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Weak Interactions in Crystals: 4,4'-Di(tert-butyl)-N-Rr-bipyridinium 
Diperchlorate-A Biphenyl Analogue with Perpendicular Pyridine Rings 

Hans Bock,* Sabine Nick, Christian Nather, and Wolfgang Bensch 

Abstract: Oxidation of substituted N- 
aminopyridinium compounds yields 
bipyridinium salts. After anion exchange 
Br- + ClO;, it was possible to grow 
single crystals from the 4,4'-di(ter/-butyI) 
derivative. The structure determined at 
100 K shows a dihedral angle of 84" be- 
tween the molecular halves connected by a 
shortened N-N bond of 143 pm in 
length. This result is contrary to that ex- 
pected from the isoelectronic correspon- 

dence )C-C( t+ )N-N(, which would 
suggest planarity, as has been observed 
experimentally both in solid biphenyl, and 
in tetraalkylhydrazine dications and radi- 
cal cations. Lattice packing analysis, how- 

+ +  

ever, reveals the presence of hydrogen 
bonds C(H). . '0 between the phenyl 
rings and the perchlorate anions. A M  1 
enthalpy hypersurface calculations for the 
isoelectronic series H,C,X- YC,H, 

-B- N + , - B- C, and - B - B-) predict 
single-minimum potentials for both the 
dication )N-N( as well as the dianion 

(X-Y = C-C, +N-C, +N-N+,  

+ t  

Introduction 

Biphenyl and its derivatives['] have been extensively investigat- 
ed: NMR,['] Raman,I3] UV,14] and ESR/ENDOR spec- 
troscopy!'] and cyclovoltammetry[61 provide information on 
the conformation of the phenyl rings in solution. X-ray and 
electron diffraction studies have been carried out in the solid as 
well as in the gaseous phase: The parent compound, biphenyl, 
exhibits dihedral angles of 42" in the gas phase,''] 32" in solu- 
tion,[8] and 25" in the rnelt,['l whereas it is completely planar in 
the crystalline phase"'] above 40 K (Fig. l) .[ ']  At 40 K, a re- 
versible phase transfer occurs in the solid[' ' ]  and the molecular 
halves twist by 10". 

Molecular mechanics calculations["] based on appropriate 
van der Waals potentials C/C, C/H, and H/H reproduce the 
structures both in the gas phase as well as in the crystal lattice. 

Fig. 1.  Conformations of biphenyl in the gas and crystalline (above 40 K) phases 
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)B- B( with the molecular halves twisted 
perpendicular to each other. In detailed 
model calculations, counteracting effects 
of K electron density delocalization vs. H/ 
H repulsion of the orrho ring hydrogens 
adjacent to the central bond seem to dic- 
tate the delicate balance of the biphenyl 
twisting. For further experimental confir- 
mation, the structure of the isosteric mole- 
cule 49'-di( tert-buty1)biphenyl has been 
determined: in contrast to the unsubsti- 
tuted n hydrocarbon with a lattice- 
enforced dihedral angle of O", close to the 
calculated value, the two molecular halves 
are twisted by 40"-as in biphenyl in the 
gas phase. 

Quantum chemical model  calculation^^'^^ allow the conforma- 
tion of biphenyl derivatives to be analyzed in terms of competi- 
tion between n-electron delocalization vs. Coulomb repulsion 
between the ring ortho sub~ t i tuen t s .~ '~~  The dihedral angle be- 
tween the two molecular halves depends on intermolecular con- 
tacts, as illustrated by the molecular structures of biphenyl 
(Fig. l ) ,  an impressive example of lattice packing effects.['4* 

