). After ad-
dition of four equivalents of HCI the pH value is already
below 3. Further addition of HCI leads to bleaching of the
solution. All these colour changes are fully reversible.

Figure 3. Titration curve for 6 with 0.1 m HCI (x being the added
mol equivalents of HCI). In addition, the colours of the solutions
at some stages of the curve are shown.

Pale-blue-coloured crystals of [6H4]Cl;9H,O were
grown from a CH;CN solution of 6 containing four equiva-
lents of HCI. The molecular structure of the cationic part,
which again exhibits an inversion centre, is illustrated in
Figure 4. Selected structural parameters are provided in
Table S2 (see Supporting Information). Protonation occurs
exclusively at the four imine N atoms. The C-C distances
within the benzene ring are equal to 139.30(13) and
139.24(12) pm and do not differ significantly from those in
neutral 6. Thus, the aromatic benzene ring is preserved in
the course of protonation. In the '"H NMR spectrum a sig-
nal at 6 = 6.66 ppm can be assigned to the two protons
directly attached to the Cg ring. With values of 140.82(12)
and 142.05(12) pm the CI-N1 and C2-N4 bond lengths
(together with the symmetry equivalent two bond lengths)
are virtually equal to those in neutral 6. All other C-N
bonds, however, change upon protonation. Thus, the N1-
C4 and N4-C9 bond lengths increase from 128.77(16) and
129.10(16) pm in neutral 6 to values of 136.18(12) and
135.52(13) pm in [6H4]Cl,. On the other hand, the C4-N2,
C4-N3, C9-N5 and C9-N6 bond lengths decrease upon
protonation. This argues for delocalisation of the positive
charge through m interactions over all three C—N bonds in
each guanidino unit. This delocalisation ideally requires a
planar N1C4N2N3 and N4C9NSNG unit. Indeed, the angle
sums around the C4 and C9 atoms are almost perfectly 360°
both in 6 and in [6H4]Cl,;. Four of the crystal H,O mole-
cules interact through NH--*OH hydrogen bonds [N---O dis-
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tances of 284.0(14) and 283.8(1) pm and estimated
NH---OH distances of 196.4(14) and 199.6(20) pm] with the
[6H4]** unit. Furthermore, C-H+++Cl contacts and of course
O-H---Cl hydrogen bonds are established.

Figure 4. Molecular structure of (6H,;)Cly-9H,O. Ellipsoids are
drawn at the 50% probability level.

Crystals of the diprotonated form were not obtained
with CI” but with PF4 as counterions. The molecular struc-
ture of one 6H,2* dication of [6H,](PF),'1.5H,0 as de-
rived from the X-ray diffraction analysis is shown in Fig-
ure 5. Table S3 in the Supporting Information contains se-
lected structural parameters. Protonation again occurs at
the imine N atoms (N4 and the symmetry equivalent N4’
atom). The NI1-C4 bond length remains short at
130.0(3) pm, whereas the N4-C9 bond length is elongated
to 134.2(4) pm. The C9-N5 and C9-N6 bond lengths
[134.6(4) and 132.8(4) pm] are significantly shorter than the
C4-N2 and C4-N3 bond lengths [137.3(4) and
137.4(3) pm]. These values again indicate delocalisation of
the positive charge within the two protonated guanidino
units. The C-C distances within the Cg4 ring [139.6(4) and
139.1(4) pm] show that the aromaticity is not affected by
protonation, which is in agreement with the results ob-
tained for the tetraprotonated molecule. As anticipated, the
chemical shift of the signal in the 'H NMR spectrum due

Figure 5. Molecular structure of [6H,](PFs),-2H,O0. Ellipsoids are
drawn at the 50% probability level.
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to the two protons directly attached to the Cg ring (0 =
6.11 ppm) is in between that observed for the nonproton-
ated (0 = 5.54 ppm) and the tetraprotonated (6 = 6.66 ppm)
molecule. The molecules form sheets in the crystalline
phase. One of these sheets is sketched in Figure 6, which
now also displays the disordered PFs units and the O
atoms of the crystal water. The water O atoms establish
O+H-N hydrogen bonds with the [6H,]*" units that are
212.4(3.8) pm in length.

