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Ahstrati-Ring current intensities and proton chemical shifts have been calculated for a series of condensed 
aromatic hydrocarbons including biphenylenes. The calculations show that an induced paramagnetic ring current 
occurs in the 4-membered ring of each of the biphenylenes studied and this effect accounts for the observed spectra. 
PMR measurements on l-mono-, 2-mono- and 2,3,6,7-tetra-deuteriated biphenylene prove that the chemical shifts of 
the l-and 2-protons are at So, 6.60 and 6.70 respectively and not uice uersa as assumed by previous authors. 

During the last few years there have been several 
theoretical studies on the observed proton chemical shifts 
in condensed polycyclic benzenoid hydrocarbons.’ These 
protons all appear at lower fields relative to the benzene 
resonance and this fact has been attributed to the joint 
deshielding action of the individual diamagnetic rr- 
electron ring-currents in each of the rings of these 
molecules. In 1964, however, it was found that the protons 
of biphenylene appear at a higher field than for benzene,‘.3 
and the same is true for certain protons of the 
benzobiphenylenes.34 This behaviour can be due either to 
the occurrence of very low diamagnetic ring-currents in 
some rings of these molecules or to the presence of a 
paramagnetic ring-current in the four-membered ring 
exercising a substantial shielding effect on the surround- 
ing protons and thus partially “quenching” the deshielding 
produced by the benzene rings. Such “reverse” ring- 
current effects have been observed in monocyclic 
annulenes and dehydroannulenes of the 4n r-electron 
series5 and have been discussed by one of us in 
preliminary communications and an extensive review. 
We now report the details of our theoretical and 
experimental evidence in favour of the second alternative, 
i.e. the presence of paramagnetic ring-currents. 

IIFSIJLTS AND DISCUSSION 

According to McWeeny’s LCAO theory’.’ of ring- 
current contributions to the proton chemical shifts in 
cyclic conjugated molecules we may write: 

27re z 
S(ppm)=S.+F. hc 

( > 
S*. 10m6 

.-;-.TJw .K, 
(1) 

where 60 is the resonance frequency of an olefinic proton 
in a similar environment, S the area of the benzene ring, 
PO the benzene exchange integral, a the length of the 
benzene C-C bond, J, the ring-current intensity of ring CL, 
and K, a distribution function of the effect of its 
anisotropy in space. Ring-current intensities were calcu- 

lated for the series of hydrocarbons shown in Fig. 1 by the 
iterative self-consistent-p Hilckel-theory developed pre- 
viously.’ The bonds in the 4-membered ring joining two 
benzene rings in the biphenylene compounds were 
considered, however, to have a constant bond-length of 
1.52A,” to which a p-value of O&l/% was associated: and 
no iterations were performed on this resonance integral. 

A plot of &,(ppm) against C. J, * K, for the series of 

protons of the polycyclic benzinoid hydrocarbons yields 
a straight line (Fig. 2) from which, according to eqn (l), 
the following values can be determined: 

& = 5.727 ppm 
PO = 34.092 kcal/M. 

These values are in fair agreement with accepted 
estimates’ for 60 and with recent thermodynamic data” 
for PO. From these values and eqn (l), good predictions of 
the chemical shifts of the protons of other polycyclics, 
e.g. perylene could be made (Table 1). Similar calculations 
for the biphenylene series of molecules revealed several 
interesting features (Table 2). The most striking result is 
the occurrence of an induced paramagnetic ring-current in 
the 4-membered ring of all these compounds. Table 3 
shows that a relation exists between the localisation of the 
n-electrons in and around the 4-membered ring (as given 
by the corresponding bond orders) and the magnitude of 
the ring-current. Clearly a “tetramethylenecyclobutane- 
like” structure with high exocyclic bond-orders, Pa, 
lowers the anti-aromaticity of the ring while it is enhanced 
in “cyclobutadiene-like” structures having highly local- 
ised double bonds inside the 4-membered ring. The first 
feature is favoured by linear annelation of benzene rings 
on the biphenylene nucleus and the second by angular 
annelation thus paralleling the known stabilities of these 
compounds.” Table 2 shows also that the diamagnetic 
ring-current of the benzene rings adjacent to the 
4-membered ring is much reduced compared with the 
values generally observed in polycyclic benzenoid hyd- 

2571 



2512 H. P. FIGEYS et al. 

Benzene 

Anthracene 

2 

Perylene 

6 5 

Benzo[b]biphenylene Benzo[a,c]biphenylene 

Benzo[ b,h]biphenylene Tetrabenzobiphenylene 

9 

Naphthalene Phenanthrene 

&JL4 4 

Pyrene Triphenylene 

2 

7 6 

Biphenylene Benzo[a]biphenylene 

Fig. 1. Ring identification and proton numbering of the hydrocarbons studied. 

rocarbons (Table 1). This reduction is most probably due 
to the bond-length alternation” in the benzene rings 
caused by the 4-membered ring, as can be seen from the 
bond-order values shown in Table 4. Undoubtedly the 
high-field resonances observed for some aromatic protons 
in the benzo-biphenylene series of compounds are due to 
the joint influence of the two effects mentioned above. 