A search in the Cambridge Structural Database (CSD)['61 for 
orrho-unsubstituted biphenyl derivatives yields 229 entries, of 
which 19 denoteerrata and 33 concern disordered crystals. After 
additional subtraction of repeated structure determinations, 145 
compounds remain, which, on inclusion of all independent mole- 
cules n within the respective units cells, show a characteristic 
histogram of their ring torsion angles lo( with maxima around 
0 and 40" (Fig. 2). The histogram demonstrates that biphenyl 
derivatives with ortho hydrogen substituents are mostly either 
planar or exhibit dihedral angles o between 25 and 45". The 
effect of substituents 
on the ring torsion is 
hard to define, be- 
cause even identically 
substituted deriva- 
tives exhibit different 
torsional distortions: 
for instance, 4-hy- 
droxybiphenyl is al- 
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most Fig. 2. Distribution of ring torsion angles IwI 
thorhombic" ''I and found in orrho-unsubstituted biuhenvl deriva- 

in its Or- 

.~ 
monoclinic[' 7bJ modi- tives. 
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fications as well as in its charge-transfer complex with 4,4'-dini- 
trobiphenyl,117b1 whereas its acetone solvate exhibits a torsion 
angle of 23°.117'1 

The CC bond length between the phenyl rings is 143 - 154 pm, 
with an average length of 149 pm. These values cannot be corre- 
lated with thedihedral angles (Fig. 2): for instance, although the 
length of the CC ring bridge (148 pm) is identical in all three 
compounds, biphenyL4,4'-dithioI is completely planar, whereas 
4-nitrobiphenyl and bis(4-ethoxycarbonylphenyl) biphenyl-4,4'- 
dicarboxylate exhibit ring twists of 33 and 48", respectively.t181 

Starting from the numerous biphenyl derivatives that have 
been characterized structurally and/or by quantum chemistry 
(Fig. 2), an obvious question concerns the structural diversity of 
selected isoelectronic TI systems consisting of two six-membered 
heterocycles (Fig. 3). 

M: O 0 - P  eN-@ 

0 - N  
8B-C eN-C 

Fig. 3. Isoelecfronic x systems 

A CSD search profile yields only six entries on phenylpyri- 
dinium[""l and N-borabenzenepyridinium derivatives.'lgb* 
This rather small number of structurally characterized hetero- 
biphenyl analogues highlights the need for further research di- 
rected towards the synthesis, crystallization, and structure de- 
termination of additional examples. To allow a more rational 
selection among the manifold of possibilities, dihedral angles 
between the adjacent rings have been predicted for all com- 
pounds (Fig. 3) by AM 1 enthalpy hypersurface calculations 
(Fig. 4). 

For a preliminary test whether semiempirical S C F  proce- 
dures["] will reliably reproduce the rotational barrier of 
biphenyl, a one-dimensional AM 1 enthalpy of formation hy- 
persurface with total geometry optimization for each twisting 
step has been calculated (Fig. 4A).  The satisfactory result is a 
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double minimum at 42 and 138" with rotational barriers 
AAHtM' = 5 kJmo1-I between 42 and 138" and 9 kJmol- '  be- 
tween 138 and 42", where the orrho hydrogens have to  bypass 
each other. For  N-phenylpyridinium cation (Fig. 4 B), a less 
pronounced double minimum results, a t  48" and 132" with a 
rotational barrier of only 2 kJ mol - I .  For the N,N'-bipyridini- 
urn cation (Fig. 4C) only a single minimum is found, with an 
unexpectedly high barrier of AAH,AM1 = 35 kJmol-I as the 
molecule passes through the planar conformation at  w = 0". 
The -B-N+ zwitterion (Fig. 4 D )  exhibits a double minimum at  
38 and 142", comparable to that of biphenyl but with a higher 
barrier of about 11 kJmol-'  between 38 +142", and only 
4 kJmol-'  for the torsion 142 + 38" through planarity. For the 
B-phenylborabenzene anion (Fig. 4E),  a rather smooth double 
minimum is predicted with a rotational barrier with Am 
analogous to that for the phenyl-substituted 'N-C cation 
(Fig. 4B). For the B,B-diborabenzene dianion, a single mini- 
mum is calculated in close analogy to  the bipyridinium dication 
(Fig. 4C).  Rotation through the planar conformation should 
require only 10 kJmol-' .  All of the above predictions, which 
can be compared to known experimental data,["". b1 confirm the 
reliability of the AM 1 calculations.1201 Both the N,N'-bipyri- 
dinium dication and the B,B'-diborabenzene dianion should 
possess molecular skeletons with the two six-membered rings 
approximately perpendicular to each other. 