Figure 6. Packing of a sheet of [6H,](PF¢),:2H,O molecules in the
solid state. Ellipsoids are drawn at the 50% probability level. Of
the H,O units only the O atoms are displayed.

Oxidation

If solutions of 6 are exposed to air for several hours or
days, colour changes can be observed, signalling the occur-
rence of a slow redox reaction with the air O, (see below).
This result already demonstrates the electron-donor ca-
pacity of 6. The CV curve obtained for solutions of 6 in
CH;CN showed a two-electron wave at E;,»(CH3CN) =
-0.32V vs. SCE. Although this value is larger than the
value reported for 4,['7 it shows the potential use of 6 as
a mild reducing agent. The quantum chemical calculations
discussed below will shed further light on the origin of the
differences in the reduction power between 4 and 6.

Oxidation of 6 can also easily be accomplished with I,.
Upon addition of I, to a solution of 6 in CH3CN, a deep-
green-coloured solution was obtained, from which purple-
black-coloured crystals of a metal-like appearance precipi-
tated. These crystals turned out to be composed of 6(15),.
The molecular structure of one of the 6(I5), units, again
featuring an inversion centre, is illustrated in Figure 7 (see
Table S4 in the Supporting Information for selected struc-
tural parameters). Interestingly, the crystal exhibits a layer
structure as sketched in Figure 8 (only the C¢ rings of each
6" dication is shown for the sake of clarity); the Cq ring
planes are tilted with respect to these layers. In clear con-
trast to the structures of 12" and 22*,51 the C¢ ring in 6"
remains planar, because the tetramethylguanidino groups
can better evade one another than the dimethylamino
groups. However, the C—C bond lengths within this ring
vary significantly after oxidation. Whereas the C1-C2 bond
length [136.3(4) pm] is shorter than that in 6 before oxi-
dation, the C2'-C3 [142.5(4) pm] is slightly larger and the
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C1-C3 distance [149.1(4) pm] is significantly larger. The
change in the C4 ring manifests itself also in a considerable
low-field shift (by 0.37 ppm) of the signal in the 'H NMR
spectrum due to the two protons attached to the ring. The
C9, N4 and C3 atoms are almost located in the benzene
ring plane, whereas the N1-C4 bond points out of this
plane. Consequently, the C3-N4 distance [130.4(4) pm] is
shorter than the C1-N1 distance [135.6(4) pm], because the
coplanarity of the C9-N4-C3 group favours © bonding. In
Scheme 3 two of several possible mesomeric structures are
shown; the positive charge can be located on either the C
or the N atom. The C9-N6 bond length and the symmetry
equivalent C9'-N6’ bond length of 133.5(4) pm are slightly
shorter than the other six bond lengths from the central
guanidino C atom to the N atoms of the NMe, groups (av.
value 134.6 pm). Thus, these two bonds exhibit an increased
degree of m bonding, although the bond length is signifi-
cantly longer than, for example, the 126.3(5) pm adopted
for the C=N bond in [H,C=NMe,|Br.['*] The plane defined
by the C9, N5 and N6 atoms is almost perpendicular to the
plane defined by the C9, N4 and C3 atoms, so that the C9—
N6 and C3-N4 © bonds cannot really communicate in the
crystalline phase. The structure thus suggests that the posi-
tive charge is to some degree located on the NMe, groups
(in line with the mesomeric form on the right side of
Scheme 3). Quantum chemical (B3LYP/SVP) calculations
were carried out to obtain information about the singlet—
triplet gap in 6>*. Interestingly, the B3LYP/SVP calcula-
tions predict the lowest-energy triplet state to exhibit an
energy not more than 110.4 kJmol™! above the singlet-en-
ergy ground term.

