J. Am. Chem. Soc. 1983, 105, 707-713 707

energy. Thus, for solution measurements employing donors having
reasonably allowed emissions, contact singlet exchange energy
transfer will probably be uncommon.
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Abstract: A number of partly reduced N-heterocycles, 2-15, have been prepared by reductive silylation of aromatic precursors.
The N-silyl substituents stabilize unusual electronic structures such as the 1,4-dihydropyrazine system toward rearrangements.
In addition, R;Si substitution is likely to cause planarization at the amino nitrogen atoms. This may lead to cyclic 8-w-electron
conjugation, as has been established, e.g., for 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (2). The experimental results obtained
for 2 by comparative ‘H NMR and photoelectron spectroscopic studies are a distinct paratropism, an exceptionally low ionization
potential, and an enormous difference between the first and second ionization energy. These effects confirm the predictions
made for planar 1,4-dihydropyrazine on the basis of HMO calculations. Corresponding to the very low ionization potentials
of most of the reduced compounds, persistent radical cations such as 2*- have been readily obtained and were fully characterized
by ESR spectroscopy. Modification of the 1,4-dihydropyrazine 2 by methyl substitution or by extension of the  system results
in an attenuation of the 8-m- electron conjugation through steric and/or electronic factors. The flexibility of this system toward
steric requirements can be related to the redox behavior of flavoenzymes.

For a variety of reasons, the 1,4-dihydropyrazine structural unit
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has attracted a great deal of attention: (1) It can be regarded
as a potential “antiaromatic™? system due to the availability of
8 w electrons in a sterically constrained six-membered ring.>-
Such a system cannot deviate as much from planarity as the
iso-r-electronic seven-’# and eight-membered® rings II and III.
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(2) The electronic structure of the cyclic six-center w-electron
arrangement I may be conveniently described in terms of the
familiar benzene HMO formalism.*>!® Calculations for planar
1,4-dihydropyrazine (1) have predicted the occupancy of an an-
tibonding molecular orbital®® that would render such a compound
extremely electron rich. (3) The 1,4-dihydropyrazine system is
an essential constituent of biochemically important molecules, viz.,
of the 1,5-dihydroflavins IV!'"13 and of certain luciferins V.1* (4)
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The reducing function of 1,4-dihydro-1,4-diazines!? has also found
application in the photographic process of silver color bleaching.!

Attempts to prepare unsubstituted 1,4-dihydropyrazine 1 have
to date been unsuccessful. Protonation of electrochemically re-
duced pyrazines may lead to derivatives of 1 that undergo a rapid
1,3 shift® to yield the 1,2-dihydro isomers.*d16 However, the
oxidized species 1*- and 1%* are persistent, as has been shown by

H H H+
N e- /l:l e- EN]
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H H H

1 1* 12

ESR!" and UV spectroscopy.'® Extension of the = system such
as in 1,4-dihydroquinoxalines'® or 5,10-dihydrophenazines? helps
to stabilize the reduced form.

N,N"Dialkyl or -diaryl derivatives of I have only been reported
for 2,6-diaryl-substituted systems.** The structure of one such
compound was determined by X-ray crystallography,?! and may
be described as a flat boat conformation with axial/equatorial
N-substituents (VI) and hence interrupted w-electron conjuga-
tion.?2 Only the radical cations?* or the fully oxidized dications?

of unsubstituted N,N"-dialkyl-1,4-dihydropyrazines have been
observed; however, extension of the = system such as in §,10-
dihydrophenazines? and -flavins!!"! or incorporation of two more
electronegative ring nitrogens such as in 1,4-dihydro-1,2,4,5-
tetrazines?” makes it possible to isolate the neutral compounds
under ordinary laboratory conditions. More recently, unsubstituted
N,N'-diacyl derivatives of I were obtained by a reductive proce-
dure.?® The stability of these molecules is attributable to the
w-electron delocalization from the electron-rich ring « system into
the carbony! groups.*?

Reductive processes have also been used to synthesize 1,4-
bis(trimethylsilyl)-1,4-dihydropyrazine (2), which was reported
to be a highly oxidizable compound.?®3 Since sily! substituents
at the amino nitrogen flatten the pyramidal N configuration!
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without greatly changing the nitrogen lone pair ionization energy,*?
we have studied 2 and various other reductively silylated N-
heterocycles 3—15 with respect to the possibility of cyclic 7-electron
conjugation.
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While the comparison of 'H NMR data for 2-15 is expected
to yield information on the paratropic®® character (“anti-
aromaticity”**) of the compounds within the ring current concept,’
the ionization energies as measured by photoelectron (PE)
spectroscopy may be correlated with molecular orbitals obtained
from w-electron model calculations.!®3¢  As another set of pa-
rameters that correlates favorably with the results of HMO
calculations, the ESR coupling constants®’ of the readily obtained*
radical cations 2*. and 12*. may be compared with the data for
other derivatives of reduced pyrazine.!’**#