Following the above reasoning, 4,4'-di(tert-butyl)-N,N'- 
bipyridinium diperchlorate has been selected as a model com- 

Scheme 1. Synthesis of 4.4-di(reri-bufyl)-N.N'-bipyridinium diperchlorate. 
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Fig. 4. AM 1 rotational barriers AH:"l (kJ mol-'] for (A) biphenyl, (B) N-phenylpyndinium cation, (C) N,N'-bipyridinium dica- 
tion. (D) N-borabenzenepyridinium zwitterion, (E) B-phenylborabenzene anion, and (F) B,S-diborabenzene dianion. 

pound and synthesized by 
the modified four-step pro- 
cedure shown in Scheme 1 
(see Experimental Sec- 
tion).["I Following anion 
exchange Br- + ClO, (see 
Experimental Section), 
single crystals suitable for 
crystal structure determina- 
tion could be grown from 
an acetonitrile/methanol 
solution. 

To further test the hy- 
pothesis that "spreading 
the crystal lattice", that is, 
reducing the density by in- 
troducing bulky tert-butyl 
substituents, allows in- 
creased phenyl-ring dy- 
namics, the crystal struc- 
ture of the isosteric 4,4'- 
di(ter1-butyl)-biphenyl has 
been determined, for which 
the AM 1 calculations pre- 
dict a dihedral angle of 42" 
(Fig. 4A).  
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Experimental Section 

Ethyl 0-pTmylacetohydroximate [21 bl: Triethylamine (24.8 mL, 178 mmol) was 
added to ethyl acetohydroximate (18g. 174mmol) in DMF (120mL) at room 
temperature. The reaction mixture was cooled to 0 ”C. and tosyl chloride (32.2 g, 
174 mmol) was added within 10 min. The yellow solution was stirred for 2 h at 
20°C. triethylamine hydrochloride filtered off, the solvent partly removed at 
1 mbar, and the remaining solution poured into ice-water (1.2 L). The white precipi- 
tate was dried over KOH to yield 32.6 g (73%) of the product with m.p. 64-67’ 
(ref. [21b]: 70-71”). 

O-pTmylhydroxylamlne [Zlc]: To the ethyl ester (15 g. 58 mmol) was added 60% 
HCIO, (50 mL, 283 mmol). and the solution was stirred for 5 min until gas evolu- 
tion had ceased. After the reaction mixture had been cooled to 0°C. ice-water was 
added to gwe a total volume of 250 mL. The white precipitate was filtered off and 
immediately dissolved in 90 mL of a 1 M NaHCO, solution. When CO, was no 
longer eliminated, the solid was filtered off again and immediately dispersed in 
ice-water. 

N-Amino-4rerr-butylpyridiniumpTmylate [2la]: The aqueous dispersion of O-p-to- 
sylhydroxylamine was repeatedly extracted with a total of 130 mL CH,CI,. 4-rerr- 
Butylpyridine (8.57 mL. 58 mmol) was added, and the mixture stirred at 20°C for 
2 h. After addition of the fivefold volume of diethyl ether. 5.65 g (30%) of the white 
tosylate with a m.p. of 118-119°C (ref. [zla]: 118-120°C) was isolated. 

4,4’-Di(rert-butyl)-N.N‘-bipyridiNum Dibromide [Zlal: The tosylate was dissolved in 
water (100 mL) and bromine-saturated water (285 mL) added. A red oil separated 
from the resulting red reaction mixture and was decanted. Surplus bromine was 
removed from the oil in vacuo at 20 “C. Acetone (130 mL) was added, and the 
mixture was refluxed for 30 min. The precipitate was filtered off and recrystallized 
from diethyl ether. yielding 700mg (9%) of white needles with m.p. 311 -312 
(ref. [2la] = 310°C). ‘HNMR ([DJDMSO): 6 =1.47 (s. 18H). 8.7, 9.7 (dd. 8H. 
AABBI. 