Figure 7. Molecular structure of 6(15),. Ellipsoids are drawn at the
50% probability level.
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Figure 8. Layers of 15~ and bisguanidines (only the benzene rings
are shown for the sake of clarity) in crystalline 6(I5)-.
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The UV/Vis spectrum of CH;CN solutions of 6(I3), is
displayed in Figure 9. Three strong absorptions are centred
at 294, 367 and 422 nm. In addition, a broad and very weak
band or family of bands was visible in the region 500—
680 nm (see the inset in Figure 9). Solutions of the I~ anion
formed by reaction between I, and (n-C4Hg)4NI in CH;CN
were shown to exhibit strong absorptions at 292 and
363 nm (with extinction coefficients of 45900 and
25400 Lmol 'cm™') and an extremely weak one at 531 nm
(with an extinction coefficient of not more than
155 Lmol 'em ).V If the I3~ anions were formed in solu-
tions of I, and KI in 0.050 M KI and 0.010 m HCIO,, the
band positions (now 287, 353 and 535 nm) and extinction
coefficients (41400, 25300 and 144 Lmol'cm™) vary
slightly. A problem encountered in the determination of the
precise extinction coefficient is the equilibrium between I3~
and I, + I (around 15-20% of the I;- molecules dissociate).
By comparison with the literature data, the bands at 294
and 367 nm in our experiments can be assigned unambigu-
ously to I;~. The relative intensities of the two absorptions
match well with the literature values. Because two I3~ anions
are present in each of the formula units of 6(13),, the mea-
sured extinction coefficients are about twice as high as
those reported in the literature. The band at 422 nm can
then be assigned to the 6>* dication. Excitations in these
regions were not observed for neutral 6, which is in line
with the significant changes the 7 system is subjected to in
the course of the two-electron oxidation. Figure 10 shows
the spectra recorded for oxidation of a CH,Cl, solution of
6 with O, from the air for several exposure times 7. Note
that evaporated CH,Cl, was not compensated to avoid any
extra influence. Therefore, the extinction coefficient is
strictly only correct at z = 0. The initial spectrum showed
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Figure 9. UV/Vis spectra of 6 and 6(I3), dissolved in CH;CN.
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the band at 329 nm characteristic of neutral 6. This band
decreased with increasing exposure times, and at the same
time two new bands appeared centred at 422 and 615 nm.
The band at 615 nm reached its maximum after an exposure
time of # = 2-4 h, and was almost extinguished again after
t = 3d. The spectrum recorded after 3 d showed a strong
band at 422 nm. Thus, it resembled the spectrum taken for
6(15),, but without the bands due to I5~ at 294 and 367 nm.
Consequently it can be concluded that the solution con-
tained dication 6>* after 3 d of air exposure.
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Figure 10. UV/Vis spectra recorded for a solution of 6 in CH,Cl,
at several exposure times to the air dioxygen molecules. Note that
the evaporation of the solvent was not compensated for to avoid
any potential extra influence. Therefore, the extinction coefficient
is strictly only correct at the start.

Comparison of the Donor Strength on the Basis of
Quantum Chemical Calculations

Some additional quantum chemical calculations
(B3LYP/SVP) on 6 and other known organic electron-do-
nor molecules were carried out. The performance of the
calculations was tested by comparing calculated values with
experimentally determined structural parameters. The cal-
culated structures are visualised in Figure 11 (optimised co-
ordinates can be found in the Supporting Information). In
agreement with the experimental results, the benzene rings
in dications 12* and 22* are folded, in clear contrast to the
situation in 6>*. The C-C distances within the Cg ring in
22" were calculated to be 141.0 and 151.0 pm. These values
compare with experimentally obtained ones of 138.2(5) and
152.9(8) pm. As already mentioned, tetraazafulvalene 4 (sece
Scheme 1) was shown to be an excellent reducing agent (or-
ganic “sodium”). The minimum structure as calculated with
B3LYP/SVP is characterised by a central C=C bond length
of 135.6 pm and an average distance of 142.2 pm between
one of the two central C atoms and one of the four N
atoms. These values are in good agreement to the experi-
mental ones. Thus, the experimentally derived central C=C
bond length in the neutral molecule is 133.7(5) pm and the
experimental average C—N distance is 142.9(4) pm accord-
ing to X-ray diffraction analysis.!® They also agree with pre-
vious calculations using the gradient-corrected BP86
method and a def2-TZVP basis set resulting in values of
5911
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136 and 144 pm for the central C=C distance in the neutral
and dicationic molecule, respectively.l'1 As anticipated, the
central C-C bond length (now being a single bond) in-
creases in dication 4>* to 144.0 pm, whereas the central C—
N distances decrease to 134.9 pm.