Experimental Section

All manipulations were carried out under an atmosphere of dry argon
with rigorously dried solvents. The starting materials were obtained from
Aldrich.
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Effects of Cyclic 8-w-Electron Conjugation

Table I. Data of Characterization for the N-Silylated Heterocycles 2-185.
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'H NMR Parameters 6 (ppm) from CDCl,/Me,Si Solutions

'H NMR
compd (color) bp, °C (torr) 5§ CH & CH, & SiCH,
2 (yellow) sublimation 80 (0.1) mp 66 4.64 (s) 0.03 (s)
3 (yellow) 50 (0.01) 4.7-5.0 (m) 1.49 (d)¢ 0.06 (s)
0.16 (s)
4 (pale yellow) 70 (0.01) 5.00 (m) 1.57 (d)b 0.16 (s)
5 (pale yellow) 70 (0.01) 5.37 (s) 1.67 (s) 0.16 (s)
6 (pale yellow) 70 (0.01) 5.46 (m) 1.64 (d)¥ 0.09 (s)
0.17 (s)
7 (very pale yellow) 70 (0.005) 5.49 (m) 1.68 (ps) 0.16 (ps)
8 (colorless) sublimation 70 (0.01) mp 62 1.69 (s) 0.14 (s)
9 (yellow) 80 (0.005) 5.28 (s) 0.25 (s)
6.52 (m)
10 (colorless) mp 92 6.84 (m) 0.25 (s)
11 (red) mp 165 5.82 (m) 0.07 (s)
12 (yellow) 50 (0.05) 4.64 (s) 4.22¢ 0.12 (d)
13 (very pale yellow) 65 (1) mp 25 5.38 (s) 3.14 (s)¢ 0.08 (s)
14 (colorless) 30 () 5.93 (m) 3.16 (m)4 0.00 (s)
4.60 (m)
15 (colorless) 50 (0.1) 5.70 (m) 2.25 (m)¢ -0.01 (s)
4.35 (m) 0.11 (s)

@47=1.7Hz Y47=1.0Hz. ¢ SiH protons, septet, >/ =3.2 Hz. ¢ CH, protons. ¢ CH proton.

The compounds 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (2),%
5,10-bis(trimethylsilyl)-5,10-dihydrophenazine (10),*> 1,1’-bis(tri-
methylsilyl)-1,1’-dihydro-4,4’-bipyridine (11),% 1-(trimethylsilyl)-1,4-
dihydropyridine (14),* and 1,4-bis(trimethylsilyl)- 1,4-dihydropyridine
(15)% were prepared according to literature procedures.

The compounds 1,4-bis(trimethylsilyl)-2-methyl-1,4-dihydropyrazine
(3), 1,4-bis(trimethylsilyl)-2,5-dimethyl-1,4-dihydropyrazine (4), 1,4-
bis(trimethylsilyl)-2,3-dimethyl-1,4-dihydropyrazine (5), 1,4-bis(tri-
methylsilyl)-2,6-dimethyl-1,4-dihydropyrazine (6), 1,4-bis(trimethyl-
silyl)-2,3,5-trimethyl-1,4-dihydropyrazine (7), 1,4-bis(trimethylsilyl)-
2,3,5,6-tetramethyl-1,4-dihydropyrazine (8), 1,4-bis(trimethylsilyl)-1,4-
dihydroquinoxaline (9), and 1,4-bis(dimethylsilyl)-1,4-dihydropyrazine
(12) have been synthesized by reacting the corresponding 1,4-diazine with
potassium metal and the chlorosilane in THF. In a typical run, 10 mmol
of the diazine was dissolved in 50 mL of THF, and 30 mmol of each
R;SiCl and clean-cut potassium were added, in that order. After stirring
overnight at room temperature, the reaction mixture was filtered, the
solvent removed, and the reductively silylated heterocycle purified by
distillation (3~7, 9, 12) or sublimation (8) under reduced pressure. In
all cases the yields were approximately 80%.

1,4-Bis(trimethylsilyl)-1,2,3,4-tetrahydropyrazine (13) was obtained
in 84% yield by catalytic hydrogenation of 2 with Pd/C in THF under
760-torr H, pressure. The compound was purified by distillation and
solidified while standing.

Elementary analyses of the reductively silylated compounds could not
be carried out because of their extreme sensitivity toward hydrolysis and
oxidation.?® The characterization data are summarized in Table I.

