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Analysis of data for the transmission of electronic effects in various biaryl systems has shown that the introduction of a

bridge group between two benzene rings can both weaken and enhance the interaction between a substituent and a functional
centre located in different rings. The nature and mechanisms of the enhanced transmission of electronic influences in bridged
systems, called the positive bridge effect (PBE), have been examined and the principal conditions for the manifestation of PBE

have been formulated.
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1. INTRODUCTION

Extensive experimental data have now accumulated
whose interpretation led to the discovery of certain gener-
al relations between the structure and properties of
organic substances, which are very important for a
quantitative theory of organic reactions!~®, The corre-
sponding relations for benzene derivatives have been
established from a large amount of data!-¢, but more
complex systems have so far been inadequately studied.
Investigation of aromatic compounds, which can be repre-
sented by structures of type (I), is of undoubted interest
for the elucidation of quantitative relations governing the
transmission of electronic effects in extended molecular
systems:

<O~ -

(3]

Here X is a substituent which influences the functional
group Y and M is a bridge which consists either of a
carbon-containing group (-CH,-, -CH,~CH,~-, -CH=
CH~-, -C=C-, etc) or a hetercatomic unit (~O~, =S—,
-Se-, -NH-, -N=N-, etc).

These compounds are now the subject of very compre-
hensive studies directed to the elucidation of both their
detailed properties and the transmission of electronic
effects in their molecules. Various chemical (determina-
tion of thermodynamic constants, kinetic measurements,
and polarography) and physical (electron diffraction,
ultraviolet, infrared, and Raman spectroscopy, NMR,
and ESR) methods have been used for the solution of these
problems. I is noteworthy that the experimental results
themselves and their interpretation in various studies
are sometimes contradictory. We therefore believe that
it is extremely desirable to compare and discuss together
the entire data concerned with the present problem.

It is important to note that compounds of type (I) are
now used in a wide variety of fields of practical organic
chemistry: in the manufacture of semiconductor mate-
rials'°, dyes!!, and physiologically active substances in

pharmaceutical preparations =14  for the preparation of
polymeric materials and their stabilisers 15,'%, in the
synthesis of reagents for analytical chemistry!?, etc.

II. THE BIPHENYL SYSTEM

The non-bridged biphenyl system (II) is interesting
because it can serve as a standard for the comparison of
transmission efficiencies in the series of bridged bicyclic
systems (I).

ay

When the problem of the reactivity of biphenyl deriva-
tives was considered, it was initially assumed that the
benzene rings act independently in the chemical sense:
substituents in one ring do not influence the chemical
reactivity of the other ring!8,9, This conclusion was
reached almost exclusively on the basis of the directing
influence of substituents in biphenyl and its derivatives in
electrophilic substitution reactions. However, this postu-
late was disproved by the results of Berliner and Blom-
mers 2%, who showed in a study of the dissociation of
various derivatives of biphenyl-4-carboxylic acid that
there is a relation, described by Hammett's equation,
between the dissociation constant of the carboxy-group in
one benzene ring and the electronic nature of the sub-
stituent in the other.

Systematic studies on the transmission efficiencies
of biphenyl and other extended molecular systems have
been made?!~%2, the transmission efficiency being esti-
mated from data for the reactions of the corresponding
amines [Y = NH, in (I) and (II)] with p-nitrobenzoyl chlo-
ride (PNBC) and picryl chloride (PC) in benzene. These
reactions are interesting because they are extremely
sensitive to structural changes in the molecule of the
amino-derivative (the p? for substituted anilines in the

above reactions are respectively —3,10 21522 and ~4.9832%,
28’34.).
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Table 1. Transmission coefficients in benzene and biphenyl systems.

X-CgHy-Y] System (H)
No. Reaction series? standard ]
Pst P i
1 ArCOOH 2 ArCOO- 4 H*; 20°, 50% butylcellosolve-water 20» 35 1.32 049 0.37
2 ArCOOH 2 ArCCO™ + H¥; 25°, H,0% 1.00 0.32] 0.32
3 ArCQOH 2 ArCQO- -+ H+; 25°, 50% EtOH — H,0% 1.69 0.48| 0.28
4 ArCQOEt + OH- — ArCOO- -+ EtOH; 25°, 88% EtOH — H,0% 2.57 0.62| 0.24
5 ArCOOH 4- PhyCN, — ArCOOCHPh, 4 Ny; 30°, EtOH?® 0.95 0.22]| 0.24
6 ArNH, -+ 2,4,6-(NO,);CeHCl — 2,4 ,6-(NO;);CoHNHAr 4 HCl; 25°, CoHi1:98:34 —4.98 | —1.56 0.3:
7 ArCeHNH; + 2,4, 6-(NO,y)sCoHyCl — 2,4,6-(NO,)sCoHoNHCH AT + HCI; 25°, CgHIM* —1.56 | —0.49) 0.31
8 ArNH, + CgHyCOCI — CgHCONHAr -+ HCl; 25°, CH3H 3040 ~3.23 | —1.07( 0.33
9 ANH, + 4-NOyCeH,COCH — 4-NO,;CH,CONHAr - HCI; 25°, CgHZ —3.40 | —1.40) 0.45
10 ArNH; + 4-NO,CgH,SO,Br — 4-NO,C¢H,SO,NHAr - HBr; 25°, CgHgNOA!*? —3.82 | —1.44| 0.38
11 ArNH, 2 AtNH, - Ht; 25°, H,0%4 2.60 0.89 | 0.34
12 Arﬁ}ﬂs 2 ArNH, + H+; 20°, 50% EtOH — H,0% —3.00 —0.72 0.24
13 ArOH = ArO- -L H*; 20°, H,0% 2.11 0.62¢ 0.29
14 ArSi(CHgs + H,O — ArH 4 (CHy)4SiOH; 50°, CHZCOOH — H,SOj° —4.35 ~1.33| 0.30
15 ArCOCHj + CoH;0D = ArCOCH,D 4+ C,H,CH; 20°, EtOH% 1.60 0.40| 0.25
16 ArOH 2 A0 + H*; 20°, 60% dioxan-water 5> 49 2.81 0.76 | 0.27
17 AtOH > ArO~ 4 H+; 20°, 609 EtOH — H,0% 2.88 0.81] 0.28
18 ArOH S AtO~ 4 H*; 20°, 60% acetone-water> 0 2.67 0.99 0.37
oy 0.310.01

aHere and henceforth the reactions of compounds Ar — Y are considered, Ar being groups corresponding to various

derivatives of the standard and given systems (in the present instance X~C-H, and X~CzH,—C.H,).

he coefficient

#' was calculated for the p-terphenyl system relative to the biphenyl system. CDetermined from two points for

X = H and NO,.

The constants p for various reactions involving biphenyl
derivatives are presented in Table 1, which includes for
comparison the analogous quantities for similar reactions
of benzene derivatives, Comparison of the results makes
it possible to estimate the transmission eificiency of the
system as its length is increased by one benzene ring.
The coefficient of transmission of electronic effects #’ =
p/pst (or p°/p°st), where p(p°) is the transmission
efficiency in the given system and pgt(pgt) the trans-
mission efficiency in the standard system, is used to
characterise quantitatively the above change. It was
found that regardless of the nature of the reaction series
and its sensitivity to the influence of the substituents (the
values of p for benzene derivatives vary in the range
from +2.88 to —4.98), the second benzene ring invariably
decreases the effectiveness of the substituent approxi-
mately by a factor of three (15y = 0.31 + 0.01), A similar
change in the transmission of electronic effects has been
observed also following the introduction of a third benzene
ring (on passing from biphenyl to terphenyl; Table 1,
No. 7).