4,4‘-Di(rert-butyl)-N,N‘-bipyridinium Diperchlorate: The bromide was dispersed in 
anhydrous acetonitrile and dissolved by adding methanol. After a solution of Na- 
CIO, in acetonitrile had been added, crystals began to grow with a m.p. of 325 “C. 

i = 3100-2900(s,C-H). 1620(s.C=C). 1500(s.C=N).1330and 1 3 7 0 ~ m - ~ ( m ,  
C(CH,),I. 

‘HNMR ([D,JDMSO): 6 =1.47 (s. 18H). 8.6, 9.6 (dd. 8H. AABB). IR: 

Crystal Structure of4,4’-Di(rerr-butyl~~~-bipyridiaium Diperchlorate: C,,H,,N,. 
2CIO;. colorless prisms, crystal dimensions: 0.4 x 0.3 x 0.3 mm’. M, = 469.32, 
0=611.9(2). b =1298.3(5). c=1435.7(6)pm, a=102.29(3). fl =98.10(3), 
y =91.30(3)”. Y=11101.67~10~prn’ ,  ( T = l O O ~ O S K ) ,  p,,,,,=1.487gcm~’, 
triclinic. PT (No. 2), Z = 2. Mo,. radiation. d =71.073 pm. p = 0.034 cm- I .  

STOE-AED-I1 four-ircle diffractometer, 5562 reflections measured within 
3128548“.  of which 2548 are independent with / > l S u ( f ) .  Structure solution by 
direct methods and using difference Fourier technique (SHELXTL PLUS). 
R = 0.0576. R, = 0.0407 for 344 parameters. H’ = l/uz(F) + 0.000lSF’. 
GOOF = 1.6845, shift/error10.001. residual electron density 0.44-0.50 e k ’ .  C, 
N. 0. and CI positions have been refined with anisotropic and the H centers with 
isotropic displacement parameters. 

Crystal Structure 4,4’-Di(rert-butyl)biphenyl: The compound (Fluka) crystallizes 
on slow cooling of a hot saturated methanol/water solution as transparent prisms, 
which are suitable for crystal structure determination. Crystal dimensions: 
0.4x0.3x0.2mm3. C20H26. M,=266.41, 0=823.2(4). h=1015.9(5). 
c = 1180.7(5) pm. a = 66.71 ( S ) ,  /3 = 84.01 (3) ,  7 =71.33(4)’. V = 858.9(7) x 
10, pm’ ( T  = 293 K). P..,.~ = 1.03 gcm ~ ’, triclinic, Pi (No. 2). Z = 2. Cu., radia- 
tion. 1 = 154.18 pm. p = 0.0423 cm- l .  Enraf-Nomus CAD4 diffractometer, 3520 
reflections within 85281100’.  ofwhich 1760independent with / > l S u ( / ) .  Struc- 
ture solution by direct methods using difference Fourier technique (SHELXTL 
PLUS). Refinement vs. F’ (SHELXTL-93). R I = 0.0701 for 1530 F,>4u(Fo). 
wR2 = 0.2001 for 200 parameters and 1760 reflexions. R,,, = 0.0332. H’ = I /  
[(u*(F;) + 0.1082P)’ + 0.24Pl. GOOF =1.055, shift/error10.001, extinctioncor- 
rection. residual electron density 0.15/-0.11 e k ’ .  C positions are refined with 
anisotropic and H positions. after ideal geometrical positioning. with isotropic 
displacement parameters according to the riding model. The rerr-butyl groups are 
disordered in two orientations and. therefore, were refined using a split model and 
identical displacement parameters for each opposite split positions. 
Further details of the crystal structure investigations may be obtained from the 
Fachtnformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger- 
many). on quoting the depository number CSD-59 11 1. 

AM 1 Calculations were performed using the AMPAClSCAMP program package 
(M. J. S. Dewar (201, modified by Dr. T. Clark. University of Erlangen) on the IBM 
RlSC 6000-320 of our group. Starting from the structural coordinates, the rotation- 
al barriers were approximated in 1 0  steps with each total geometry optimization. 
For additional discussions of NN bonds see. for example, ref. 1221. 