'H NMR spectra were recorded with a Varian T-60 spectrometer,
The measurements were performed with air- and moisture-free CDCl,
as solvent, Me,Si served as internal standard.

Photoelectron spectra were recorded on a Perkin-Elmer PS 16 spec-
trometer and were calibrated by using the Xe(*P;;,) = 12.13-¢V and
Ar(*Py),) = 15.76-eV peaks.

Electron spin resonance spectra of 2*- and 12*. were recorded by using
a Varian E 9 spectrometer in the X-band mode. Calibration was per-
formed with the perylene radical anion in DME.* The program Es-
pLOT*" was used for ESR spectra simulation. The radical cations were
generated by treating the neutral compounds with a mixture of AIC1;*
and R;SiCl in CH,Cl,. The chlorosilane was used to prevent hydrolysis.

Results and Discussion

'H NMR Spectra. As reduced compounds, the heterocycles
2-15 generally exhibit 'H NMR resonances at higher field than
the corresponding aromatic starting materials.*®* The question
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C. J; Campbell, J. R, Eds.; Alrich Chemical Company, Inc.: Milwaukee,
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ChartI. Chemical Shifts 6y, for the Enamine Protons of the
N,N'-Bis(trimethylsilyl)-1,2-diaminoethene Moiety in Various
Cyclic Molecules

ﬁ 2 4.64 paratropic
J
D 9 5.28
S Mez Chs
L I 5 5.37 atropic
. | CHs
PN
o j 13 5.38
S'Mes
N e 6.19 diatropic
7

@ Reference 54.

as to whether cyclic 8-w-electron conjugation is effective in some
of these molecules is advantageously discussed by comparing the
NMR data of monocyclic derivatives. Cyclic conjugation of 4n
w electrons should result in an induced paramagnetic ring current?
in a magnetic field, which is expected to shift the outer protons
upfield.**#° The concept of paramagnetic ring currents has been
successfully applied before to a number of neutral molecules,**50
anions,’* and dianions;*? however, the problems associated with
relating a “paramagnetic ring current” to “antiaromaticity” should
be realized,’* especially when dealing with polycyclic systems.

(49) Haddon, R. C.; Haddon, V. R.; Jackman, L. M. Fortschr. Chem.
Forsch. 1971, 16, 103.
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1,3,5-Tri-tert-butylpentalene: Hafner, K.; Siiss, H. U. Angew. Chem., Int.
Ed. Engl. 1973, 12, 575. (c) Tri-tert-butylcyclobutadiene: Masamune, S.;
Nakamura, N.; Suda, M,; Ona, H. J. Am. Chem. Soc. 1973, 95, 8481. Maier,
G.; Alzerreca, A. Angew. Chem., Int. Ed. Engl. 1973, 12, 1015. (d) Meth-
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L.S.J. Am. Chem. Soc. 1977, 99, 2010. (g) Naphtho[1,8-c,d:4,5-c/,d"]bis-
[1,2,6]thia- and selenadiazine: Kaplan M. L.; Haddon, R. C.; Schilling, F.
C.; Marshall, J. H.; Bramwell, F. B. J. Am. Chem. Soc. 1979, 101, 3306.
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Figure 1. Ring proton chemical shifts of methylated pyrazines (left) and
1,4-bis(trimethylsilyl)-1,4-dihydropyrazines (right), depending on the
substitution pattern.

A first indication for paratropism?®? is obtained if the cyclic
w-electron conjugation in 2 is interrupted by removal of one of
the olefinic = bonds such as in 13 or one of the nitrogen lone pairs,
as in 14 and 15. These operations cause considerable changes
of the enamine resonance, the absorption being shifted to lower
field by at least 0.73 ppm! (Table I). This result is quite sig-
nificant, allowing even for the different ring conformations of 2
and 13-15% Still more instructive is a comparison of the enamine
chemical shifts ., for the N,N"-bis(trimethylsilyl)-1,2-diamino-
ethene moiety in various molecules as illustrated in Chart I.
Closure of the enamine ring fragment by either an ethene (2 7)
or a diene (4 ) unit leads to opposite shifts relative to compounds
that allow little or no ¢cyclic x interaction. The latter molecules,
4,9, and 13, seem to constitute an “atropic”3? standard relative
to which the 8 « system 2 exhibits a paratropic shift, while the
10-m-electron-containing 1,4-bis(trimethylsilyl)-1,4-dihydro-1,4-
diazocine represents a diatropic, “aromatic”, molecule.®*

These results seen to verify the concept outlined above; i.e.,
N-silyl substitution causes a flattening of the pyramidal nitrogen
configuration in 2 (sp> — L sp® + p) and makes the N electron
pairs available for cyclic 8-w-electron conjugation. The situation
may be depicted qualitatively as shown for VII where the six-

< L
PN N/S‘\

O OVII b

membered ring is assumed to adopt a flat boat conformation,
similar to the one that has been found for an N,N"-diaryl derivative
in the solid state.?!