The PMR spectrum of benzo[b]biphenylene described 
by Martin et al.’ provides experimental evidence for an 
induced paramagnetic ring-current in the 4-membered ring 
of this molecule. The spectrum shows a broad singlet at 
6.91 ppm which has been assigned, by comparison with 
the spectra of substituted benzo[b]biphenylenes, to 
protons l-5 and 10: protons 6-9 give a typical AA’BB’ 
multiplet centred at 7.30 ppm. However, according to the 
hypothesis of deshielding ring-currents, SHI should 
appear at a lower field than SHZ, whatever the relative 

values of the individual ring-currents, owing to the closer 
proximity of rings B, C and D. The only way to explain the 
experimental observations is to postulate an induced 
paramagnetic ring-current in the 4-membered ring whose 
difference of shielding effect on protons 1 and 2 is almost 
exactly compensated by the difference in deshielding 
effects of rings C and D. Table 2 shows that the agreement 
between calculated and experimental chemical shifts for 
biphenylene derivatives is less good than for polycyclic 
benzenoid hydrocarbons but that, within the same 
molecule, trends are respected; in the case of 
benzo[b]biphenylene previous attributions’ are con- 
firmed. 

The chemical shifts calculated for the biphenylene 
protons, however, (Table 2) suggest that proton 2 is more 
deshielded than proton 1: the contributions SRC of the 
different rings to the calculated chemical shifts are given 
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-; J, K, IO’ 

Fig. 2. Relation between observed chemical shift and ring-current effects. Benzene proton = a; naphthalene: H, = b, 
H, = c;anthracene:H, = d,H, = e,H,= f;phenanthrene:H, = g,Hz= h,H, = i,H,= j,H,= k;pyrene:H, = l,H,= m, 

H, = n;triphenylene: H, = o,H, = p. 

Table 1. Ring-currents, calculated and observed proton chemical shifts in polycyclic benzenoid hydrocarbons 

M01ecllle Ring-Current 
Ring Intensity 

Che:ical Shifts 

Proton Observed Calc"lated Difference 

BelLZe”e A 0.1113 

Naphthalene A 0.1198 

Phenanthrene A 0.1248 

B 0.1042 

Anthracene 

PyrelIe 

A 

S 

A 

B 

Triphenyleae A 

B 

0.1218 

0.0779 

Perylene A 0.1074 

B 0.0235 

0.1177 

0.1414 

0.1459 

0.1031 

2 

9 

2 

2 

3 

7.342t 

7.81 

7.46 

7.855* 

7.570+ 

7.612* 

8.648* 

7.702+ 

7.91 

7.39 

8.31 

8.16 

7.99 

8.06 

8.56 

7.61 

8.162 

7.482 

7.672 

7.282 0.060 

7.729 0.081 

7.522 -0.062 

7.821 0.033 

7.615 -0.045 

7.653 -0.041 

8.021' 0.627 

7.649 0.052 

7.835 0.075 

7.546 -0.156 

8.348 -0.037 

8.214 -0.054 

8.021 -0.031 

7.915 0.145 

7.963' 0.593 

7.629 -0.019 

7.691' 0.471 

7.446 0.036 

7.608 0.064 

* 
In ppm with respect to TM; experimental vaiues obtained from N. Jonathan. 
S. Gordon and B.P. Dailey, J. Chem. Phys. 36, 2443 (1962). unless otherwise 
stated. 

t 
Obtained from Ref. 8. 

53 .C. Pahey and G.C. Graham. Jdys. Chem. 2, 4417 (1965). 

8 Discrepancy between experimental and calcuLiLed shift is due to a mutual 
"an der Waals effect between the bay ,xo~ons. 

in Table 5. As shown in Fig. 3, the PMR spectrum of 
biphenylene is a very compact AA’BB’ system from 
which it is impossible to tell a priori which of the two sets 
of protons, a! or /3, appears at lower field. Katritzky and 
Reavill’ tried to assign the individual shifts by selective 
deuteration of biphenylene with deuterio-trifluoroacetic 
acid in carbon tetrachloride at 34”. Portions of the mixture 
were evaporated to dryness at intervals and the PMR 
spectra were measured. The authors claimed that 
successive spectra of the partially deuterated biphenylene 
showed that the high-field side of the AA’BB’ pattern lost 
intensity tirst. Since the 2-position is known to be more 
reactive to electrophilic substitution than the l-position,‘4 
they concluded that the high-field half of the spectrum is 

due to the p-protons. The disagreement between this 
assignment and our theoretical predictions led us to repeat 
the deuteration experiment in an NMR tube. Spectral 
changes were followed by the repeated scanning of a 
solution of 39.3 mg of biphenylene in 0.5 ml of carbon 
tetrachloride to which 0.21 ml of deuterio-trifluoroacetic 
acid was added in three portions. Contrary to Katritzky’s 
statement, the low-field part of the spectrum gradually 
lost intensity and disappeared almost completely after 4 h. 