Results 

Crystal Structure of 4,4‘-Di(tert-butyl)-N,N’-bipyridinium Di- 
perchlorate: In the crystal lattice, the dications and the anions 
are arranged in segregated stacks along the crystallographic 
a axis (Fig. 5 A). The pyridinium rings and the perchlorate an- 
ions are connected by intermolecular hydrogen bonds C- 
H . .  . (-OCIO,) (Fig. 5 B and Table 1). 

The hydrogen bonds C-H . . . (-OCIO,) from the bipyridini- 
urn dications to the two different perchlorate anions (Fig. 5 and 
Table 1) are rather short. According to a search in CSD, 

o”o*o14 

Fig. 5. Single crystal structure of 4,4-di(rerr-butyl)-N,N’-bipyridinium perchlorate 
at 100 K (triclinic, space group PT. Z = 2): (A) Unit cell viewed along the crystal- 
lographic a axis and (B) details of hydrogen bonds C-H ’ .  . (-OCIO,) between a 
perchlorate anion and four dications (cf. Table 1). 

Table 1. Hydrogen bonds C - H . . ’ 0 in 4.4-di(rerr-butyl)-N,N‘-bipyridinium 
diperchlorate at 100 K:  distances d(C(H). . 0) and d ( 0 .  . . H) [pm]. and angles 
4: (C - H . ‘0) [“I (for numbering, see Fig. 5 ) .  

d(C(H). . .O) X(C- H . .  ,O)  d(O . . . H) C-H . .. (-OCIO,) 

H6a 0 1 2  314 117 259 
H7a 0 1 2  308 124 245 
HSc 0 1 2  321 124 257 
HSc 0 1 3  322 132 250 
HSb 0 1 4  324 140 245 
H4c 0 1 2  326 124 256 

H IOb 0 2 3  31 3 
H9b 0 2 3  317 
H2f 0 2 4  320 
H l a  0 2 3  321 
H lod 0 2 4  325 

118 
126 
119 
156 
153 

258 
255 
265 
239 
238 
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the shortest bond so fariz3] reported is for the double adduct of 
trinitromethane to dioxane (O,N),CH . . . O(CH,CH,),- 
0 .  . . HC(NO,), with distances C .  . .O of only 294 pm The 
shortest hydrogen bond in the bipyridinium diperchlorate ex- 
hibits a C . . '0  distance of 308 pm (Table l ) ,  which, according 
to  SCF calculations,[23 - "I should correspond to  energy contri- 
butions of 2-4 kJmol-'. Multiple hydrogen such as 
between the dications and the interspersed perchlorate counter 
anions in the bipyridinium diperchlorate (Fig. 5 ,  Table l ) ,  
should promote the twisting of the almost perpendicular pyri- 
dinium rings (Fig. 6: w = 84"). 

Fig. 6. Crystal structure of 4,4'-di(ferr-butyl)-N,N'-bipyrrdinium diperchlorate af 
100 K (ellipsoids at the 50% probability level). 

The structure of 4,4'-di(tert-butyl)-N,N'-bipyridinium 
diperchlorate, which was determined at  100 K (Fig. 6, Table 2), 
shows a torsion angle of 84" between the two positively charged 
six-membered rings-in nearly perfect agreement with the en- 
ergetically most favored conformation predicted by AM 1 calcu- 
lations (Fig. 4C). 

Table 2. Crystal structure of 4.4'-di(rerr-bufyl)-N.N'-bipyridinium dicdfion at 
100 K: selected bond lengths b m ]  and angles ['I (for numbering, see Fig. 6).  

N1 - N 2  
N1 -C1 
Nl -C5 
c1 - c 2  
c 2  - c 3  
c 3  - c 4  
c 4  -cs 
c 3  -c11 
c11 -c 12 
C l l - C 1 3  
C l l - C 1 4  

141.6(2) 
134.2 (2) 
134.5 (2) 
135.7(2) 
139.9(2) 
138.9(2) 
137.7(2) 
152.2(2) 
152.3 (2) 
15  3 .5  (2) 
153.7(2) 

N l - N 2 - C 6  
N 1-N 2-C 10 
C 6-C 7-C 8 
C 7-C 8-C 9 
C9-C 10-N 2 
C 8-C 15-C 16 
C 8-C 15-C 17 
C 8-C 15-C 18 
C6-N2-C10 

