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Fig. 1. NNR-C I3 absorption spectrum of mes i ty-  
lenonium heptaehlorodiaiuminate,  recorded at 
.-~25~ using double {H l} - C 13 resonance.  

In a r  of the s t ructure  and react ivi ty of arenonium ions formed as a resul t  of the addition 
of a proton to aromatic hydrocarbons,  the question of the distribution of positive charge in them is of great  
significance. MacLean and Mackor [2, 3] evaluated the distribution of the positive charge in benzenonium 
ions (I),  u~ing the data of proton magnetic resonance (PMR) spectroscopy on the chemical  shifts of the 
protons of the CH 3 groups occupying the positions in the protonated benzene ring. 
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For  exampi~e, for pentamethylbenzenonium tetrafluoborate,  the chemical shifts (in HF) comprise:  7.13 (4- 
CH3) , 7.31 (2- and 6-CH3) , and 7.59r (3- and 5-CH3) [4]. Assuming the influence of the anisotropy of the 
magnetic susceptibili ty of the protonated benzene ring on the shielding of the protons of the methyl groups 
bonded to i~: to be comparable with the effect observable for the usual unsaturated sys tems,  MaeLean and 
Maekor proposed that the shift of the signal of the i-CH a group of the benzenonium ion retat ive to the normal  
position of the signals of the CH a groups at a C= C bond (~8.40~-) is proportional to the fract ion of positive 
charge on the terminal  Ci atom. The distribution of positive charge in the pentadienyl portion of the ben- 
zenonium ions found in this way is charac ter ized  by an unexpectedly large degree of equalization (+0.22 unit 
of charge cn the C 2 and C~ atoms,  +0.16 unit of charge on the C~ and C a atoms, and +0.25 unit of charge on 
the C a atoms). Calculations per formed within the f ramework of the molecular  orbital method [2, 3] show 

that the positive charge should be localized to a 
substantially grea te r  degree on the C2, Ca, and C G 
atoms of the ring. 

The approach used by MacLean and Mackor 
presupposes that the chemical shift of the protons 
of the CH 3- C i f ragment  of the benzenonium ions is 

!I i !  ~ l ~ j l  l{i I influenced ~ bY the p~ charge ~ the Ci I 1 atom; the influence of the electr ical  fields of the 
positive charges of the other atoms of the ring (Cj 
when j ~ i) is not taken into consideration. However, 
the possibili ty remains  that this factor should not 
be neglected. Actually, if we assume, for example, 
that the positive charge is distributed onIy among 
the C2, Ca, and C G atoms (+0.33 unit of charge each) 
and est imate the shift of the signals of the protons 
of the CH 3 groups as a resul t  of the influence of the 
electr ical  fields of the charges of these atoms ac- 
cording to the Buckingham-Musher formula [5, 6], 

*For Communication 5, see [i]. 
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then after  averaging over all the conformations due to free rotation of the CH 3 groups around the C H 3 - C  i 

bond, the following resul ts  are obtained: for the 2-, 4-,  and 6-CH 3 groups,  A(r = -1 .09 ppm, while for the 
3- and 5 - C H  3 groups, A(~ = -0.71 ppm.$ Thus, the positive charges  of the C2, C4, and C 6 atoms should 
produce an ext remely  appreciable shift of the 3- and 5-CH~ groups of the benzenonium ions in the direction 
of weaker fields. Neglecting this c i rcumstance  in the analysis of the PMR spect ra  of benzenonium ions 
leads to an overest imation of the value of the positive charge on the C3 and C 5 atoms,  and therefore  the pic-  
ture of the distribution of positive charge found according to the PIVIR spect ra  may prove unreliable.  

Considerably more  reliable information on the nature of the distribution of 7r-electron density in un- 
saturated sys tems is given by the N 1 V ~ - C  13 spec t ra  [7], since in this case the complicating fac tors  noted 
above play a considerably more  minor role.  Taking this c i rcumstance  into considerat ion,  we determined 
the chemical  shifts of the carbon atoms of salts of two arenonium ions. The NMR-C 13 spect ra  were r e -  
corded for the natural  content of the isotope C 13 with the aid of the apparatus descr ibed ea r l i e r  [8, 9]. Salts 
of the mesitylenonium ion (II), which are  liquids at ~20~ were investigated in the pure form,  while the 
solid salt  of the anthracenonium ion (III) was sa turated with benzene to convert  it to the liquid state. The 
chemical  shifts found according to the NMR-C 13 spectra ,  recorded  using double {H 1} - C 13 resonance,  have 
the following values (in ppm f rom CS2): 