In order to settle the problem conclusively, we studied 
the PMR spectra of three deuterated biphenylenes of 
known structures. The synthesis of these is given in the 
Experimental section. The PMR spectra of biphenylene, 
also l- and 2_deuteriobiphenylene, measured under 
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Table 2. Ring-currents, calculated and observed proton chemical shifts in biphenylenes 

Ring-current Chemical bbift+ 

Molecule Ring Intensity* Pnxcm Observed Calculated 

Biphenylene A 

B 

Beoza y A 

biphenylene B 

C 

D 

Benzo [b] 

biphenylene 

Benz0 [+J 

biphenylene 

0.574 

-0.952 

0.572 

0.925 

6 

7 

8 

9 

10 

centered at 

7.25 

6.88 

centered at 

6.47 

6.91 6.52 

6.91 6.61 

6.91 6.76 

7.43 7.33 

7.23 7.23 

fentered at 

7.5 

8.4 

centered at 

6.5 

6.34 

6.49 

7.20 

7.13 

7.14 

?.27 

7.02 

6.64 

6.09 

6.27 

6.28 

6.14 

7.41 

7.35 

7.38 

7.69’ 

6.00 

6.16 

* 
Rmgcurrent intensity of benzene raken as unity. 

t 
In ppmwith respect to TMS. 

$ Due m a mutual Van der Waals effect between rhe bay protons, a deshielding 
of 0.5-0.6 ppm (see Table 1) should be added to this value. 

Table 3. Mean r-bond-orders and ring-current in the four-membered ring of some biphenylene derivatives 

Molecule 

- 
Bond-Orders 

Ring-current 
x 

pI p2 p3 

Benzo [b,h]biphenylene 0.267 0.503 0.735 -0.777 

Benro[b]biphenylene 0.247 0.542 0.709 -0.952 

Bzphenylene 0.219 0.587 0.686 -1.166 

Benzo[a]biphenylene 0.210 0.603 0.644 -I .479 

Benz0 [a,c]biphenylene 0.201 0.645 0.608 -1.675 

Tetrabenzobiphenylene 0.165 0.712 0.530 -2.827 

Ring-current Intensity of benzene taken as unity. 

identical conditions, are compared in Fig. 3. Clearly, 
deuteration in the l-position lowers the intensity at the 
high-field side of the spectrum while the converse is 
observed for deuteration in the 2-position: this has been 
confirmed by calculation of the corresponding seven 
proton spectra using the LAOCOON-computer program of 
Castellano and Bothner-By.” Moreover, Fig. 4 shows that 
in the PMR spectrum of 2,3,6,7-tetra deuterio- 
biphenylene the signal for the remaining a-protons 
appears as a broad singlet at the high-field side of the 

biphenylene AA’BB’ multiplet. We therefore conclude 
that the 1y -protons are less deshielded then the /3-protons, 
in agreement with the theoretical predictions but contrary 
to previous statements.* 

EXPERIMENTAL. 
The deuteriated biphenylenes were made from 99.7% D20 using 

the method of Chenon et 01.‘~ The CaO was dried for 2 hr at 
KW/O.OS mm before use. The Zn dust was washed three times 
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Fig. 3. PMR spectra of I-deuterio-, 2-deuterio-, and unsubstituted biphenylene in CDCI, solution at 60 MHz. 
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Table 4. ?r-Bond-orders and Ring-current in the mono-condensed benzene ring of some biphenylene derivatives 

Bond-orders 
Molecule Ring-Current* 

Pa Pb PC 

Benzo[b]biphenylene 0.672 0.640 0.678 0.574 

Biphenylene 0.686 0.628 0.690 0.514 

Benro[a]biphenylene 0.693+ 0.618+ 0.697 0.370 

Benzo[a.c]biphenylene 0.700 0.609 0.704 0.281 

* 
Ring-current of benzene taken as unity. 

t 
mean values. 

Table 5. Contributions of the different rings to the calculated chemical shifts of protons 1 and 2 in biphenylene 

@&I 2 
r 

6,.,.(ppm) Total contributzon 
Proton Ring I Ring II Ring III 

(PPrn) 

I 0.802 -0.254 0.062 0.610 

2 0.802 -0.062 0.024 0.764 

with ethanol and then three times with ether before being dried at 
100”/0.05 mm. IR spectra were measured in Nujol mulls. 