Xz X AE

AR -

-345.1

-213.9

-213.4

+51.7

Figure 11. Energy changes AE (in kJmol ') for the gas-phase redox
reaction 4 + X?>* —4%* + X as calculated with B3LYP/SVP for dif-
ferent molecules X.

Figure 11 includes the gas-phase reaction energies for
two-electron transfer from compound 4 to the dication of
several relevant molecular electron donors X (see Equa-
tion 1 with X = 6). The value of AE comes out to be nega-
tive for X = 1, 2 and 5, but it turns positive for X = 6.
However, a comparison of the donor strength of course
should be based on the Gibbs free energy rather than on
the energies and should also consider solvent effects. We
therefore first calculated the change in the standard reac-
tion Gibbs free energy (at 298 K, 1 bar) for the redox reac-
tion between 4 and 6°*. According to our calculations, AG°
for the gas-phase reaction is 62.0 kJmol™!. Although this
value shows that 6 is indeed a better two-electron donor
than 4 in the gas-phase (neglecting any differences in the
activation barriers for electron transfer, which certainly ex-
ist), the situation changes in solution. The shapes and sizes
of 4 and 6 are quite different, leading to a large difference
in the stabilisation of the dication in solution as modelled
by the COSMO model. For DMF with a dielectric constant
¢ = 382Lmol'cm™, we obtained A,G"® =
—157.1 kJmol!. This means that in DMF solutions com-
5912
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pound 4 is a better two-electron donor than 6, in agreement
with the observed order of the Ej), values in the CV experi-
ments. For a solvent of ¢ = 10 Lmol~'cm™!, the calculations
still returned Ay,,,G° = —130.1 kImol~'. A dielectric con-
stant ¢ of less than about 3 is necessary to get to positive
standard reaction Gibbs free energies, highlighting the
dominating influence of the solvent on the reduction power
of these species. Only in a weakly polar solvent (e.g., tolu-
ene ¢ = 2.4 Lmol 'cm™!; 1,4-dioxane ¢ = 2.3 Lmol 'cm™!)
can compound 6 be expected to be a better two-electron
reducing agent than 4, whereas in higher polar solvents 4
should be superior. Of course, in practice the low solubility
of the substrates in less-polar solvents limits the choice of
solvent.

Conclusions

This work deals with the synthesis and characterisation
of a new molecular electron donor, namely 1,2,4,5-tetrakis-
(tetramethylguanidino)benzene (ttmgb). Titration of ttmgb
with HCI in water solutions led to several colour changes,
starting with a yellow-coloured solution prior to HCI ad-
dition. Thus, solutions of the di- and tetraprotonated mole-
cules are green and blue coloured, respectively. All colour
changes are fully reversible. The molecular structures of the
di- and tetraprotonated tmgb molecule show that proton-
ation occurs exclusively at the imine N atoms. The variation
in the three CN bond lengths within each guanidino group
shrink significantly upon protonation, which indicates de-
localisation of the positive charge through extended & inter-
actions. Whereas the electronic situation within the guani-
dino groups changes, the C4 ring remains aromatic and is
only very slightly affected by protonation.