The steric structure of the system can influence signi-
ficantly its transmission efficiency. A convincing illus-
tration of this is provided by the study of the reactivity of
compound (II) with Y = NH,, containing in addition two
pairs of permanent substituents in the 3,3~ and 2,2’~posi-
tions (reactions with PNBC in benzene at 50°C)?22,23,26730
3,3’-Substituents are known to have little influence on the
steric disposition of the benzene rings in biphenyl527%¢ and
p = -1.30 is therefore found to be almost equal to that for
system (II) (p = =1.34), On the other hand, the introduc-
tion of 2,2’~-substituents of different types increases the
dihedral angle ¢ (the angle between the planes of the
benzene rings) from 35-40°575° to about 90° %3784  which
decreases the transmission of effects in the biphenyl

system containing 2,2’-substituents such as Cl, Br, CH,,
CH,0CO, and i-C H,0CO approximately by a factor of

1.5 (p ~ 0,92). A similar result was obtained also for

the introduction of a single bulky substituent in the 2-posi-~
tion, as shown by the basicities of 4-aminobiphenyl (p® =
-0.52) and 4-amino-o-terphenyl (p° = —~0.35%)® deriva-
tives in 509 aqueous ethanol at 20°C,

A study of the same reaction of similar aminofluorene
derivatives [Y = NH, in (II); the 2,2’-positions are linked
by methylene units], where the system is coplanar, showed
that the transmission efficiency (p = ~1,65) is in this
case only 209 higher than in compounds of this type
(I1)22,2%, This suggests that the increased planarity of
the system entails hardly any increase in its transmis-
sion efficiency, since on taking into account the second
pathway for the transmission of effects (via the methylene
unit) one would expect an increase of p approximately by
509 (see the transmission efficiency of diphenylmethanef
in Table 2). The insignificant influence of the coplanarity
of the benzene rings in the fluorene system on the trans-
mission of electronic effects is indicated also by other
data 45,4661

Apart from the above investigations, undertaken to
estimate the transmission of electronic effects via the
molecular system of (II) from reactivity data (Table 1),
there have also been studies where attempts were made
to solve the above problem with the aid of, for example,

{We calculated o° from the literature values ® using
OE_NOZ = 0,73.
{It is assumed to a first approximation that the trans-
mission efficiencies of the 3,3'- and 4,4’-diphenylmethane

systems are approximately the same.
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measurements of dipole moments, polarographic reduc~
tion (oxidation) half-wave potentials, and ESR, NMR,
ultraviolet, and infrared spectra of the corresponding
compounds.

Comparison of the dipole moments of 4- and 4,4’-sub-
stituted biphenyls revealed®2~%¢ that there is an appre-
ciable interaction between substituents of different elec~
tronic types, which is somewhat reduced compared with
the corresponding interaction in benzene. However, it
is fairly difficult to estimate quantitatively this weaken-
ing from the results of the above studies owing to the
difficulty of allowing for different kinds of structural
factors (configuration of the system, distance between
the substituents), which influence the measured dipole
moments. This is even more difficult in systems (I)
which will be considered below, Therefore in the present
review we shall not deal with these investigations in
detail,

The study of the polarographic reduction of various
3’- and 4’~derivatives of 4-nitrobiphenyl to the corre~
sponding radical-anions 8,6 and of their ESR spectra
showed that the influence of substituents on their first
half-wave potential (E1/2) and on their spin densities is
satisfactorily consistent with the Hammett equation, Com-
parison with the analogous results for nitrobenzene deriva-
tives indicates a decreased transmission of electronic
effects in the bicyclic system compared with the mono-
cyclic system. A similar conclusion was reached also in
a study of the polarographic reduction of a number of
4'-derivatives of 4-acetylbiphenyl. 87 However, we believe
that data of this kind should be treated with caution, since
it is not altogether clear to what extent the quantity p can
characterise in this case the transmission efficiency of
the system. The point is that in polarographic reduction
the electron enters the first vacant orbital of the entire
molecule and is only then localised in a particular frag-
ment of the latter. For this reason, the system as a
whole must be considered as the reaction centre®8,™,
Therefore the experimental results for the polarographic
reduction (oxidation) as well as the ESR spectra of sub-
stituted biphenyls probably do not characterise unambig-
uously§ their ability to transmit electronic effects.

To the same extent the above considerations apply also
to the electronic spectra of the compounds. Although
numerous studies have been made of the spectra of
biphenyl and its various derivatives 7277, one may con-
clude on their basis only whether or not there is conjuga~
tion between the fragments of the system but nothing can
be inferred about the nature of the transmission of elec-
tronic effects through the system.

On the other hand, the study of both infrared and NMR
spectra, where the “reaction centre” is clearly revealed,
makes it possible, in principle, to derive definite informa-
tion about the transmission of electronic effects in such
systems. Indeed it has been established from the N-H
stretching vibration frequencies in (II) (Y = NH,)* that
the biphenyl system transmits such influences much less
effectively than the benzene system. The coefficients
7', calculated from the shift of the absorption band maxima
corresponding to the symmetric (v5) and asymmetric (15)
stretching vibrations, are 0.31and 0.37 respectively, i.e.

§The complexity of the situation can be illustrated,
for example, by the following fact. Two straight lines
with different slopes and separated by an appreciable
distance have been obtained ®,% on the E1/2—0 correlation
graph for 4’-substituted derivatives of 4-nitrobiphenyl.
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close to the values listed in Table 1. Unfortunatelythe accu-
racy of the above investigation is not always very high as yet,
so that the experimental errors are sonetimes comparable to
the measured quantities. For example, ina study of the
stretching vibration frequencies of the NO, group it was
found that the difference Av between the wavenumbers of
4-nitrobiphenyl and its 4,4’-dinitro-analogue is only 1
cm=!, which is actually less than the error in the deter-
mination of the wavenumbers (usually to within 2 ecm=?), 77
Because of this, the choice of a functional group suf-
ficiently sensitive to the substitution is an important
problem in such studies 3, since the reliability of the
results depends significantly on it. Hence it follows that
not all the investigations of infrared spectra are of equal
value for a quantitative determination of the transmission
efficiencies of the systems considered.

Comparison of the NMR spectra of a series of different
benzene and biphenyl derivatives shows quite clearly the
attenuating effect of the second benzene ring. This,
according to 'H NMR, this influence for the OH group
in phenol derivatives (o = 1,54) 787 and 4-hydroxybiphenyl
derivatives (p = 0,712)® ig reflected by the value 3’ =

0,46, On the other hand, it is difficult to determine
unambiguously the coefficient of transmission of elec-

tronic effects through the second benzene ring from the
19F chemical shifts 5 for the corresponding derivatives,
The point is that the influence of the 4’-substituent is in
this case described by the two-parameter equation 8:-8¢

Ad= P 0 + PrOg. (1)

The relation between the constants py and pr, charac-
terising the sensitivity of a series of compounds to the
inductive and conjugation effects of substituents, changes
on passing from one series to another. Therefore it is
necessary to calculate separately the values of #n’ for the
inductive and resonance effects on the basis of data of
this kind 8-87, It was found that the inductive transmis-
sion of effects through the second benzene ring in system
(II) (7) changes from 0.50 (in cyclohexane) to 0.33 (in
dimethyl sulphoxide). The transmission coefficient of
this ring 7R, estimated from the pRr, is almost indepen-
dent of the solvent and amounts to 0,15,

Thus NMR data (and in many cases infrared spectro-
scoplc data) for benzene and biphenyl derivatives show
that, on passing from the former systems to the latter,
there is an appreciable weakening of the interaction
between the substituent and the functional centre. This
weakening is approximately equal to that found from the
results of other studies (Table 1), However, there is
one factor which somewhat restricts the application of
spectroscopic data in a quantitative estimation of the
transmission efficiency of extended molecular systems,
The sensitivity of the reaction series to the influence of
substituents is usually determined by comparing the
measured quantities with ¢ constants. The latter charac-
terise in essence -8 the differences between the effects
of the substituent on the initial and final (or transition)
states of the reaction centre. Therefore, despite the
large number of successful applications (Zhdanov and
Minkin®, Chapter VII), the problem of a direct compari-
son of o constants with spectroscopic data characterising
only one (initial, final, or excited) state of the functional
centre still remains open 8,88,

Bearing in mind all the foregoing considerations, we
shall concentrate attention primarily on the results
obtained in the study of equilibria or reaction rates and
those of other investigations will be quoted only whenever
convenient,
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Table 2, Transmission coefficients in systems (I) with saturated hydrocarbon bridges.