'H NMR of Methy! Derivatives. Further insight into the cyclic
8-m-electron conjugation mechanism is obtained if steric constraints
are introduced by successive methyl substitution of 2 such as in
compounds 3-8. Figure 1 shows the effect of increasing methyl
substitution on the ring proton chemical shifts of the heterocycles
before and after reductive silylation. Whereas the series of the
aromatic N-heterocycles shows the expected trend of a shift to
higher field upon increasing methyl substitution, the reduced
pyrazines display completely opposite behavior (Figure 1). In-
creasing methyl substitution causes a low-field shift of the ring

(53) The conformational situation is more complicated in the nine-mem-
bered ring system of 1,4,7-trimethyl-1H-4,7-dihydro-1,4,7-triazonine (Prinz-
bach, H.; Breuninger, M.; Gallenkamp, B.; Schwesinger, R.; Hunkler, D.
Angew. Chem. 1975, 87, 350; Angew. Chem., Int. Ed. Engl. 1975, 14, 348).

(54) Altenbach, H. J.; Stegelmeier, H.; Wilhelm, M.; Voss, B.; Lex, J.;
Vogel, E. Angew. Chem. 1979, 91, 1028; Angew. Chem. Int., Ed. Engl. 1979,
18,962. Cf. also: Breuninger, M.; Gallenkamp, B.; Miiller, K. H.; Fritz, H.;
Prinzbach, H.; Daly, J. J.; Schénholzer, P. Angew. Chem. 1979, 91, 1030;
Angew. Chem., Int. Ed. Engl. 1979, 18, 964.
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proton resonances, in contrast to what would be expected if only
an inductive substituent effect were operating.

Especially intriguing are the rather different NMR resonances
of the isomeric dimethyl derivatives 4, 5, and 6, which provide
some clues to the nature and sensitivity of the 8-r-electron con-
jugation. In the 2,5-dimethyl compound 4 the R,Si and methyl
groups are arranged in a 1,2,4,5-substitution pattern that mini-
mizes steric repulsion and seems to allow at least some degree
of cyclic = conjugation (VIII). In contrast, the 2,3-dimethyl

S . S
I\N 'N/ ]
P(R ,
b N2
VIII

z

isomer 5 has the larger substituents arranged in a 1,2,3,4-sub-
stitution pattern; obviously, this leads to considerable steric re-
pulsion and hence to a more pronounced deviation from planarity
(IX). In the 2,6 isomer 6 not only the ring conformation but also
the nitrogen configuration are affected by steric repulsion. Two
neighboring methyl groups are likely to enforce some bending of
the 1-trimethylsityl substituent toward an axial position at N(1),
effectively interrupting the cyclic conjugation (VI, X).>132!
Consequently, addition of another methyl substituent (7) does not
change the chemical shift of the remaining ring proton, as the
conjugation has already been effectively interrupted in 6. The
atropic character of 6 (8., 5.46) is also evident from the comparison
with compounds 14 and 15 (4., 5.93 and 5.70), which do not have
the electron-donating methyl substituents. Related organic de-
rivatives, viz., 1,4-dimethyl-* and 1,4-dibenzyl-2,6-diphenyl-
1,4-dihydropyrazine,*d have 6., 5.32 and 5.57, respectively. N,-

"“Diacy! compounds have still higher values, 8,, 25.80,%28
corresponding to a flow of w-electron density into the amide
carbonyl groups.

The characteristic dependence of the NMR resonances on the
substitution pattern in methylated 1,4-bis(trimethylsilyl)-1,4-
dihydropyrazines is displayed not only by the ring protons but also
by the ring methyl and the silylmethyl hydrogens, albeit in less
pronounced form (Table I). Similarly, the benzo AA’BB’ mul-
tiplets in 9 and 10 are at rather high field>® due to the delocal-
ization of electron density from the fused electron-rich hetero
system.