C 1-N 1 -N 2-C 6 

1 18.3 (2) 
117.9(2) 
121.5(2) 

118.4(2) 
1 1  1.8(2) 
109.8 (2)  
107.0(2) 
123.8 (2) 

84 .70)  

117.3 (2) 

The following remarkable structural features of the molecule 
shown in Figure 6 are worth pointing out: The N - N  bond 
(142 pm) is 7 pm shorter tha+n the Cring-Crinp bond in biphenyl 
(Fig. l ) ,  whereas the ring N=C and C=C bond lengths are 
within the usual range.[26] The ips0 angle of 124" at  the pyridini- 
um center is widened by 7" relative to pyridine;lz7I this indicates 
an acceptor-type substitution.1'* 27b1 The other ips0 angles a t  C 3 
and C 8 (Fig. 6 )  are, as expected, reduced from 120" to 1 17" by 
the substituent effect of the (H,C),C donor.l'.27b1 

Discussion 

The energetic hierarchy of structural perturbations-bond 
lengths > bond angle changes >> conformational twist differ- 
ences-is well established.1281 For n systems with two con- 

nected six-membered rings, the dihedral angle between their x 
planes must be the most sensitive structural probe both for 
electronic as well as for lattice effects. 

AM 1 Calculations: The AM 1 enthalpy of formation hypersur- 
faces for the 4,4'-di( tert-butyl) derivatives of biphenyl and the 
N,N'-bipyridinium dication are comparable to those for their 
unsubstituted parent systems (Fig. 4A and C),Ilbl and the dis- 
cussion of the different structures in terms of dominant counter- 
acting IL delocalization versus ortho H/H repulsion can therefore 
be based on the latter. 

The x delocalization is assessed by the dependence of the x 
bond orderp" on the dihedral angle w (Fig. 7). As expected, the 
x bond order in biphenyl, N-phenylpyridinium cation, N -  
borabenzenepyridinium betaine, and B-phenylborabenzene an- 
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Fig. 7. Dependence of the II bond order p" on the dihedral angle w 

ion is highest in the planar conformations at  0 and 180". For  the 
'N - N +  central bond in N,N'-bipyridinium dication, surpris- 
ingly, a rather small and rotationally independent n electron 
density is predicted.1301 For  the -B-B- bond in diborabenzene 
dianion a shallow minimum at  0 and 180" is calculated. 

The weak ring x / n  interaction in the N,N-bipyridinium dica- 
tion can be further substantiated by discussing the conforma- 
tional dependence of the x electron density in terms of the 
squared coefficients c ; ~ .  I of the highest occupied orbital (Fig. 8, 
cf. Fig. 4). In planar biphenyl (w = Oo), the relatively high 
squared n coefficients of the bridging C centers increase on 
twisting ( ~ f , , ~ ( 9 0 " )  in Fig. 8). In N-phenylpyridinium cation, 
most of the n density is located in the phenyl ring, and a nodal 
plane develops on twisting from 0 to 90" and removes all x 
contributions from the pyridinium ring. In the planar N,N'- 
bipyridinium dication, a perpendicular nodal plane contains the 
long molecular axis, and, due to  zero coefficients at the N cen- 
ters, there is no n interaction between the two rings at either 
& = 0 or  90". In the borabenzenepyridinium betaine and in the 
B-phenylborabenzene anion. the x electron density should be 
predominantly located in the boron six-membered ring at  
w = 0". At w = 90" all of it will be located in the boron six-mem- 
bered ring. In the hypothetical diborabenzene dianion, the 
highest x density is a t  the 4-position and relatively little in the 
central B -  B bond at  w = 0". On twisting to w = 90" a n-charge 
localization over both rings is calculated by the AM1 proce- 
dure. 