H H H H 
H 3Cx~,.~,,,/C H a s ~  

6:~Sj ~ AI{CIT"(AI2Br~) s ~ ~ ~  " ' ~  AI2CI; 

CH 3 H 
(II) (rID 

C~ -[- i39.2 (~ t38.2) C~ --~ 156 
C~, C4, C6 -- 0.5 (-- 0.5) C~0 -}- i3 

Ca, Cb ~ 40 
C3, C5 -{- 58.3 (-l- 57.5) C~,Cv -[- 49 (or ~53) 
a-, 4-, 6-CH~ + 166.2 (-{- t65,2) C,, Cs ~- 53 ( or + 49) 

C1, C3, Cs, Cs, Co, Ca:~. 

Data on the multiplicity of the signals obtained with the aid of weaker  monoresonance spect ra  were 
also used for the ass ignment  of the signals observed in the double resonance spectra .  For  example, the 
signals of heptachlorodialuminate,  situated in the double resonance spec t rum (Fig. 1) at 166.2, 139.2, 58.3, 
and 0.5 ppm, are a quartet (J = 130 ~: 7 Hz), a tr iplet  (J = 165 • 7 Hz), and a singlet,  respect ively ,  in the 
monoresonance spectrum.  In the case of the anthracenonium ion, in the ass ignment  of the signals of the 
sp2-hybrid carbon atoms,  the fact that according to molecular  orbital calculations the value of the positive 
charge on the Ci atoms drops in the ser ies  C10 > Ca, Cb > C2, C7 > C4, C5, etc. ,  and that the chemical  
shifts should also vary  in the same sequence, was also taken into considerat ion.  

In a considerat ion of the data obtained, attention should f i r s t  of all be paid to the fact  that the chemical  
shifts of the carbon atoms of the ring CH 2 groups of ions (II) and (iII) are  close to the shifts of the usual ali-  
phatic CH 2 groups (160-165 ppm. [10]), which confi rms the ear l ie r  conclusion of [11] of the transit ion of the 
carbon atom that has added a proton to the state of sp3-hybridization. The paramagnet ic  shift observed for  
the carbon atoms of the CH 2 groups of the arenonium ions [20-25 ppm for  (II) and 5-10 ppm for (III)] is due 
to the influence of the neighboring, posit ively charged carbon atoms,  t ransmit ted according to an inductive 
mechanism, and apparently according to a mechanism of hyperconjugation. Evidently this influence is all 
the s t ronger ,  the la rger  the value of the positive charge on neighboring carbon atoms,  i.e., the less the pos-  
sibility of delocalization of the charge on the remainder  of the ion. For  this reason  the chemical  shift of the 
carbon a toms of the CH 3 groups of the mesitylenonium ion is somewhat less  than that of the CH 3 groups of 
mesi tylene (172.2 ppm [12]). 

The nature of the distribution of the positive charge in the ring portion of the mesitylenonium ion is 
detected by a compar ison of the chemical  shifts of the r ing carbon atoms of this ion and of mesi tylene.  The 
chemical  shift of the nonmethylated carbon atoms of mesitylene is equal to 66.1, while that of the methylated 
carbon atoms is equal to 56.4 ppm [12]. Thus, the change in the shift under the influence of the positive 

t T h e  absolute values of A(r may be overest imated,  since the value of the microscopic  "dielectr ic  constant" 
was assumed equal to one in the calculation. This, however,  may not have a grea t  effect on the rat io of the 
values of A(~. 
$The signal was concealed by the signal of the solvent, which gives reason for believing the chemical  shift 

is 65 ~= 5 ppm. 
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charge cor~prises 57 ppm for  the C2, C4, and C G atoms and ~8 ppm for the C 3 and C5 atoms.* If we neglect  
the transfe:~ of positive charge to the CH 2 and CH  3 groups and assume that the change in the chemical  shift 
of the Ci atom of the ring is proport ional  to the fract ion of positive charge on this atom [7], then the values 
of the positive charges  on the C2, Ca, and C 6 atoms prove equal to +0.31, t  while on the C3 and C 5 atoms 
they a re  equal to +0.04.$ It should be mentioned that the coefficient of proport ionali ty between the change 
in the cher~Scal shift and value of the positive charge found according to these quantities is equal to 187 ppm 
/unit  of ch~:rge, which agrees  with the values cited in the l i tera ture  (160, 168, and 200 ppm/unit  of charge 
[13-15]). 

Thus, judging by the NMR-C 13 spectra ,  the positive charge on the mesitylenonium ion (II) is concen- 
t ra ted chiefly on the C2, Ca, and C 6 a toms.  The distribution of charge in this way is close to that calculated 
by the molecular  orbital method in the Hiickel approximation [2, 3]. 