1-Deuteriobiphenylene. A mixture of liodobiphenylene” 
(204 mg), CaO (218 mg), Zn dust (2.09g) and D20 (5 ml) was 
refluxed, with stirring, for 24 hr. The mixture was extracted with 
ether (3 X 5 ml) and gave 1-deuteriobiphenylene (86 mg, 77%) as a 
pale yellow solid, which after being sublimed at SO’/O.l mm had 
m.p. llO-112”, IR 705s, 74Os, 745s and 780scm-‘. The isotopic 
purity was >97% (mass spec.). 

2-Deuteriobiphenylene. This was made as above from 2- 
iodobiphenylene’8 (251 mg), CaO (269 mg), Zn dust (2.8 g), and 
D20 (7 ml). The 2-deuteriobiphenylene (118 mg, 86%) was 
sublimed at 5@/0.1 mm and then had m.p. llO-112”, IR 74Os, 75Os, 
855s cm-‘. The isotopic purity was >97% (mass spec.). 

2,3,6,7-Tetrabromobiphenylene 
(a) Powdered biphenylene (1.5 g), spread on a watch-glass, was 

placed in the upper part of a desiccator containing bromine (6.8 g) 
in the lower part, and the whole was kept in a dark cupboard for 
12 hr. The resulting orange, oily solid was dissolved in chloroform 
and washed successively with aqueous NaHCO,, aqueous 
NaHSOs and water. Removal of the chloroform gave an oily solid 
which on recrystalisation from benzene gave 2,3,6,7_tetrabromo 
biphenylene (0.48g, 10%) as yellow granules, m.p. 300” (dec.) 
(Found: C, 30.9; H, 1.0. G2H4Br4 requires: C, 30.8; H, O.%), UV 
(EtOH) A,, 234 (log E 4.27), 250sh (4.62), 259 (4.97), 267 (5.16). 
358 (4.15), and 377 (4.21), IR 868s cm-‘. 

(b) (Method of Brown et a1.19). 4,5-Dibromophthalic anhyd- 
ride”’ (5 g) was sublimed through a silica tube (35 x 2.6 cm i.d.) at 
800” during 45 min. The pressure rose gradually from 0.1 to 1.5 mm 
during this time. The pyrolysis product was extracted with CHCl, 
and the solution was stirred overnight with 2N NaOH to remove 
unchanged anhydride. The chloroform soln was then evaporated 
and the residue recrystallised from benzene (charcoal) to give 
2,3,6,7-tetrabromobiphenylene (33 mg, 0.9%), m.p. 295-298” (dec.) 
identical (UV and IR) with that prepared by method (a). The 
mother liquors from the recrystallisation yielded 1,2,4,5- 
tetrabromobenzene (204 mg, 3%) as needles, m.p. 17s180” (from 
ethanol) (lit.” m.p. 174”). (Found: C, 18.6; H, 0.9. Calc. for 
GHZBr.,: C, 18.3; H, 0.5%). 

(c) (With Dr. T. P. Prabhu). Biphenylene (0.6 g) was dissolved 
in cont. HZSOI (3ml) and kept at room temp. for 24 hr. The 
mixture, containing biphenylene-2,6-disulphonic acid,” was 
poured into water (40 ml) in a conical flask fitted with a dropping 
funnel and a reflux condenser. Br2 (0.8 ml) in AcOH (2 ml) was 
added dropwise during 30 min and the mixture was stirred at 70” 
for 3 hr. The ppt was collected and recrystallised from benzene to 
give 2,3,6,7-tetrabromobiphenylene (0.11 g, 6%) m.p. 305” (dec), 
identified by analysis, UV and IR. 

2,3,6,7-Tetradeuteriobiphenylene 
(a) A mixture of 2,3,6,7_tetrabromobiphenylene (350 mg), CaO 

(1 g), Zn dust (10 g), and DzO (15 ml) was refluxed, with stirring, 
for 48 hr. The organic product was collected in ether and purified 
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-%?=J=L cpa EDa, - loohkl 

Fig. 4. PMR spectra of 2,3,6,7-d,-biphenylene (upper) and unsubstituted biphenylene (lower) in CDCI, solution at 
100 MHz. 

I 
I 

660 cpr rcoa, -loouc I 

by sublimation at 70”/20 mm to give 2,3,6,1- 
tetradeuteriobiphenylene (25 mg, 22%) as needles, m.p. 106” 
(sub].), (Found: M’ 156. &HS., requires: 156). The IR spectrum 
showed only one band (896 m) between 700 and 900 cm-‘. 
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