The Coulombic repulsion between the hydrogens adjacent to 
the central + N - N +  bond can be approximated by partitioning 
of the total energy with respect to invidual centers.["' As expect- 
ed, the sum of the four H/H positive enthalpy components de- 
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Fig. 8. Conformational dependence of the 7[ electron density in terms of the squared 
coeficients r ;2 , .  of the highest occupied orbital. 

pends strongly on the H . . . H distances and counteracts the 
effect of x delocalization (Fig. 7). For all biphenyl derivatives 
considered (Fig. 9). the H/H repulsion increases towards pla- 
narity and with decreasing central X-Y bond length. For the 

140 

0 45 90 135 (0101 

Fig. 9. Cdlcubdled dependence of the H/H repulsion on (u 

N,N'-bipyridinium dication, which has the shortest X-Y bond 
(d('N-N')=140 pm), the repulsion reaches its highest value 
of 83 kJmol-I. With increasing bond lengths-144 pm in the 
phenylpyridinium cation, 146 pm in biphenyl, and 150 pm in 
N-borabenzenepyridinium betaine-the repulsion enthalpy de- 
creases from 51 to 28 and 27 kJmol-', respectively. The two 
negatively charged derivatives B-phenylborabenzene anion and 
B.B'-diborabenzene dianion, with -B-C and -B-B- bond 
lengths of 155 and 160 pm, approach rather shallow minima of 
11 and 3 kJmol-I, respectively. 

A superposition of the two counteracting effects, namely, x 
delocalization (Fig. 7) and H/H repulsion (Fig. 9). which are 
assumed to determine the twist of the connected six-membered 
rings, indeed reflects the potential curves of the six molecules 

and molecular ions selected. Accordingly, the rotational barrier 
of the title compound, the N,N'-bipyridinium dication should 
be determined predominantly by the Coulomb repulsion be- 
tween the four positively charged hydrogens surrounding the 
rather short N-N bond. In biphenyl, in the N-phenylpyridini- 
um cation, and in the phenylborabenzene anion, the stabiliza- 
tion due to x charge delocalization plays a more - important role. 
In borabenzenepyridinium betaine (H,C,B-NC,H,), the pla- 
nar conformation at dihedral angles of 0 or 180" is favored by 
the high x bond orders (Fig. 7). which enforce the considerable 
rotational barrier at w = 90". Also in B,B-diborabenzene dian- 
ion with its BB bond of 160 pm predicted by AM 1 calculations, 
the r delocalization of the two negative charges is the essential 
conformational driving force, relative to which the compara- 
tively small H/H Coulomb repulsion between the less polarized 
orfho hydrogens is negligible. 

The differently polarized C6--Hd+ bonds can clearly be re- 
cognized also in the total charges at the various centers calculat- 
ed by AM 1. for instance, in the calculations (Fig. 10) based 

Fig. 10. Total charges at the various centers in the 4.4'-di(/eerr-butyl)-N.N'-bipyri- 
dinium dication and in 4.4'-di(rarr-butyl)biphenyl calculated by AM 1. 

on the structural coordinates of the two compounds character- 
ized here. The prediction of a considerable polarization of the 
H -C ring bonds adjacent to 'N-N', which is less pronounced 
in the corresponding bonds of 4,4'-di(tert-butyl)biphenylLeven 
if this effect is exaggerated by the AM 1 procedure[201-would 
be worth investigating further, 

The Crystal Structure of 4,4'-Di(terf-butyl)biphenyl: In conclu- 
sion, the structural comparison between the +N-N+ dication 
and the isoelectronic 4,4'-di(terr-butyl)-substituted neutral C - C 
derivative is presented. 

4,4'-Di(rert-butyl)biphenyl crystallizes in layers (Fig. 11 A) 
with a dense lattice packing, achieved by tilling the spaces above 
the phenyl rings with tert-butyl substituents (Fig. 11 B). The 
calculated lattice density of 1.03 g ~ m - ~ ,  based on a structure 
determined at 293 K, is considerably lower than that measured 
for 4,4'-dimethyLbiphenyl (D(293 K) = 1.12 g ~ m - ~ [ * ~ ] )  and 
yet lower than that of biphenyl (D(293 K) =1.18 gcm-3['od1). 
These values, measured at comparable temperatures, show that 
the density decreases"'] with increasing bulk of the 4,4'-sub- 
stituents (H <CH, <C(CH,),). This suggests that the favorable 
lattice packing of planar biphenyl with optimum x delocaliza- 
tion is no longer found in the 4,4'-dialkyl derivatives and espe- 