In the; case of the anthracenonium ion, the side r ings part icipate effectively in the delocalization of the 
positive charge.  This leads to the fact  that the chemical  shifts of the carbon atoms of the central  r ing prove 
to be substuntially g rea t e r  than in the case of the mesi tylenonium ion. For  anthracene itself, the chemical  
shifts of th,~ ~- and fl-carbon atoms are  equal to 66.7 ppm., while those of the meso -a toms  and junction 
atoms are  131.5 and 64.5 ppm, respect ively  (on account of the poor solubility, the spec t rum of anthracene 
was recorded  in d imethylformamide at t empera tu res  above 100~ If we consider  that the chemical shifts 
of the carbon atoms of the anthraeenonium ion, the signals of which are  masked by the solvent, lie within 
the range 60-65 ppm, then the sum of the changes in the chemical  shifts f rom anthracene to the anthra-  
cenonium ion compr i ses  160-190 ppm for all the carbon atoms other than the carbon that has added a proton. 
The e• value of the shift per  unit charge (see above) cor responds  to this interval .  Assuming a coef-  
ficient of p:.-oportionality between the change in the chemical  shift and the value of the positive charge equal 
to 187 ppm/uni t  of charge,  just  as for  the benzenonium ions, we obtain the following tentative values for the 
positive charge on individual carbon atoms of the anthracenonium ion: for  the C10 atom +0.26 unit of charge,  
for the C a ~nd C b atoms +0.13 unit of charge,  for the C 2 and C 7 atoms +O.10 or +0.07 unit of charge,  and 
for  the C 4 ~snd C 5 atoms +0.07 or 0.10 unit of charge.  The value of the positive charge for the C10 atom 
found in this way is in good agreement  with the value obtained in an analysis  of the PMR spect ra  (+0.25 unit 
of charge [2]), but differs  substantially f rom that predicted by molecular  orbital calculations in the Htickel 
approximation (+0.400 unit of charge [2]). A c loser  value (+0.276 unit of charge [2]) in this case is given by 
a calculation pe r fo rmed  by the Wheland and Mann method of per turbat ions.  

Our ref inement  of the distribution of positive charge in arenonium ions, in turn, permi ts  a refinement 
of the ratio of the contributions of var ious  fac tors  to the proton chemical  shifts, which we intend to do in one 
of our following communicat ions .  

E X P E R I M E N T A L  

The procedure  for preparat ion of the salts of arenonium ions used in the work was given in [16, 17]. 
The NMR-C 13 spec t ra  were recorded  at ~25~ on an ins t rument  with a working frequency of 15.1 MHz, using 
rapid adiabatic passage under conditions of observat ion of the dispers ion signal Using double resonance [8, 
9]. In this way-, thanks to the disappearance of multiplets in the N M R - C  13 spec t rum and the Overhauser  in- 
te rnuclear  effect, a sixfold increase  in the signal intensity can be achieved. The accuracy  of the measu re -  
ment of the chemical  shifts in this case was • ppm. For  salts  of the mesi tylenonium ion, in addition to 
the dispers ion spectra ,  we also recorded  the absorption spec t ra  using development of the frequency and 
complete uncoupling of the protons,  ensuring g rea te r  accuracy  in the determination of the chemical  shifts 
(4-0.5 ppm). 

* It may be assumed that in the transi t ion from an aromat ic  hydrocarbon to its conjugate acid, the con- 
tribution of the effect of anisotropy to the chemical  shifts of the ring carbon atoms is pract ical ly  unchanged. 
This is indicated by. the c loseness  of the chemical  shifts of aromat ic  (benzene + 65.0 ppm) and olefinic (cyclo- 
hexene + 66.3 ppm [7]) carbon atoms. 
-~ 57/(57 x 8+ 8 x 2) ~0.31 and 8/(57 x 3+ 8 x 2) ~0.04. A considerat ion of the part ia l  t r ans fe r  of positive 
charge to the CH 2 and CH 3 groups leads to a certain decrease  in these values, but their rat io is unchanged 
in this case.  
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CONCLUSIONS 

i. The distribution of 7r-elecltron density in the mesitylenonium and anthracenonium ions was esti- 
mated according to the NIVIR-C 13 spectra. 

2. In the mesitylenonium ion the charge is concentrated chiefly on the ring carbon atoms correspond- 
ing to the ortho- and para-positions with respect to the site of addition of the proton. In the anthracenonium 
ion, the side rings participate effectively in the delocalization of charge. 
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