System (11 M=-CHp-in(I) |M=-CHy-CHz-in (D)

No. Reaction series o o0 o o -

1 ArNH; + 2,4 ,6-(NO2)3CsHoCl — 2,4.6-(NO,)sCeHNHAr + HCI; 25°, CgHY-®® —1.56 | —0.95 | 0.64 | —0.71*| 0.46
2 ArNH; + 4-NO;CgH,COCI — 4-NO,C,HCONHAr + HCI; 25°, CgH2!:#2:89 —1.40 | —087" | o.62 — -
3 ArNH, + 4-NO,CgH,SO;Br — 4-NO,CH,SO;NHAr + HBr; 25°, C4H;NO% —1.44 | —0.39 | o0.27 — —
4 ArNH, + CgH;COCI — CgHyCONHAr + HCI; 25°, CgHZ22-00—92 —1.07 | —0.48°| 0.45 - -
5 ArNH, 55 ArNH; +°H¥; 25°, H,0% ~0.89 | —0.85 | 0.73 — -

6 HON,AN,OH 5 HONArN,O~ + H¥ 5 2H* + “ON,ArN,0~; 18°, H,0% —1.70°| —0.80° | 0.47 | —0£0%| 0.35
n, 0.53:£0.06 0.40:0.08

2, Ppetermined from two points for X = H and NO, (2) or H and NH, (b). CThe difference pK, — pK,, proportional to
p, is quoted, since p cannot be calculated owing to the lack of the values of o for the 4'-N;OH~ and 4’-N,0 groups.

I, SYSTEMS WITH CARBON-=CONTAINING BRIDGE
GROUPS

The entire data referring to the transmission efficiency
of bicyclic systems with carbon-containing bridges can be
usefully divided into two conventional groups. One of
these includes systems with bridges consisting of satu-
rated hydrocarbon units and the other systems with
bridges incorporating multiple bonds.

1. Saturated Groups

The results of studies of the transmission of electronic
effects in diphenylmethane and bibenzyl systems, where
the benzene rings are separated by ~CH,-~ and -CH,-
CH,~- groups, are presented in Table 2, which includes
also the coefficients 7’ calculated for them relative to
system (II), which clearly indicate the insulating role of
the hydrocarbon units. The transmission coefficient of
the methylene unit in diphenylmethane (0.53 or 0,58 if the
extremely low value of @’ for series No. 3 is excluded)
proved to be somewhat higher than in aliphatic systems
(0.350, 9¢0.360, %and 0,388 7). This may be due to some
involvement of the ¢, 7 conjugation of the C~H bonds of
the methylene unit with the benzene rings %,%, However,
one should bear in mind that, when the capacity of the
methylene unit for the inductive transmission of electronic
effects (Z"bH ) is estimated from data for aliphatic com-
pounds wher€ the amino-group is the reactive centre (as
in the majority of the series in Table 2), the coefficient
increases to 0.470-0.554 94,986,897 and becomes almost
equal to 7%y in Table 2, The observed transmission
efficiency of a single methylene unit in bibenzyl hardly
differs from that in the diphenylmethane system.

The compounds considered were also investigated by
other methods. The available ultraviolet spectrosco-
pic?®8"1° ESR, and polarographic %1% data indicate the
insulating effect of the methylene units in these systems.
However, for the reasons stated, such data can only
yield a qualitatitive idea about the properties of these
compounds in which we are interested. As regards the
estimation of the transmission of electronic effects in
these compounds from infrared spectra, there is a full
analogy¥, as for benzene and biphenyl derivatives, with

fData’” where the nitro-group is used as the functional
centre constitute the only exception, Here it is almost
impossible to reach any conclusions owing to the low
sensitivity of this centre to the effect of the substituent 43,

the results obtained in studies on the reactivity of the
compounds 4,

The values of 7’ for M = —=CH,~- in Table 2 agree with
those determined from NMR data for a series of diphenyl-
methane derivatives (Y = 19F)8,87,108, Thus the coeffi-
cients 7’ for M = ~CH,~, —~CHPh~, —CH(OH)-, ~CCH,,
.(OH)~, =CPh(OH)-, and —CCF4(OH)~, calculated from
the p1, are in the range from 0.41 to 0.55 and those cal-
culated from the pr are between 0.34 and 0,50, But,
when the transmission coefficient is estimated by a direct
comparison of the chemical shifts in the spectra of com-
pounds (I) and (II), then it is found to be in the range from
0.30 to 0.62 for systems of this kind. On the other hand,
7’ = 0,18, determined from NMR spectra (Y = °F) # for
the two-unit bridge group —CH,~CH,~, proved to be much
lower than the value in Table 2,

2. Groups Containing Multiple Bonds

The transmission coefficients @’ for bicyclic systems
with unsaturated bridge units such as ~C=C~-, ,~CH=CH=,
-CH=N-, =N=CH-, =N=N-, ~C,H,~, —CH=N(CHy)-,
and -N(CH,)=CH- (the reaction centre is to the right of
the bridge and the substituent is to the left) are compiledf
in Table 3,

Comparison of these data leads to the conclusion that
any uncharged two-unit bridge with a multiple bond
reduces the ability of the system to transmit electronic
effects approximately by a factor of 1.7. Bridges con-
taining only carbon atoms behave in almost exactly the
same way as those consisting of one or even two hetero-
atoms (cf. the coefficients 7’ for the -CH=CH~, —-CH=
N-, =N=CH-, and -N=N- bridges).

It is interesting that, on passing from bibenzyl, where
there is a two-unit ~CH,—CH, - bridge (Table 2), to the
stilbene and tolane systems, where M = ~CH=CH~ and
—~C=C- respectively (Table 3), the influence of the sub-
stituents increases only by a factor of 1.5, although the
last two compounds represent a classical instance of
@, 7 conjugation of multiple bonds, which is interrupted in
bibenzyl by the saturated bridge group.

As regards the ability to transmit electronic effects,
the stilbene and tolane systems (Table 3) hardly differ

tThe azobenzene system, which has no carbon atoms
in the bridge, is considered here in view of its structural
similarity to stilbene.
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Table 3. Transmission coefficients in systems (I) with bridges M containing multiple bonds.
o System | m__ CoC |M=—CHe=CH~—| Mo CH—N— | M=—N=CH— | Mo—N=-N— | Me=—CoH,— | M==—CH=R(CHy)—| M=—N(CHy)=CH—
No. Reaction series an
Pst e Eg o0 |:r!’ [ I Es P l E P l::’ e |n' e I E 3 £
1 | ANH, 4 2.4, 6(NOy),CoH,Cl — —1.55 |—0.91%0.59|—0.9740.62] — | - | — | — |—1.20%0.77]—0.49%0.31] — — -~ —
~2,4,6-(NO3);Cel,NHAr -+ HCI;
250 C'H31,104v108
4 8
2 | ArNH, - 4-NO,CH,COCI — HCl + —1.40 |—0.83 (0.59/—0.94% 0.67] — | — | - — |—o98o.r0] — |—1 — - — —
 4-NO,C4H,CONHAT; 25°,
C6H22,104~100
8
3 | ArNH, 2 ArNH, + H¥; 25°, H,0% 08| — [—1| o oss| — | — | — | — = = =1 = — _ _
4 | AfH, = AINH, + H*; 20°, 02| — |—| os2fose| — | — | — | = | o36lo.50] — |—| — — - -
509 EtOH—H,0'* 1%
5 | AfNH (CHg)e 2 AN (CHy)y - H¥; 20°, 1200 — | — [ os2¢{0.43] — | — | — | — | 053044 — |—| — - — _
509 EtOH—H,0 *(Zhdanov and Minkin®, p.59)|
6 | ArOH = ArO™ -+ H*; 25°, o6 — |—| — | —|030]|049j037)061| — |—| — |—]| 147 | 1.94 | 1.95 | 3.23
9895 MeOH—H,0"0 11!
7 | HON,AIN,OH 22 HONpArN,O™-H* 2 —1,704 — | — [—1.109[0.84) — | — | — | — e = = = _ . .
> 2H* L —ONAIN,O; 18°, H,0%
8 | ArCOOH 7 ArCOO~ -+ Ht; 25°, 04| — {—| — | -1 =1 - |o28]o062
98% MeOH—H,0
oy 0.59 | 0.59:0.03|  0.49 0.62 0.590.06 0.3t 1.94 3.23

aDete’rminecl from two points for X = H and NO,. bpst estimated from the values of p for benzene derivatives and
the coefficient 14y in Table 1. CSince the —CH=C(CN)- group is the bridge, this result was disregarded in the calcu-

lation of 7%y.

quantitatively from the diphenylmethane system (Table 2).
On this basis, one may conclude that the familiar rule

of vinylogy, according to which the electronic influence of
the substituent in conjugated systems is transmitted to

the reaction centre without appreciable decay (Reutov*i2sP: )
is not confirmed in quantitative studies on this problem

(at least in a series of molecular systems resembling
those described), This is apparently caused by the
decisive role of the inductive mechanism in the transmis-
sion of electronic effects in systems of this kind.