In summary, the 'TH NMR results for compounds 2-15 illustrate
a rather delicate dependence of the “antiaromaticity” on geometry,
a phenomenon that was also observed for some higher annulenes.*

(55) Cf. quinoxaline & 7.99 (m, 4 H) or phenazine § 8.04 (m, 4 H).4

(56) Staley, S. W.; Orvedal, A. W. J. Am. Chem. Soc. 1973, 95, 3384.
Brown, J. M.; Sondheimer, F. Angew. Chem. 1974, 86, 348. Angew. Chem.,
Int. Ed. Engl. 1974, 13, 339. Cf. also: Vogel, E.; Deger, H. M.; Hebel, P.;
Lex, J. Angew. Chem. 1980, 92, 943; Angew. Chem., Int. Ed. Engl. 1980,
19, 919,
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Table II.  Vertical Ionization Energies JE,,Y (eV) below 10 eV and
Lone-Pair Splittings A”m/n_ €V) of
N-Silylated Heterocycles 2-159

compd IEY, IEY, IEY,

Aﬂan_

2 6.16b,,(m*g) 950 by(na) 950 b (ng)  3.34
6.37 by, (n*g)  9.20byg(na)  9.50b4(ng) 3.13
4 6.45by,(n*g)  8.75by(na)  9.25b4(rg)  2.80
5  647b,,(n*s)  8.65b,(ra)  9.05bg(ng) 2.58
6  6.48b,,(m*s)  8.70by(ma)  9.10b,(rs) 2.62
7 650b,u(n*s)  8.45b,(ma)  8.95b4(rg) 245
8 6.48byu(r*g)  8.10b,(ma) 8.70b4(rg) 2.22
9  650b, 8.254, 9.00¢ b, 1.75
10 650, 7.9b 8.9bya, 14

11 6.50b,, 8.35b,g d 1.85
12 6.33b,, 9.7 b,y 9.7%b 4 3.37
HE T

. N SSa,

15 6.85b, 9.35 a,

49 Idealized (planar) geometries were used for the 7 orbital as-
signment; the choice of coordinates was made according to ref 57.
Overlapping bands not resolved; see, however, ref 1. € Addi-

tional fonization at 9.65 eV. ¢ Strongly overlapping bands.

5 30 12 w6 B IETV)

Figure 2. He (la) photoelectron spectra of compounds 13 (A), 2 (B),
and 8 (C).

Photoelectron Spectra: The First Ionization Energy. The
question of cyclic conjugation of « electrons in a six-membered
ring such as in 1 or 2 constitutes an ideal problem for a Hiickel
molecular orbital treatment. Streitwieser’s HMO calculation for
the planar 8-w-electron system 1 with Ay = 1 and kcn = 1 has
suggested that the last two electrons must be placed in an anti-
bonding orbital.”®® Heilbronner and Bock have presented corre-
lation diagrams of orbital energies as a function of the Coulomb
integral parameter hy.'% Calculated orbital energies may be
correlated, via Koopmans’ theorem,® with ionization energies as
measured by UV photoelectron spectroscopy. This method has
been applied to the compounds 2-15 in order to gain information
on the extent of the « interaction. Some representative spectra

(57) Gleiter, R.; Heilbronner, E.; Hornung, V. Angew. Chem. 1970, 82,
878; Angew. Chem., Int. Ed. Engl. 1970, 9, 901; Helv. Chim. Acta 1972, 55,
2585.
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Table II.  First and Second Vertical Ionization Energies IEV, ,
(eV) of 1,4-Cyclohexadienes and Related Molecules

compound IEY, IEY,
@ ref 73 8.82 9.88
H  SiMez
ref 47 7.70 9.30
MezS1 H
H SiMez
D 15 6.85 9.35
N
|
MesSi
SiMesz
|
[ } 2 6.16 9.5
N
|
MezSi

are shown in Figure 2 and the data are summarized in Table II.

A first look at the ionization energies of compounds 2-15 reveals
that these molecules are very electron rich, The vertical®® ioni-
zation potentials (IPs) of the reduced 1,4-diazines are all smaller
than 6.60 eV. These quantitative results complement the ob-
servations concerning the extreme reactivity of, e.g., 2% and
11444 toward oxidants. The latter compound has also been
studied electrochemically and exhibited an irreversible oxidation
wave at -0.68 V vs. Ag/AgCL> Extremely low ionization po-
tentials as observed for 2 are not often encountered with non-
metal-centered species;® they may only be compared to the IPs
of polyaminoethenes®!? or phosphorus ylides,5

Low first ionization energies alone cannot be taken as an in-
dication for cyclic w-electron conjugation. However, it is re-
markable that the methylated derivatives 3-8 or larger systems
9-11 have IPs higher than that of the unsubstituted compound
2 (Table II). Methy! substitution should Jower the ionization
potential of a molecule due to the donor effect of CH;.4"62 This
has been observed for methylated pyrazines, t00.5® It should be
noted that the increasing IP in the series 2-8 is accompanied by
a gradual loss of color in going from the bright yellow 2 to the
colorless tetramethyl derivative 8 (Table I). Both effects can be
rationalized by assuming an energetic stabilization of the HOMO
and a constant level of the LUMO.