Oxidation of ttmgb (which already occurs with atmo-
spheric O,) was followed by various spectroscopic tech-
niques and by X-ray diffraction. Oxidation of ttmgb with
I, leads to (ttmgb)(I5),. The C-C distances within the Cq
ring of this dication vary significantly, signalling the loss of
aromaticity. At the same time, two of the four C-N dis-
tances involving the ring C atoms decrease. The rearrange-
ment of the © system is also evident from the changes in
the UV/Vis spectrum upon oxidation. The oxidised form is
stabilised by formation of an extended © system. Quantum
chemical calculations indicate that ttmgb could even reduce
the dication of the “organic sodium” tetraazafulvalene
(two-electron reduction) in the gas phase. However, the situ-
ation changes in polar solutions. The large and bulky dicat-
ion (ttmgb)?* is significantly less stabilised by the solvent
environment in comparison to the dication of tetraazafulva-
lene, which makes tetraazafulvalene a better two-electron
donor than ttmgb in solutions with a dielectric constant
larger than ca. 3. The new tetraguanidine ttmgb should
have interesting properties not only in redox reactions as s
mild reducing agent but also when used as a ligand in di-
or oligonuclear paramagnetic complexes. In future studies
we especially seek to explore ferromagnetic interactions
through the phenylene bridge®” in dinuclear ttmgb transi-
tion-metal complexes.
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Experimental Section

General: All synthetic work was carried out by using standard
Schlenk techniques. UV/Vis spectra were recorded with a Perkin—
Elmer Lambda spectrometer. An EG&G Princeton 273 apparatus
was used for the CV measurements. IR spectra were taken with the
help of a BIORAD Excalibur FTS 3000 spectrometer. NMR spec-
tra were measured with a Bruker Avance I 400 spectrometer.

6: To a solution of N,N,N',N'-tetramethylurea (1.1 mL, 9.4 mmol)
dissolved in dry CHCI; (6 mL) was added oxalyl chloride (4 mL,
46.5 mmol, 4.9 equiv.) dropwise. The reaction mixture was stirred
for 16 h under reflux. Then, the solvent was removed in vacuo. The
remaining solid, 2-chloro-1,1',3,3’-tetramethylformamidium chlo-
ride, was washed with Et,O, dissolved in CH;CN (24 mL) and
added slowly and dropwise to a CH3CN solution (10 mL) contain-
ing 1,2,4,5-tetraaminobenzene (0.5 g, 1.8 mmol) and triethylamine
(3.4 mL, 24.6 mmol) at a temperature of 0 °C. Subsequently, the
mixture was stirred for an additional period of 1h at 0°C. The
precipitate was filtered before being redissolved in HCI (10%). Af-
ter addition of NaOH (20%), the solution was extracted with tolu-
ene (3X). The combined toluene phase was dried with K,CO3, and
toluene was removed under vacuum to afford ttmgb (0.5683 g,
1.1 mmol, 61%) as a pale yellow-white solid. Upon recrystallisation
from CH;CN colourless crystals of ttmgb were obtained. 'H NMR
(199.92 MHz, CD3CN): ¢ = 5.54 (s, 2 H), 2.63 (s, 48 H, CH3) ppm.
'TH NMR (399.89 MHz, C4Dg): & = 6.26 (s, 2 H), 2.66 (s, 48 H,
CH3) ppm. *C NMR (50.28 MHz, CD;CN): 6 = 158.27, 138.08,
115.58 (CH), 39.78 (CH3) ppm. '*C NMR (100.56 MHz, C¢Dy): &
= 157.23, 138.09, 115.76 (CH), 39.70 (CH3) ppm. IR (Csl): v =
3001 (w), 2923 (w), 2871 (w), 2801 (w), 1597 (vs), 1498 (s), 1477
(s), 1459 (s), 1422 (s), 1372 (vs), 1235 (s), 1137 (vs), 1062 (w), 1020
(s), 878 (s), 803 (w), 787 (w), 754 (w), 727 (w), 683 (w), 664 (W),
556 (w) em™'. UV/Vis (CH5CN, ¢ = 3.0X10° molL™"): Ay (&
Lmol'ecm™) = 218 (3.93 X 10%), 329 (1.36 X 10*) nm. MS (FAB):
mlz (%) = 532 (43) [(ttmgb)(H),]*, 531 (100) [(ttmgb)(H)]*, 530 (64)
[ttmgb], 486 (41) [ttmgb-N(CHj;),]. Crystal data for 6: CosHsoNy»,
M, = 530.78, 0.40 X 0.30 X 0.30 mm?, triclinic, space group P1, a =
8.1570(16) A, b = 8.8210(18) A, ¢ = 11.337(2) A, a = 89.22(3)°, f8
= 85.08(3)°, y = 74.13(3)°, V = 18113 A3, Z = 1, dopeq. =
1.128 Mgm 3, Mo-K, radiation (graphite monochromated, . =
0.71073 A), T = 200 K, 0,4nge 2.40 to 30.0°. Reflections measured
38438, independent 4537, R;,; = 0.0366. Final R indices [/>20c(])]:
R, = 0.0504, wR, = 0.1256.