‘When the structure of tolane is compared with those of
stilbene and biphenyl, then, in contrast to stilbene which
has a trans-configuration and a non-coplanar struc-
ture113-138 gnd in contrast to biphenyl where the hydrogen
atoms in the 2,2’-positions hinder the rotation of the
benzene ring about the single bond joining them 56-58,117,
the tolane system offers the smallest steric hindrance
to the electronic interaction between the benzene rings on
either side of the acetylene bridge, owing to its linearity
and the appreciable distance between the 2,2’-hydrogen
atoms 118, However, this interaction is less pronounced
in tolane than in the biphenyl system and is the same as
in stilbene. This is most probably due to the fact that
the carbon—carbon triple bond in organic molecules has
no particular advantages over a similar double bond as
regards transmission of electronic effects, despite its
greater degree of unsaturation and shorter length,

The coefficient #’ for system (I) with M = -C;H,~
(the p-terphenyl system) (Table 3) has the smallest value
(0.31), which is consistent with the greatest length of the
above bridge. As already mentioned; it is equal to n’ for
the biphenyl system relative to the benzene system (Table
1),

Data on the transmission of electronic effects in a
series of bicyclic systemsg containing the charged bridges
~N(CH,)=CH- and —CH=N(CH,)- (Table 3) require
special consideration, Here the 7’ are significantly
greater than unity (1.94 and 3.23 respectively), while the

dThe difference pK, — pkK, is quoted (see footnote ¢ to Table 2),

transmission coefficients for the analogous uncharged
bridges ~CH=N- and -N=CH=~ are small and virtually
equal to the values for other diatomic bridges with a
double bond (Table 3). The sharp increase in the trans~
mission efficiency of azomethine bridges following the
quaternisation of their nitrogen (by a factor of 4=5) was
initially explained !1°,!1! by a transition from the non-
coplanar structure of the Schiff bases, due to the compet-
ing interaction of the 7 electrons of one of the benzene
rings both with the double bond and with the lone electron
pair of the nitrogen!®~'22  to the coplanar structure in the
case of the charged bridges, where the above competition
does not occur and the benzene ring is conjugated only
with the double bond. However, this fact hardly plays a
decisive role because in the stilbene, tolane, and azo-
benzene systems, where the conditions for conjugation are
better than in the systems considered here (in the latter
there is no steric interaction of the N-methyl group with
the ortho-hydrogen atoms of the benzene ring), the trans-
mission efficiency is virtually the same as in the ben-
zylidene anil systems (cf. the values of 7’ in Table 3).

The enhancement of the electronic interaction of the
substituent with the reaction centre in systems (I) con-
taining unsaturated two-unit bridges relative to system
(O) was also observed by Frankovskii and coworkers,
who investigated the acidity of the corresponding phenol
derivatives (Table 4).

The phenomenon of enhanced transmission efficiency
(w’ > 1,0) was observed for the first time in a study of
bicyclic systems containing bridge heteroatoms (see the
next Section). We shall therefore return somewhat later
to the explanation of the “anomalously” high transmission
efficiency (Tables 3 and 4). However, here one should
note that the introduction of substituents (OH or Cl) into
phenol derivatives (Table 4) in the 2~ or 2’-position
relative to the bridge unit, which influence the steric
structure of these compounds, leads to an increase of
transmission efficiency. This is manifested particularly
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clearly in derivatives of 2,4-dihydroxyazobenzene, where
the system becomes more coplanar as a result of the
formation of an intramolecular hydrogen bond 5°,124,126 and
yet another pathway for the transmission of the influence
of the substituent on the activity of the reaction centre

appears:
X N OH
-0

—O

Table 4., Transmission coefficients in the azobenzene
system [R and R’ are the substituents in X - (2’-R’)

—CgHy—N=N-C,H;~(2-R)=0OH-4].
system{  p_p/—H R=H, R’=Cl { R=OH,*R’'=H
No. Reaction series an
Psy e a P nf 3 n
1 ArOH 22 ArO~ + H+; 20°, 60% | 0.81 | 0.84 { 1.03 | 0.93 | 1.15 { 2.18 | 2.68
EtOH—H,0 48:49,123-125
2 ArOH 2 ArO~ - H*; 20°, 60% | 0.76 | 0.93 | 1.22 | 0.98 | 1.28 { 1.89 | 2.48
dioxan-watel48’49’123’l24
3 ArOH 22 ArO~ + H+; 20°, 60% | 0.99 | 0.91 | 0.92 2.28 [ 2.3
acetone -water
ngy | 1.06£0.09 | 1.22::0.07 | 2.49+0.12

It is interesting to compare the transmission efficiency
data in Tables 3 and 4 with the results obtained in studies
of the NMR spectra of a series of analogous compounds,

Table 5. Transmission coefficients estimated with the
aid of NMR for systems (I) with bridges containing
multiple bonds

Ye<ttF 86,108 Y=1F »1 |y=0H60.80
No. Bridge M in (I) ’ 4 a . R
ny R n n =
1 —CH=CH— | 0.67:£0.02 | 0.67:0.01 6 0.74° -
2 —~N=CH— 0.63+£0.01 | 0.68-0.0 9 —
3 —CH=N— 063£0.02 | 064=0.01 9 - -
4 —N=N— 0.9140.02 0.88+0.01 3 — 0.60°
5 —CH=NH~ 1.08¢ 0.628 1 - —
6 ~NH=CH~ 1.47¢ 0.98d 1 - —

2The number of solvents in which compounds of types (I)
and (II) were investigated (average values of #’ are
quoted for » > 1), PEstimated by a direct comparison
of the values of A5, C€The chemical shift of the hydroxyl
protons were measured and compared. Y9Measurements
for compounds of types (I) and (II) were made in FSO,H
and CHOH respectively.

Table 5 shows that the transmission efficiency of the
system with the —N=N- bridge (No. 4), which has been
estimated from the chemical shifts of the hydroxyl
protons, agrees well with the efficiency determined from
different chemical data (Table 3). On the other hand, the
ability of the above bridge to transmit electronic effects
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determined from the *F chemical shifts proved to be
higher by a factor of 1.5 and its value approached that in
Table 4, Hence it follows that the transmission efficiency
of the bridge system depends significantly on the nature
of the functional centre, The reasons for this will be
discussed a little later,

Comparison of the data in Table 5 for the transmission
efficiencies of systems (I) with different bridge units,
estimated with the aid of the #f (for Y = *F), leads to
the conclusion that the efficiency increases steadﬂy on
passing from the ~-CH=CH-, -CH=N-, and -N=CH~
bridges, where it does not differ significantly from the
value determmed fo; other reagtion series (Table 3), to
the -N=N-, —CH=NH~-, and -NH=CH- bridges. The
series based on the transmission efficiency (the bridges
are indicated) ~CH=CH~ =~ ~CH=N- ~ -N=CH- <
~N=N- < —CH=N= < =N=CH- agrees well with the
series found from the dissociation data for the corre-
sponding hydroxy-derivatives (No. 6 in Table 3 and Table
4).

IV. SYSTEMS WITH BRIDGE HETEROATOMS CAPABLE
OF ELECTRON DONOR CONJUGATION

1, The Positive Bridge Effect (PBE)

In studies on the transmission of electronic effects in
a series of systems (I) with bridge heteroatoms on the
basis of acylation reactions of the corresponding amino-
derivatives (Y = NH,), the above property was initially
estimated in terms of the value of £, 2:,!?¢ which is equal
to the ratio of the rate constants for the unsubstituted
amine and its nitro-derivative (X = H or NO,). The
results (Table 6) show that the introduction of a bridge
heteroatom with lone electron pairs between two benzene
rings (Nos. 2-5) can not only weaken the electron influence
of the substituent on the functional activity of the reaction
centre relative to the biphenyl system without a bridge
(No, 1) but can also significantly increase it. This phe-
nomenon has been called the positive bridge effect (PBE )22,

Table 6. The factors f (at 25°C) and ApKy for systems
(I) with bridge heteroatoms.