Since it is unlikely that a charge delocalization into the methyl
groups is occuring,5 the explanation of the anomalous substituent
effect may again be based on steric repulsion. Increasing methyl
substitution impairs the cyclic 8-x- electron conjugation via
conformational changes induced by steric interactions. Thus, in
spite of the g-donor effect of the methyl groups, the first ionization
energy is raised instead of lowered. Both contributions, the ad-
ditive®? methyl o-donor effect and the increasing steric repulsion,
appear to nearly balance one another, so that several of the methyl

(58) The PE bands do not exhibit a fine structure due to the presence of
highly flexible trimethylsilyl substituents; it is assumed that the band maxi-
mum represents the vertical ionization energy.

(59) Hiinig, S.; Schenk, W. Liebigs Ann. Chem. 1979, 1523. Hiinig, S.;
Berneth, H. Top. Curr. Chem. 1980, 92, 1.

(60) Cf.; Alder, R. W.; Arrowsmith, R, J.; Casson, A.; Sessions, R. B.;
Heilbronner, E.; Kovac, B.; Huber, H.; Taagepera, M. J. Am. Chem. Soc.
1981, /03, 6137.

(61) (a) Cetinkaya, B.; King, G. H.; Krishnamurthy, S. S.; Lappert, M.
F.; Pedley, J. B. J. Chem. Soc., Chem. Commun. 1971, 1370. (b) Ostoja
Starzewski, K. A.; Bock, H. J. Am. Chem. Soc. 1976, 98, 8486.

(62) Cf. e.g.: Bock, H.; Kaim, W. Chem. Ber. 1978, 111, 3552.

(63) Bischof, P; Gleiter, R.; Hofmann, P. J. Chem. Soc., Chem. Commun.
1974, 767.

(64) CHj acts as electron donor in benzene radical anions: Bolton, J. R,;
Carrington, A. Mol. Phys. 1961, 4, 497.
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derivatives (4-8) have very similar IPs of approximately 6.45 eV
(Table II).

Electronic effects due to w-electron delocalization and steric
factors such as bending!2%3 due to peri interactions (9, 10) are
likely to play a role in the increase of the ionization potentials
of larger systems (9-11) relative to 2. The results from HMO
calculations for alternating = systems!® illustrate how increasing
delocalization in extended « systems leads to a reduction in the
energy of the lowest antibonding orbital: The observed IPs (Table
IT) confirm the antibonding character of the HOMO of 2.

The first ionization energies of reductively silylated pyridine
15 lie almost exactly half way between the values for 2 and for
reductively silylated benzene, i.e., trans-1,4-bis(trimethylsilyl)-
1,4-cyclohexadiene.*” The successive replacement of the hyper-
conjugatively interacting®’ s¢_g; bonds by ny_g; lone pairs that
interact via direct conjugation brings about another decrease of
the ionization potential (Table III).

Assignment of PE Bands. ny/ny Lone Pair Splitting. The
antibonding character of the highest occupied MO in a molecule
such as 2 is evident from the appearance of its photoelectron
spectrum {Figure 2B). Basically, the spectrum is similar to that
of an aromatic molecule®® except for an additional peak at very
low energy, corresponding to the occupation of an antibonding
orbital.®® The assignment of the PE bands, i.e., of the individual
radical cation states,! to molecular orbitals is, therefore,
straightforward within the w-electron model. The LUMO of the
aromatic precursor becomes the HOMO of the reduced molecule.
In the series of the methylated derivatives, the second ionization
energy is strongly affected by increasing methyl substitution; the
corresponding MO is of the w, type. Accordingly, this one

ionization remains essentially constant upon variation of the ni-
trogen substituents from SiHMe, (12) via SiMe, (2) to GeMe;.!
Such a perturbation does, however, shift two other « ionizations
to lower energies.! These two ionizations may be assigned to the
ws and 7*g molecular orbitals, the uniform shift corresponding
to a decrease of the Coulomb integral parameter ay.!% Inter-
estingly, the differemce between IE(wg) and IE(w*g) stays ap-
proximately constant in the series 12 to 2 to the germanium
analogue of 2! and can be identified as the nitrogen “lone-pair
splitting” A,/ . This parameter has been discussed in great detail
for a variety of nitrogen-containing molecules.?7:60.63.67-71

(65) Haink, H. J.; Huber, J. R. Chem. Ber. 1975, 108, 1118,

(66) The spectral regions above 10 eV are characterized by strongly
overlapping bands from numerous o-type ionizations; the hump at ~17 eV
in Figure 2B may be tentatively assigned to 3s(Si) ionizations: Bock, H.;
Ensslin, W.; Fehér, F.; Freund, R. J. Am. Chem. Soc. 1976, 98, 668.