~ _ _ _ _ _  
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Fig. 11. Single crystal structure of 4.4'-di(rerr-butyl)biphenyl at room temperature 
(triclinic. space group PT. Z = 2): (A) Unit cell viewed along the crystallographic 
4 axis (split positions of the rerr-butyl groups omitted). (B) pair of molecules (ther- 
mal ellipsoids of the disordered rerr-butyl groups at the 50% probability level) with 
shortest distances for CH ...C,,", contacts as well as those between the ring cen- 
troids, and (C) angles and librationcorrected (see Experimental Section) bond 
lengths. 

cially not in the 4,4'-di(tert-butyl) case-here the hydrogen-rich 
substituents decrease the density and, in addition, spread the 
layers owing to  less favorable packing. On the other hand, dif- 
ferent lattice interactions can be recognized (Fig. 11 B): The 
distance of only 510 pm between the centroids of the six-mem- 
bered rings would, for instance, allow "herringbone" and "shift- 
ed ring" type stabilization, recognized ten years ago in the struc- 
tures of phenyl-containing proteins['01 and, more recently, 
calculated for benzene dimers, which were investigated ex- 
perimentally by laser hole-burning in the gas In addi- 
tion, the relatively short distances separating methyl groups 
and the ring centroid of the closest phenyl group (Fig. 11 B: 
315 pm) should be noted. The minimum value that has been 
observed is 288pm, which indicates the onset of interpene- 
tration with respect to the sum of the van der Waals radii 
(rp + rH = 170 + 120 = 290 pm).[321 

As also expected, the molecular structure of 4,4'-di(fert- 
buty1)biphenyl (Fig. 11 C) exhibits twisted phenyl rings, with the 
experimentally determined value of 40" closely resembling the 
calculated AM 1 value of 42". The central C - C  bond length of 
149 pm is consistent with the plot of partitioned enthalpy differ- 
ences AHtM'(H.. . H) for H/H repulsion (Fig. 9). The structure 
determined for the C - C analogue of the 4,4'-di(terf-butyl)- 
N,N'-bipyridinium dication provides all necessary information 
as a second calibration point for theextensive AM 1 calculations 
(Fig. 7-9) within the isoelectronic series of compounds 
H,C,X-YC,H,, where X-Y = -B-N+,  C-C, +N-C,  -B- 
C, +N-N', and -B-B- (Fig. 3 ) .  

Retrospective and Perspective 

The molecular conformations of biphenyl and its isoelectronic 
analogues have been experimentally determined and repro- 
duced by extensive semiempirical AM 1 calculations. The en- 
thalpy hypersurfaces for varying dihedral angles predict a dou- 
ble-minimum potential for biphenyl, N-borabenzenepyridinium 
betaine, N-phenylpyridinium cation, and B-phenylborabenzene 
anion. In contrast, for B,B-diborabenzene dianion and the 
N,N'-bipyridinium dication only a single-minimum potential 
results, which suggests a 90" twist angle between the molecular 
halves. All of the AM 1 predictions, which can be tested experi- 
mentally, are confirmed, including the structure of 4,4'-di( ~ e r t -  
butyl)biphenyl, which exhibits a dihedral angle of 40" (vs. 42" 
calculated). The title compound, 4,4'-di(terf-butyl)-N,N'- 
bipyridinium diperchlorate, of hitherto unknown structure, also 
adopts the predicted conformation with both molecular halves 
perpendicular to each other. Generally, the different shape of 
the potential curves calculated can be traced to the counteract- 
ing effects of Coulomb repulsion between the ortho ring hydro- 
gens adjacent to the central bond and the n/n interaction be- 
tween the two unsaturated six-membered rings connected by it. 

The scarcity of structurally characterized molecules and 
molecular ions isoelectronic to biphenyl should stimulate re- 
search directed towards both the synthesis and single-crystal 
structure determination of further novel derivatives. The con- 
formation of the as yet unknown B,B-diborabenzene dianion 
would be of particular interest, for which a 90" twist angle is 
predicted, analogous to the bipyridinium dication reported 
above. 
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