No. Bridge M in (1) fenpc* fec 4 pK®
1 — (biphenyl) 10.6% 13.62%2 0.54%
2 —0— 12,4127 15.817 -

3 —S— 23,8128 30.71%8 0.812
4 —Se— — 24,72 -
5 —NH— — 43.319 0.822

AThe difference for X = H and NO, is quoted.
*p~-nitrobenzoyl chloride (Ed. of Translation).

The first publications dealing with the manifestation of
PBE 21,126,128,1% aroused a lively discussion 4,19:-138
since they conflicted with the view, established at the
time, that the introduction of any br].dge unit between a
substituent and the reaction centre must lead to the
weakening of the electronic interactions between them,
Furthermore, the above phenomenon was initially observed
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Table 7. Transmission coefficients in systems (I) with bridge heteroatoms (M).

System|  Mo—0— M=—Se— M=—8— M=—NH— M= —
No. Reaction series (an N (CHay
Past e° ' ~ [ | Es [ ' [ I = o0 n
1 | AINH, 4 2,4,6-(NOy)sCoHCl — 2,4,6-(NOg)sCeHgNHAr - HCI; |—1.56 |—1.64% 1,05 [-1.91% 1.23 | —4.96 | 1,26 (—2.15 | 1.38 |—2.82 [ 1.81
255 C‘HM.H!.HD
4 (]
2 | ArNH, -+ 4-NO,CH,COCI — 4-NO,C,H,CONHAr + HCI; 25°, |—1.40 |[—1.48%1.06 | — | — [—1.88%1.34| — | — -1 -
C.Hllu.l!1
(]
3 | ArNHj - CgH;COCI — C4HsCONHAT + HCI; 25°, CoH3* —1.07 | — — — | = |—4.70" 1.59 |—1.92 | 1.79 |—2.22¢| 2.07
4 | ArNH, + 4-NOyCgHSO,Br — 4-NO,C¢H,SO,NHAr + HBr; 25°, [—1.44 | — — —{ — |—1.48|1.08{—1.67 | 1.16 |—2.17 | 1.49
CgHyNO!
5 ArE'H,.,;: ArNH, + H*; 25°, Hy0%1%¢ 0.89 | 1.129 1.26 — - 1.43)1.27 ) 1.12)1.26 ) 1.40 | 1.57
6 Arﬁﬂ,zArNH,+H+; 20°, 509 EtOH—H,0%-%.138 0.98| 0.9210.9 — — — — - - — —
7 | ANH, 2 ArNH, -~ H*; 25°, CH;NO3* 0.929) 0799 o086| — | — | 1.284 1,39 1479126 — | —
8 | ArCOCI -+ CgHyNH; — ArCONHC,H; + HCI; 35°, CgHL 142 0.32¢ 037146 — — — — —_ — - —
9 | HON,ArN,OH = HON,ArN,0~ + H* 2 ~ON,ArN,0~ + 2H*; 1.73f 1.83fl1.06| — | — | 2.42f[1,23] — | — — | =
18°, H,0%
w,, | 1.0620.05 1.23 1.30£0.06 | 1.372=0.4¢ | 1.73+£0.13

a,b,c,dpetermined from two points for X = H and NO, (a), H and NH, (b), NH, and NO, (c), or NH, and ﬁHs (d).
€p3, was estimated from p° for benzene derivatives and the coefficient 7%y in Table 1, fThe difference pk, - pK, is

quoted,

only for certain properties (nucleophilic reactivity and
basicity) of bridged amino-compounds (Table 6) and was
not confirmed when other characteristics of the same
substances (for example ultraviolet and Raman spectra)
were considered!3?,'33, However, it was found subse-
quently that an enhanced transmission efficiency is
observed not only for the bridges listed in Table 6 but
also for others (Table 4 and 5) when a large number of
compounds (I) are investigated.

Table 7 (Nos. 1-7) presents data on the ability of

amino-compounds to transmit electronic effects estimated

from the values of p°. The relations governing the varia-

tion of m%y thus obtained agree well with the results in
Table 6, As in the previous case, the maximum trans-

mission of electronic influences is observed for diphenyl-
amine derivatives, On passing from the biphenyl system

to methyldiphenylamine, the sensitivity of the reaction

centre to the influence of the substituent increases almost

by a factor of two (84y = 1,73 + 0.13). The systems can
be arranged in the following sequence (the bridges are
indicated) in terms of their ability to transmit electronic
effects: ~N(CH,;)- > -NH- > =S~ > -Se~ > -O~, This
is consistent (see below) with the ability of the above

pridge groups to be involved in electron donor conjugation

(p,  interaction).

2. The Nature and Mechanism of the Manifestation of
PBE

Together with the increase of transmission efficiency
of systems (I) with increase of the electron-donating
capacity of the bridge heteroatom %, mentioned above,

the fact that the reactivity of these compounds correlates

better with the o°, 43,140,1437145 characterising the influence

of the substituted phenyl group X-CgH,, than with the
Hammett constants o is of great importance. On this
basis, one may conclude that PBE is due to a combined

transmission of the electronic influence, namely simul-
taneously via the inductive mechanism from one ring to
the other and via the mechanism based on the conjugation
of the bridge heteroatom with each benzene ring. This
conjugation should depend on the inductive effect of the
substituted phenyl group. The possibility of a change in
the conjugation effects of various groups under the influ-
ence of the inductive effects of the substituents attached
to them has been confirmed by numerous linear corre-
lations between quantities characterising these effects
(Zhdanov and Minkin®, p, 3'75) 8!,146-150,
Some information about the nature of the conjugation
of the bridge heteroatom with the benzene rings in com-
pounds (I) can be obtained by examining their geometrical

structures.

The molecules of these compounds are non-

linear, since the valence angles at the bridge heteroatom
are much smaller than 180° 51-155 and, in consequence
of their mutual repulsion, the or#ho-hydrogen atoms in
the benzene rings move apart, forming a dihedral angle
¢. Their separation can be achieved in two ways 156,157:
(1) both rings are rotated relative to the C~M~C plane
by the same angle ¢/2; (2) one of the rings lies in this
plane, while the other deviates from it by an angle ¢.
The problem of which situation actually obtains still

remains open.

In many instances 152,153,158"181 the first

version appears to be preferred. Certain properties of
symmetrical bridged bicyclic compounds calculated on
this hypothesis agree fairly well with experimental
data 159 ‘161.
At the same time interest has been aroused by studies
where it was concluded on the basis of an investigation
of microwave %, infrared, and Raman spectra 57 and
dipole moments 156,162,163 that the two rings are equivalent
in phenyl ether, diphenyl sulphide (and possibly diphenyl-
amine *¢, and their derivatives, i.e, that the second
situation applies.
these conditions the bridge heteroatoms can be preferen-
tially conjugated first with one and then with the other

It is natural to suppose that under
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benzene ring and that this transition should be fairly
rapid. Therefore methods where the duration of the
measurement is longer than the lifetime of one of these
states will yield averaged results !¢, apparently indicat-
ing the equivalence of the conjugation of the bridge atom
with the benzene rings. These methods include primarily
electron and X-ray diffraction measurements 5!, On the
other hand, in those cases where the duration of the
measurement of the properties of the substance is shorter
than the lifetime of the above molecular “species” the
results must indicate their existence, which is consistent
with certain spectroscopic data 55,157,165,166

The satisfactory correlation of the reactivities of
various bridged compounds with the ¢° (Table 7) indicates
the absence of a direct conjugation between the substituent
and the reaction centre in the compounds. On the other
hand, the conjugation in (I) between M and X and between
M and Y is quite possible. Therefore the results in
Table 7 agree best with the view that in systems (I) the
bridge heteroatom is not conjugated simultaneously with
both benzene rings.