(67) Lone-pair splittings may be of the 57506368 or of the « type.&7071be
The term refers to the difference between orbitals with predominant but not
necessarily exclusive lone-pair character.

(68) A,/ (1,4-diazabicyclo[2.2.2]octane) = 2.13 eV: Bischof, P.; Hash-
mall, J. A.; Heilbronner, E.; Hornung, V. Tetrahedron Lett. 1969, 4025,
Heilbronner, E.; Muszkat, K. A. J. Am. Chem. Soc. 1970, 92, 3818.
A,,/n (azomethane) = 3.3 eV: Haselbach, E.; Hashmall, J. A.; Heilbronner,
E.; Hornung, V. Angew. Chem., Int. Ed. Engl. 1969, 8, 878.

(69) A,/ (N,N,N’ N*tetramethyl-p-phenylenediamine) = 1.6 eV: Kaim,
W.; Bock, l{I J. Am. Chem. Soc. 1978, 100, 6504; Chem. Ber. 1978, 111,
3843.

(70) A,,/n. = 1.85 eV for a planar tetrasilylhydrazine: Bock, H.; Kaim,
W.; Noth, H.; Semkow, A. J. Am. Chem. Soc. 1980, 102, 4421.

(71) (a) Brundle, C. R,; Robin, M. B, P. “Determination of Organic
Structures by Physical Methods”; Nachod, F. C.; Zuckerman, J. J., Eds,;
Academic Press: New York, 1971; pp 40-44. (b) Rademacher, P. Angew.
Chem., Int. Ed. Engl. 1973, 12, 408; Tetrahedron Lett. 1974, 83; Chem. Ber,
1975, 108, 1548. Rademacher, P.; Koopman, H. Ibid. 1975, 108, 1557.
Rademacher, P.; Bass, V. M.; Wildemann, M. Ibid. 1977, 110, 1939. (c)
Nelsen, S. F.; Buschek, J. M. J. Am. Chem. Soc. 1973, 95, 2011. Nelsen,
S. F.; Buschek, J. M.; Hintz, P. J. Ibid. 1973, 95, 2013. Nelsen, S. F.;
Buschek, J. M. Ibid. 1974, 96, 2392, 6982, 6987.
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Figure 3. ESR spectrum (low field section) of the 1,4-bis(trimethyl-
silyl)-1,4-dihydropyrazine radical cation 2* (A) with a computer simu-
lation (B) that accounts for 'H, N, *C, and 2°Si couplings.

Relative to the standard 13 that constitutes a noncyclic four-
center 6-electron m system and has A, ,, = 2.20 eV (Figure 2A
and Table II), the unsubstituted 1,4-dihydropyrazines 2 and 12
exhibit an even larger lone-pair splitting of 3.35 eV. This value
is quite extraordinary when compared to other relatively large
n4/n_ splittings for nitrogen-%7¢%7% or oxygen-containing mole-
cules.”

The very large n,/n_ splitting for 2 reveals a considerable
“through-bond” w-electron conjugation. Methyl substitution causes
a gradual decrease of the lone-pair splitting until a value similar
to the one for the nonconjugated standard 13 is reached (Table
II; Figure 2A,C). As in case of the NMR study, the isomeric
dimethy! derivatives 4-6 exhibit a characteristic sequence of A, /,
(4 > 5 > 6) according to the individual steric situation (VIII-X).
Extension of the system such as in 9-11 leads to a considerable
reduction of the nitrogen lone-pair splitting because of the in-
creased electron delocalization and/or steric repulsion. Thus, the
reductively silylated phenazine 10 has ionization energies very
similar to the values reported for N,N"-dialky! derivatives.®> It
should be pointed out that the previous discussion uses arguments
that refer to strictly planar molecules, in case of obvious deviation
from planarity for steric reasons the o contributions play an
increasing role and lead to the observed breakdown of the = model.

ESR Spectra. After consideration of the very low ionization
potentials measured for the compounds 2-12 (Table II) and the
strong antibonding character of the HOMO of, e.g., 2, it becomes
immediately clear why radical cations have often been observed
as one-electron oxidation products in the chemistry of 1,4-di-
hydro-1,4-diazines,»311124177475  On the other hand, N,N"-
dialkylated pyrazines have proved to be rather sensitive toward
even weak reductants such as alcohols;?*?’ obviously, the pre-
sumably planar''!7 six-center 7-w electron system I*. constitutes

(72) 1,4-Dioxin: IE|Y = 8.13 eV; A, ,, = 2.57 ¢V: Bloch, M.; Brogli, F.;
Heilbronner, E.; Jones, T. B.; Prinzbach, f—l.; Schweikert, O. Hely. Chim, Acta
1978, 61, 1388.