[6H4]Cl,: To a solution of 6 (0.06 g, 1.1 mmol) dissolved in Et,O
(10 mL) was added Et,O-HCI (1 M, 0.4 mL). After stirring for
30 min at room temperature the solvent was removed in vacuo. The
remaining white solid product was recrystallised from CH;CN. 'H
NMR (399.89 MHz, CD;CN): 0 = 9.81 (s, 4 H), 6.66 (s, 2 H), 2.99
(s, 48 H, CH;3) ppm. '*C NMR (100.56 MHz, CD3;CN): 6 = 159.64,
130.16, 118.67 (CH), 41.39 (CH3) ppm. MS (FAB): m/z (%) = 532
(32) [(ttmgb)(H),]*, 531 (95) [(ttmgb)(H)]*, 530 (28) [ttmgb], 486
(50) [ttmgb-N(CHy3),], 408 (67), 379 (100), 260 (25), 202 (36). Crys-
tal data for [6H4]Cly;9H,O: CosHs4N»,Cl49H,0, M, = 1677.52,
0.40 X 0.30 X 0.30 mm?, monoclinic, space group C2/c, a =
23.226(5) A, b = 11.823(2) A, ¢ = 15.802(3) A, f = 94.48(3)°, V
= 4326.0(15) A3, Z = 4, d.yeq = 1.288 Mgm 3, Mo-K,, radiation
(graphite monochromated, /. = 0.71073 A), T = 200 K, Orange 1.76
to 35.00°. Reflections measured 106531, independent 9486, R;,; =
0.0555. Final R indices [I>2c(])]: R, = 0.0415, wR, = 0.0977.

[6H,](PF¢),: A mixture of 6 (0.030 g, 0.06 mmol) and [NH4]PF¢
(0.016 g, 0.1 mmol) in CH3CN (20 mL) was stirred for 30 min at a
temperature of 50 °C. After evaporation of the solvent, the remain-
ing solid was redissolved in CH3CN. Then, a small amount of char-
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coal was added, and the solution was stirred for 10 min before be-
ing filtered through silica. After removal of the solvent in vacuo a
green-yellow solid remained, which was redissolved in CH,Cl,. Yel-
low needles of [6H,](PFs), (0.017 g, 0.021 mmol, 42%) precipitated
from a solution of CH,CL/Et,O (1:1). 'H NMR (399.89 MHz,
CD,CL,): 6 = 6.11 (s, 2 H), 2.78 (s, 48 H, CH3) ppm. 3C NMR
(100.56 MHz, CD,Cl,): 6 = 40.24 (CH3) ppm. MS (FAB): m/z (%)
= 676 (43) [(ttmgb)(H),(PF4)]*, 531 (100) [(ttmgb)(H)]*, 486 (40)
[(ttmgb — N(CHsj),]. Crystal data for [6H,](PF¢),*1.5H,0:
CysHsoN P F 5 1.5H,0, M, = 848.75, 0.40X0.25X0.25 mm?,
monoclinic, space group P2,/n, a = 7.8380(16) A, b = 21.349(4) A,
¢ = 12478(3) A, p = 105.90(3)°, ¥ = 2008.1(7) A3, Z = 2, dopea.
= 1.400 Mgm 3, Mo-K, radiation (graphite monochromated, A =
0.71073 A), T = 200 K, Orange 1.95 to 27.50°. Reflections measured
64704, independent 4526, R;,; = 0.0426. Final R indices [/>2o(])]:
R; = 0.0689, wR, = 0.1801 ppm.