Table 8.
4 47,84
No. |Bridge M in (I) Reaction ® of Compound Ar-NH?| @ OR a—a,
p-CHy—M—

1 —(bipheny!) | interaction with PC 0.47 —0.151 0.13
with BC 0.44 — 0.10

with PNBSB 0.62 — 0.28

basicity 0 40 — 0.06

2 —CH,p— | interaction with PC 0.34 —0.200 0.2t
with BC 0.24 — 0.11

with PNBSB 0.14 — 0.01

basicity 0.35 — 0.22

3 —0— interaction with PC 0.64 —0.604 G
basicity .66 — 0,53

4 —S— interaction with PC 0.81 —0.841 0.68
with BC 1.12 — 0.99

with PNBSB 0.80 — 0.67

basicity 0.67 — 0.54

5 —NH— interaction with PC 0.90 —1.09 0.77
with BC 1.28 — 1.15

with PNBSP 0.91 — 0.78

basicity 0.66 — 0.53

6 | —N (CHg)— interaction with PC 1.24 —1.26 1.08
with BC 1.49 — 1.36

with PNBSP 1.22 — 1.09

basicity 0.85 0.72

AAbbreviations: PC = picryl chloride; BC = benzoyl
chloride; PNBSB = p-nitrobenzenesulphonyl bromide.

Thus the manifestation of PBE in bridged amino-com-
pounds is to a large extent due to the ability of the
unshared electrons of the heteroatom to enter into elec-
tron-donor conjugation with the electromc system of the
benzene rings. The constants oR (Table 8), which reflect
the ability of the p-CH;-M group to enter into electron-
donor conjugation with substituents R via the benzene ring,
can be used as quantitative characteristics.

Fig. 1 shows that, for systems with single-unit bridges,
there is a definite relation (with a correlation coefficient
r=0 .97) between their transmission coeificient 74y and
oR It is interesting to note that the point corresponding
to the CH, group, where there are no unsnhared p elec-
trons, also fits satisfactorily on the overail straight line.
This most probably indicates that the above bridges
interact similarly with the benzene rings i1 compounds
(I). The o, 7 conjugation of the methylene group can
probably play a role, albeit to a much sma’ler extent,
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analogous to that of the p, 7 conjugation in systems with
heteroatoms. The point corresponding to the sulphide
bridge in Fig. 1 also fits on the overall straight line,
despite the fact that the sulphur atom has vacant 4 orbi-
tals, which may be involved in conjugation!67=!?3, In this
case it is probable that this property of the sulphur atom
is hardly manifested or contributes in any way to O’R for
the CH;~S- group.

T o
1.5

1.0

0.9

I
g =0.§

~1.0 &%

Variation of n4y (Tables 2 and 7) for systems
(I) with o (Table 8).

Figure 1.

Taking into account the combined transmission of
electronic influences in bridged systems, the observed
value of p° for such systems should be linked with the
transmission efficiency p¢ of the monocyclic system (for
the same functional group and reaction conditions) by the
relation (Palm?’, p.231)

00 = 0% (Z5 Zy + aZp). (2)

This equation reflects quantitatively the fact that the
influence of the substituent in systems (I) with PBE is
transmitted via both the inductive (p%Z *ZI";/I) and conjuga-
tion (p1a7§) mechanisms. The quantities Z% and Z
characterise the transmission of the inductive effect by
the p-phenylene system and the M bridge, ZR charac-
terises the transmission of the conjugation effect by the
b- phenylene system, and @ is a measure of the change
in the effect of the con]ugation of the bridge group with
the benzene rings due to the inductive effect of the sub-
stituent in the given reaction series.

The quantity p§ can be obtained from the reactivities 34,
35,444,174 of benzene derivatives by the equation

lgk =gk, | Plo® |- R0k |- PROR , (3)

where pﬁ and pR are constants characterising the sensi-
tivity of the reaction series to the conjugation effect of
the substituents of the type +R and -R, while R =0 -
o%and oR = ¢~ - @O,

The validity of Eqn. (2) was demonstrated using four
reaction series for which the required values of p° (T'able
7, Nos. 1 and 3-5) and p? (Table 1, Nos.6, 8, 10, and 11)
are available, Here it is important to stress that in the
case of the corresponding monocyclic compounds (aniline
derivatives) the effect of the electron-donor conjugation
of the substituents (IpR| > 0) 34,%,% j5 shown to quite
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an appreciable extent for all these series, The values
of & calculated for single-unit bridge groupsj, subject
to the condition that Z§ = 0,11, ZR=0.43, 1 and z}; =
0.40 (Palm’, p.231), are listed if Table 8, which
includes also the analogous data for the diphenylmethane
system (calculated from the results of Table 2) and the
non-bridged biphenyl system (ZK/I = 1.00 according to
the data in Table 1),

The a for single-unit bridges increase steadily with
increasing capacity of the bridge groups for electron-
donor conjugation. However, for a direct comparison of
these quantities with the oR, it is necessary to subtract
from them the constant «,, which is due to the presence
in the ¢° of a resonance component equal to 0.145 o*
(Palm?, p.236). The quantity a, = 0.1452%;/ZF has a
numerical value of 0,34 for systems (II) and 0.13 for
systems (I) with single-unit bridges.

&-,
I}
1.0
y 0
J
0.5
Z
1.
i [
0 -05 -1.0 &g

Figure 2. Variation of o - a, with o} (» = 0.99) for the
reactions of amines [Y = NH, in (I)] with picryl chloride.
The symbols are numbered as in Table 8.

Comparison of the differences o — a, with the oR
(Table 8) shows that, for all the reaction series consid-
ered, there are linear relations (see the example in
Fig. 2) which pass through the origin of coordinates, i.e,
the relation given by the equation

a— g, = foR. (4)

holds, It is noteworthy that the quantity e ~ o, for
system (II) is positive (Table 8, No, 1) and the corre-
sponding point in Fig. 2 fits satisfactorily on the common
straight line for bridged systems. It is as yet difficult
to explain this finding. However, the hypothesis that the
inductive effect of the substituent influences the degree of
conjugation (in the present instance the electron-donor
conjugation) between the benzene rings does not lack
justification,

tIt is assumed to a first approximation that the ability
of the bridges to transmit electronic effects by the induc-
tive mechanism is independent of their nature (Palm?,
p.233). This conflicts with data on the correlation of the
NMR spectra of fluoro-derivatives (Tables 5, 10, 11),
for which the values of 7’1 vary appreciably as a function
of the nature of the bridge. The latter is probably due to
the fact that, when the °F chemical shifts for such com-
pounds are correlated, pJ is 2 more complex function
than would appear from a formal examination of Eqn. (1),
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Thus the results can serve as a quantitative confirma-
tion of the above hypothesis that the influence of substit-
uents on the functional activity of the reaction centre in
type (I) amino-compounds is transmitted both by the
inductive mechanism and by the mechanism based on
electron-donor conjugation of the bridge heteroatom with
each benzene ring. Here it is particularly significant
that in the latter case the relative change in conjugation'?e
under the influence of the substituent, defined by the
product BoR in Eqn. (4), and not its absolute magnitude,
plays the principal role,

3. The Limits of the Manifestation of PBE

Since the capacity of the bridge group for electron-
donor conjugation is not limitless, it follows that, as the
electron-accepting properties of the substituents X in
(I) become more pronounced, a situation may arise where
this capacity has been completely exhausted. Subsequently
the electronic influence on the reaction centre by the ring
with the substituent must be transmitted preferentially via
the inductive mechanism. In this case the plot of lg %
against ¢° will consist of two linear sections: one with a
larger slope, where PBE is manifested, and one with a
smaller slope, where there is no PBE, The abscissa
(09) of the break point may be designated by o2, (Palm’,
p. 237).