(73) Heilbronner, E.; Brogli, F.; Vogel, E. J. Electron Spectrosc. Relat.
Phenom. 1976, 9, 227.

(74) Wolfbeis, O. S. Synthesis 1977, 136.

(75) Hemmerich, P.; Massey, V.; Michel, H.; Schug, C. Struct. Bonding
(Berlin) 1982, 48, 93.
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Table IV. ESR Coupling Constants @y (mT) and g Values for
Pyrazine-Centered Radical Ions

X ~=—N N—X
O

X eg®8 ac oy ax (X) g
ny a 0.264 0.288 0.721 2.0035
SiMe,* (2*) 0.313 0.11 0.664 0.279 (**Si) 2.0033
SiHMe,* (12*) 0.313 b 0.668 b,c 2.0033
H* (1*) 0316 0.12 0745 0.805 (‘"H) 2.0034

@ Reference 39. ° Not observed. €2y =0.103 mT.
H

a favored oxidation state. It is not surprising, therefore, that the
unpaired electron density in the flavin radical cations is also largely
centered on the 1,4-dihydropyrazine moiety.!112d

Radical cations can also be generated from several of the
N-trimethylsilyl compounds using the one-electron oxidant
AICl;/CH,CL* and an excess of the corresponding chlorosilane.
An ESR study of the blue cation 11* will be reported elsewhere;
the spin distribution in this species is similar to the one found for
the paraquat cation radical.” Attempts to oxidize 13 with AlICl,
have resulted in the formation of 2+ as paramagnetic product;
this reaction may be understood by considering the catalytic
properties of AlCl,’" and the stability of the 7-w-electron system
mentioned previously. The ESR spectrum of 2*., generated by
AICI; oxidation of 2, is shown in Figure 3 together with a computer
simulation that also reproduces !3C and *Si satellites; an ESR
spectrum of 12*. has been obtained in a similar manner.”™ The
ESR data for 2*., 12*., 1%, and for the pyrazine radical anion
are listed in Table ITI. It should be noted that the cation 2*. is
isoelectronic to a number of other persistent radical ions® and
related to organomagnesium and -aluminum complexes of reduced
pyrazine. 404!

Table IV reveals that the spin distributions in 1*., 2+ and 12*-
are virtually identical as shown by the comparable parameters
ay and ause. It appears, therefore, that at least for the radical
cation state the silylated derivative 2*- is a good model for the
parent system 1%.. The silylmethyl splitting in 2*. is not detected
and must, therefore, be smaller than 0.005 mT. Accordingly, the

(76) Kaim, W. J. Organomet. Chem. 1983, 241, 157.

(77) Pines, H.; Hoffmann, N. E. In “Friedel-Crafts and Related
Reactions”, Olah, G. A., Ed.; Interscience: New York, 1964; Vol. I11/2, p
1211.

(78) ESR studies on the radical cations of methylated derivatives will be
reported elsewhere.
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ay™H coupling constant in 12+ is also relatively small when
compared to the value of 0.728 mT in the isoelectronic 1,4-bis-
(dimethylsilyl)benzene radical anion.™

Summary

The results presented in this study have demonstrated how
reductive silylation of N-hetrocycles leads, in a simple way, to
kinetically stable compounds with unusual electronic properties.
N-Silyl substitution not only renders the molecules persistent
toward rearrangements such as 1,3-shifts but allows as well for
the possibility of cyclic 8-w-electron conjugation. In agreement
with the Hiickel rule, this interaction can then result in para-
tropism, extraordinarily large n,/n. splitting, and a strong
tendency to lose an electron. However, the reduction of these
effects by successive methyl substitution or other steric and
electronic factors shows how flexibly such a system reacts to even
minor perturbations. This propensity of the system to use any
available route to avoid an unfavorable cyclic 8-w-electron con-
figuration bears some significance as well in the explanation of
flavocoenzyme reactivity.

It has been assumed!? that the variable electrochemical po-
tentials of flavoenzyme redox systems are governed by the steric
requirements imposed by the apoprotein.!! The striking “reverse”
substituent effects on !H NMR and PE spectra resulting upon
methyl substitution of 2 constitute a confirmation of . this as-
sumption, using the model system at hand. Furthermore, the
extremely low ionization potentials of reduced 1,4-diazines and
their tendency to form very persistent radicals in single-elec-
tron-transfer reactions’ may be related to the ability of compounds
such as V7580 and V! in the activation of paramagnetic *0;.
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