6(I5),: To a solution of 6 (0.0314 g, 0.06 mmol) in CH3CN (20 mL)
was added I, (0.0313 g, 0.12 mmol). The solution turned deep-
green in colour, from which purple-black crystals of 6(1s),
(0.0126 g, 0.01 mmol, 17%) of a metal appearance precipitated. 'H
NMR (200.13 MHz, CD3;CN): § = 5.17 (s, 2 H), 2.88 (s, 48 H,
CH3) ppm. '3C NMR (100.56 MHz, CD;CN): § = 41.00 (CHs)
ppm. IR (CsI): v = 2921 (w), 1597 (s), 1539 (s), 1501 (vs), 1466 (s),
1420 (s), 1399 (vs), 1315 (m), 1250 (s), 1231 (s), 1157 (vs), 1067 (w),
1020 (s), 897 (w), 840 (w), 810 (w), 752 (w), 687 (w), 623 (w), 549
(w) em™'. UV/Vis (CH5CN, ¢ = 1.1X10°molL™): Anax (&
Lmoltem™) = 215 (5.47 X 10%), 295 (8.17 X 10%), 369 (4.46 X 10%)
nm. MS (FAB): m/z (%) = 531 (8) [(ttmgb)(H)]*, 460 (12), 408 (30),
291 (49), 273 (9), 212 (25). Crystal data for 6(13),: CrsHsoN51s, M,
= 1292.18, 0.25X0.25 X 0.25 mm?, triclinic, space group Pl,a=
8.1920(16) A, b = 9.6060(19) A, ¢ = 13.928(3) A, a = 108.13(3)°,
B = 91.51(3)°, y = 96.60(3)°, V = 1032.5(4) A3, Z = 1, deq. =
2.078 Mgm, Mo-K, radiation (graphite monochromated, A =
0.71073 A), T= 200 K, Orange 1.54 to 30.00°. Reflections measured
24847, independent 5922, R;, = 0.0251. Final R indices [I>2c(])]:
R, = 0.0332, wR, = 0.0804.

X-ray Crystallographic Study: Suitable crystals were taken directly
out of the mother liquor, immersed in perfluorinated polyether oil
and fixed on top of a glass capillary. Measurements were made
with a Nonius-Kappa CCD diffractometer with low-temperature
unit by using graphite-monochromated Mo-K,, radiation. The tem-
perature was set to 200 K. The data collected were processed by
using the standard Nonius software.*!! All calculations were per-
formed by using the SHELXT-PLUS software package. Structures
were solved by direct methods with the SHELXS-97 program and
refined with the SHELXL-97 program.?>2% Graphical handling of
the structural data during solution and refinement was performed
with XPMA.P4 Atomic coordinates and anisotropic thermal pa-
rameters of non-hydrogen atoms were refined by full-matrix least-
squares calculations. CCDC-699399 (for 6), -699401 (for [6H,4]
Cl4-9H,0), -699402 (for [6H,](PF,),:1.5H,0) and -699400 [6(15),]
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Details of the Quantum Chemical Calculations: Calculations were
carried out with the aid of the TURBOMOLE program package!>>!
Pure DFT calculations relied on the hybrid method B3LYP (DFT
by using Becke exchange functional and Lee-Yang-Parr corre-
lation functional, as well as Hartree—Fock exchange).*®! Calcula-
tions on the solvent effect were carried out with the COSMO pro-
gram.?7]
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Supporting Information (see footnote on the first page of this arti-
cle): Selected structural parameters (bond lengths and angles) for
6, [6H,4]C14-9H,0, [6H,](PF,),:1.5H,0 and 6(13),; optimised ener-
gies and coordinates from B3LYP/SVP calculations and vibrational
properties (from BP86/SVP calculations and only for compounds
4 and 6) for several molecular electron donors and their oxidised
forms.
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