The reactivities of 4-aminodiphenylamine with several
electron-accepting substituents in the benzene ring with-
out the reaction centre have been examined from this
standpoint 177,178, The findings agree qualitatively with
the above considerations, but are somewhat complicated
by the possibility of forming an intramolecular hydrogen
bond between the imino-bridge and the ortho-substituent
(nitro-group) 17181,

More definite data were obtained in a study of the
reactivities of triphenylamine derivatives with various
substituents in the 4~ and 4”-positions 178,182,183, The
corresponding correlation graph, based on basicity data
(Fig. 34), agrees fully with the prediction. This suggests
that in these systems the capacity of the bridge nitrogen
for conjugation is already exhausted following the intro-
duction of one nitro-group. On the other hand, in the
reactions of these amines with p-nitrobenzenesulphonyl
bromide (PNBSB) this situation is attained following the
introduction of two nitro-groups (Fig, 3B), while the
reaction with picryl chloride could not be achieved in the
experimental Zo° range (Fig. 3C).

Comparison of the p° for different sections of the
correlation graph in Fig. 3 with the analogous values for
aminobiphenyl derivatives [system (II)] in the same reac-
tion series makes it possible to estimate the ability of
the bridge group to transmit electronic effects in its
various states. In those cases where the capacity of the
bridge nitrogen atom for conjugation has not been fully
exhausted (the left-hand branches A and B and straight
line €), PBE is clearly manifested (the #’ are respectively
1.17, 1.29 and 1,24)34,%1,1%, After ¢, has been reached
(the right-hand branch A), the transmission coefficient
of the nitrogen atom (7’ = 0.21) 178 is much smaller than
for the methylene unit in system (I) (Table 2). Further-
more, it is smaller by a factor of two than the coefficient
defining the capacity of this unit for transmission of elec-
tronic effects by the inductive mechanism alone (0.388),
The extremely low transmission coefficient obtained for
the electron-deficient nitrogen atom agrees satisfactorily
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with 7’ for the pesitively charged nitrogen atom in N-pro-
tonated derivatives of N-arylglycines (0.22) 183,18 and the
nitrogen atom in the amide group (0.23) 1%,

=2.0
-3.0
4.0

=39.0F-3.0

! ! ! !
-0.8 0 08 1.0%26°

Figure 3. Variation with Zo° of pKa (A) for triphenyl-
amine derivatives [4-X-C¢H,-N(Ar)-C;H,~NH,-4] in
459 aqueous dioxan 2 and of 1g & for the reactions of
these amines with nitrobenzenesulphony! bromide (B)

in nitrobenzene and with picryl chloride (C) in benzene!6®
at 26°C; X and Ar in the formula: 1) 4-NH,, 4”-NH,.
.CgH,; 2) 4-NH,, CHy; 3) H, CeHy; 4) H, 4"-NO,CgH,;
5) 4-NO,, 4"-NO,C¢H,.

All these findings show that P'3E can be manifested only

in those cases where the reactica series investigated

(for benzene derivatives as an example) is sufficiently
sensitive to electron-donor corjugation [pR in Eqn. (3)
differs significantly from zero| and the bridge group M in
compounds (I) has unshared elactrons capable of being
involved in such conjugation.

o0o

On the basis of the principies formulzted above, it is
interesting to examine data describing the ability of sys-
tems (I) with bridge heteroatoms to transmit electronic
effects, which have been obtained from ocher reaction
series (Y # NH,). Since the reaction of benzoyl chloride
derivatives with aniline is fzirly sensitiv:? to the electron-
donor conjugation of substituents *¢, the manifestation of
PBE in the phenyl ether system for Series No. 8 (Table 7)
becomes quite understandable., For the same reason
(high sensitivity to the above conjugation®’, an enhanced
transmission efficiency c¢f systems (I) wita M = —O- and
~S~— is observed in Series No.9 (Table 7).

It is interesting that, in a study of the ransmission
efficiencies of systems (I) on the basis of acid dissociation
data (Y = OH), Frankovskii and coworkers 49,50,135-137 con-
cluded that the bridge heteroatoms have an insulating
influence. At the same time their results \Table 9) show
that in this case the transmission efficiency increases in
the sequence (the bridges M are indicated) -0~ < =S— <
~NH-, while in the case where M = ~NH~ :t virtually
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coincides with that of system (II). The parallel variation
of the 7’ in Table 9 and the og for CHy~M groups (Table
8) suggests that in this case the capacity of the bridge
atom for electron-donor conjugation plays a significant
role. Since the acid dissociation of phenols is almost
insensitive to such conjugation (pR = 0) *, it follows
that the higher values of m%4y in Table 9 compared with
the coefficient giving the transmission efficiency for a
single-atom bridge solely by the inductive effect (0.388)
is due to the conjugation of the bridge heteroatom with
the benzene ring containing this substituent and not with
the ring in which the reaction centre is located. This
constitutes direct confirmation that the manifestation of
PBE requires that the bridge heteroatomic group should
enter into electron-donor conjugation with each benzene
ring,

Table 9, Transmission coefficients in systems (I)
(Y = OH) with bridge heteroatoms.

System|  M——0— M=—$— M=—NH—~
No. Reaction series an
At e l n e Ed 3 k4
1 ArOH 2 ArO™ 4- H¥; 20°, ¢.8110.39)0.4810.55]0.68]|0.770.95
609 EtOH—I{,0%0 80,135,137 0.57% 0.70
2 ArOH = ArO™ + H*; 20°, 0.76 | 0.29 { 0.38 { 0.57 | 0.75 { 0.73 | 0.96
60% dioxan-water!35-137 0.76% 1.00
3 ArOH 2 ArO~ - H*; 20°, 0.99 | 0.44 10,441 0.59|0.60 | 0.88 | 0-89
60% acetone-water 0.72% 0.73
ay,  0.4320.03 | 0.68%+0.04 | 0.93-+0 02
0.8140.10%

4The X~(2-Cl)-CzH,~S~CzH,~Y-4 system is considered.

Comparison of the chemical shifts (Table 10) in the
NMR spectra of compounds of type (I) shows that, as
expected, there is no full correspondence between the
series being compared. For fluorobenzene derivatives,
where the chemical shift depends significantly on the
effect of the electron-donor conjugation of the substituents
(Zhdanov and Minkin®, p, 375), the introduction of bridge
heteroatoms between the benzene rings (Table 10, Nos, 1~
3) leads to an increased influence of the substituent on the
given property, i.e. PBE is clearly manifested in this
instance. On the other hand, measurements of the chemi-
cal shifts due to the proton in the hydroxy-group have
shown that, although the ability of bridge groups to trans-
mit electronic effects does increase on passing from
oxygen to nitrogen, it does not exceed that of system (II),
As for the acid dissociation of the above compounds
(Table 9), the absence of PBE in this case is caused by
the insensitivity of the proton chemical shifts in the series
of phenol derivatives to the electron-donor conjugation of
substituents 78,

An enhanced transmission coefficient of the heteroatom
(7’ > 1.0) has been observed in a study of NMR spectra
also in other series where the bridge heteroatom was
incorporated between two m-electron systems (for example
a benzene ring and a vinyl group)171-173,188, The trans-
mission coefficient of the system with M = =S~ then
proved to be greater than for M = -O—,

The full analogy between the results obtained in
measurements of the reactivities of amino-compounds
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(Table 7) and the °F chemical shifts (Table 10) for com-
pounds of type (I) with bridge heteroatoms suggests that
Eqns. (2) and (4) are applicable to the latter case. Indeed,
Fig. 4 shows that the relation between the o calculated
from the data in Table 10 and the oﬁ (Table 8) is described
by a straight line passing through the coordinate origin,

in accordance with Eqn. (4). The point for diphenylmethane
fits on the same line, as in Fig,2, However, the point

for system (II) deviates appreciably from the general

line, which is probably due to the characteristic features
of the transmission of electronic influences in the series
of fluoro-derivatives (see below).

Table 10. Transmission coefficients estimated from
NMR spectra in systems (I) with bridge heteroatoms.

Y—19£86,103 Y=19F87 Y=0H59,80
No. |Bridge M in ( n:, n;? na w w
1 —0— 1.00=:0.01 1.080.01 9 1.105 0.52¢
2 —S— 1.210.01 1.42+0.01 9 1.51 -
3 —NH— 1.50 1.84 1 — 0.76¢
4 —CPh— 3.3 2.86 1 — —
5 | —N=C— 2 7% 1.80 1 — -

aThe number of solvents in which bridged compounds of types
(I} and (II) were investigated. PEstimated by a direct
comparison of the values of A5, CThe chemical shifts

of the hydroxyl proton were measured and compared.

The highest transmission coefficient in the series of
fluoro-~derivatives has been observed for the ~CPh-
bridge (Table 10, No. 4) bearing an integral negative
charge, which maximises its capacity for electron-donor
conjugation. An enhanced transmission coefficient has
also been observed for the ~-N=C- bridge (No, 5) whose
capacity for conjugation should be fairly high.

O(."(xg
5
1.0F q
3
0.5
z
|

i {
0 -0.5 -1.0 6§

Figure 4. Variation of @ - a, with o (» = 0.99) for
systems (I) with M = ~CH,- (2), -O- (3), —S- (4), and
~NH- (5) and for system () (1) on the basis of NMR

(Y - ISF) 88,108

Analysis of the corresponding infrared spectroscopic
data for a series of benzoic acid derivatives (the C=0
stretching vibration frequencies) indicates their high

Russian Chemical Reviews, 44 (9}, 1975

sensitivity to electron-donor conjugation by the substitu-
ents (pk > 0). This is precisely why PBE was observed
in studies by this method of compounds of type (I) with

Y = COOCH; and M = ~O-—, 145,18

PBE was also observed in a study of the stretching
vibration frequencies of N -~ H in compounds (I) with
Y = NH, in the presence of bridges such as -O-, -S-,
~NH-, and —-N(CH,)~. ¢ This is fully consistent with
the above considerations, since the frequencies for
aniline derivatives '*° depend significantly on the capacity
of the substituents for electron-donor conjugation.

Thus data derived from NMR spectra (Table 10) and
infrared spectra of compounds of type (I) fully confirm
the conclusions reached about the mechanisms and cha-
racteristics of the manifestation of PBE obtained in
studies on the reactivities of the corresponding com-
pounds (Tables 7 and 9).

V. SYSTEMS WITH SINGLE-UNIT BRIDGE GROUPS
CAPABLE OF ELECTRON-ACCEPTOR CONJUGATION

The data examined above concerning the manifestation
of PBE refer mainly to systems (I) where the bridge
consists of heteroatoms capable of electron-donor con-
jugation. It is reasonable to suppose that, in those cases
where the reaction series is characterised by a high
sensitivity to the electron-accepting effect of the substit-
uents (lpg| > 0), PBE can also be manifested in systems
(I) with bridge groups capable of electron-acceptor con-
jugation,

For reactions involving substituted anilines , PR in
Eqn. (3) is fairly high. This is in fact why studies on the
nucleophilic reactivity of 4’-derivatives of 4-aminobenzo-
phenone 21,1 yjelded 4y = 0.91 (for reactions with
p-nitrobenzoyl chloride and picryl chloride). This shows
that system (I) with M = —CO- hardly differs from
system (II) in its ability to transmit electronic effects,
i.,e. an enhanced transmission efficiency was observed
for the first time in bycyclic systems with bridge groups
capable of electron-acceptor conjugation.

Subsequently enhanced transmission efficiencies of
systems (I) with the above bridge groups were observed
in studies of the acid dissociation of the corresponding
hydroxy-compounds (Tables 3 and 4) and the NMR spectra
of fluoro-derivatives (Table 5). Here it is important to
emphasise that in the cases examined PBE is shown only
for fairly powerful electrpn-accepting bridge groups and
varies in the sequence -NR=CH- > -=CH=NR= > =N=N —,
i.e. in the same sequence as the electron-accepting
capacity of these bridges, For groups with weaker elec-
tron-accepting capacities, such as =CH=N-, ~N=CH=-,
~C=C-, and — CH=CH~- (Tables 3~5}, the coefficients
@’ are appreciably less than unity.

These bridges do not show high transmission effi-
ciencies for systems (I) (Tables 3-5), although all the
reaction series examined (with the exception of Nos, 7 and
8 in Table 3) are sensitive to electron-acceptor conjuga-
tion [when data for benzene derivatives are interpreted
in terms of Eqn. (3), the pR are non-zero]. This shows
that PBE is observed only after the attainment of a
specific capacity of the bridge group for electron-acceptor
conjugation and when the reaction centre is highly sensi-
tive to such conjugation. This is confirmed also by
measurements of the transmission coefficients of systems
(I) with M = -SO,~. Whereas according to the dissocia-
tion data for 4-hydroxy-derivatives 7’ = 1,24 in the
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diphenyl sulphone system?5° (i.e. PBE is clearly mani-
fested), the study of the nucleophilic reactivities of the
corresponding 4-amino-~derivatives with respect to picryl
chloride in nitrobenzene showed that %’ = 0,68 (PBE not
observed) 92,

Since the NMR spectra of fluorobenzene derivatives
are fairly sensitive to both electron-donor and electron-
acceptor conjugation (Zhdanov and Minkin®, p, 375), it is
quite reasonable that, in NMR studies of compounds of
type (I) (Y = *F), PBE is observed for both electron-
donating (Table 10) and some electron-accepting (Table 5)
bridge groups. As already stated, in the latter case,
PBE is not observed in all cases but only for the most
electron-accepting bridges§. This hypothesis is con-
firmed particularly clearly by the data in Table 1}, where
the transmission coefficients for bicyclic systems with
single-unit bridges increase steadily as the electron-
accepting properties of the bridge group and its capacity
for electron-acceptor conjugation become more marked,
reaching a maximum value (7] = 13.9) for the powerful
acceptor ~C(CF,)~ (No. 11),

Table 11. Transmission coefficients estimated with the
aid of NMR in systems (I) with single-unit electron-
accepting bridges.,

Y=—19£86,108 Y=13F81
No. Bridge M in (I) . g ,
L7t R ES
CH,
/
1 —C— — —_ 0.48%
0
/
2 & 0.73 0.59 0.76%
NH
Va
3 & 0.82 0.63 -
0.BF,
/
4 & 1.82 1.35 -
0-BCl,
/
5 ¢ 2.23 1.56 2.44°
0-BBr,
P4
6 ¢ 2.24 1.61 -~
7 —&(on) — 2.26 1.69 2.72%
8 —&ph— 344 2,40 —
9 —&(CHy) — 5.80 4.86 —~
10 —CH— 7.07 5.29 —
1 —~&(CFy) — 13.9 10.4 -

aEgstimated by a direct comparison of the values of Ab.

Unfortunately, owing to the lack of oR constants, cha-
racterising the capacity of the CH;~M~ groups for elec-
tron-acceptor conjugation, it was not possible to interpret
the data considered in the present section in terms of
equations analogous to Eqns. (2) and (4).

It is interesting that the coefficients 7R calculated
from the corresponding pr constants increase in parallel

§The deviation of the point for system (II) in Fig. 4
(No. 1) is probably caused by the enhanced transmission
efficiency due to the capacity of the benzene ring for
electron-acceptor conjugation,

729

with increase of the #’y (Tables 5, 10, and 11). The
reasons for the observed variation of these constants as
the bridge M in (I) is varied are not yet altogether clear.
Nevertheless,it is noteworthy that the very appearance of
the constants pr, which usually characterise the interac-
tion between the substituent and the functional centre via
the conjugation mechanism, can hardly be caused here
by this interaction. The point is that the £R are not zero
even in series such as p-X-CgH,~CH,~*F, p-X~
CH,-Cg¢H,~*F, and p’-X~C¢H,~CH,~C;H,~"*F-p, 1°° where
such conjugation should not occur,

The above data permit the conclusion that in bridged
bicyclic systems of type (I) the electronic interaction
between the substituent and the reaction centre can be
not only weaker than in the non-bridged biphenyl system
(II) but in some cases can also be several times stronger.
This enhancement of the interaction, i.e. the positive
bridge effect, is manifested distinctly only when the
following conditions are observed:

1. The reaction series investigated (Ar-Y) is fairly
sensitive for benzene derivatives to electron donor (or
electron-acceptor) conjugation, i.e, the constant PR (or
pR) in Eqn. (3) is appreciably different from zero.

2. The bridge group can be involved in the above
conjugation, i.e. o (or oR) for the CH,—M~ group is
much smaller (or greater) than zero.

3. The bridge group is conjugated with each benzene
ring to an extent which varies as a result of the inductive
effect of the substituted ring.
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