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Absfract The ‘“C NMK spectra for all seventeen methylatcd tropylium Ions have been obtamed m aceto- 
mtrllc-cl, and the chernlcal shifts of the Me- and the rmg-carbons assigned. The plots ofthe I ‘C shifts ofring- 
carbons agamst charge densities calculated by the simple Hiickel MO method by the use of the mductlve and 
the heteroatom models afford linear correlanons. The lJC shafts for the Me-carbons and the ‘H shifts for the 
Me- and the rmg-hydrogens are linearly correlated with the “C shifts for the ring-carbons to which they are 
attached, provided the Me groups or the ring-hydrogens residing in similar steric environments arc 
compared. From the slopes of the correlation lines the dependences of the “C shifts of Me-carbons and the 
‘H shifts of rmg- and Me-hydrogens on charge densities of ring-carbons have been estimated to be 35 -50. 
I I 16. and 2.9 5. I ppm. respectively. by assuming I60 ppm for the charge dependence of the ’ ‘C shifts of the 
ring-carbons. 

Since the discovery of the linear correlation between 
the ‘“C NMR chemical shift and the electron 
density,2” ” various systems have been subjected to the 
examination of the correlation.’ Although it is too 
premature at the present stage to regard the 
correlation as a general rule. it appears that the 
relationship is well established for various Htickeloid 
aromatic systems which exhibit ‘“C chemical shifts 
over a wide range (cu I20 ppm).” A and the 
proportionality constant of I60 ppm;.electronZh ’ is 
widely used. 

The tropylium ion, which was first discovered 
among the Hiickcloid carbocations, was included in 
the important work of Spiesecke and Schneider.“’ 
However. this system has never been subjected to the 
examination of the dependence of ‘“C chemical shifts 
of individual ring-carbons on the variation of charge 
density which is induced by the introduction of 
substitucnts. In the course of our work on the one- 

electron reduction of substituted tropylium ions’ we 
succeeded in synthesizing all members of the 
methylated tropylium ions (Scheme l).lh Con- 
sequently, we decided to examine whether such a 
correlation holds for the methylated tropylium system. 
where the spread in the 13C shifts of the ring-carbons 
are limited to very narrow range (co 27 ppm). In this 
paper we present assignment of “C chemical shifts of 
the Me- and the ring-carbons. and the linear 
correlations between the ‘“C chemical shifts of the 
ring-carbons and their n-electron densities as 
calculated by the simple Htickel MO method.” In 
addition. the linear correlations of the ‘H shifts of the 
ring- and the Me-hydrogens and also the 13C shifts of 
the Me-carbons with the ‘.%C shifts of the ring-carbons 
have been established. From these correlations the 
charge dependencies of the ‘“C and ‘H chemical shifts 
for the ring and the Me groups have been estimated. 

RESULTS AND DISCLSSIO~ 

Assignment of “C chemical shijis. The ‘“C NMR 
spectra of the methylated tropyhum ions were 
measured in acetonitrile-d, at 25 Unambiguous 
assignment ofthe Me ’ 'C chemical shifts ofmost of the 
ions was made based on the relative intensities or 
uniqueness of the signals and fully ’ H coupled spectra. 
Some of the MC ’ %Z signals of the ions 3b. 4b, 4c. and 5c 
could not be assigned by the use of the above methods. 
In such cases the simple additivity rule for the MC 
substituent effect on the chemical shift was successfully 
applied. In the case of6 the above procedures could not 
necessarily be applied with success: thercforc. 3- 
(deuteriomethyl)-1.2.4.5.6~pentamethyltropylium per- 
chlorate was prepared and the “C signals for the 3- 
and 4-Me groups were unequivocally assigned. The 
results are tabulated in Table I. 

The ‘-‘C chemical shifts of the ring-carbons were 
also assigned by utilizing the same technique as the 
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Table I. ‘“C NMR chemical shifts for methylated tropyhum ions in CD,CK at 25 ($5 = Oppm 

Methyl 

ton posltlo” - 

0 - 

L 1 

.& t,2 

& t,3 

.k 1.4 

2% 1.2.3 

3b 1.2.4 

c t.2,5 

&! 1.3.5 

9 1.2.3.4 

ti 1.2.3,s 

“c 1.2.4.5 

?A! 1.2.4.6 

2.5 t.2.3,4.5 

2!2 1.2.3.4.6 

& 1.2.3.5.6 

Ring carbon 

1 2 3 4 5 6 7 -- - - - - -- 

156.23 156.23 156.23 156.23 156.23 156.23 156.23 

174.13 156.64 153.59 153.gg 153.gg 153.Sg 156.64 

171.90 171.90 155.00 151.59 151.59 151.59 155.OO 

170.90 157.17 170.90 154.76 151.30 151.33 154.76 

171.26 154.17 154.17 171.26 154.40 151.53 154.40 

t68.g6 170.:3 168.g6 t53.47 149.40 149.40 153.47 

169.32 169.0g 155.g4 168.32 152.00 149.42 152.47 

168.g6 168.g6 153.17 152.18 168.08 152.18 153.17 

168.03 15S.OO 168.44 155.00 168.n3 152.47 lS7.47 

165.g7 16P.67 16R.67 165.g7 150.g4 146.72 150.g4 

166. 7g 16F..n8 166.03 154.23 165.44 150.12 151.65 

166.20 166.50 155.00 166.50 166.20 15l.OO 151.30 

166.So 166.So l~i3.8~ 165.73 152.65 165.73 153.82 

162.86 165.33 167.7g 165.33 162.86 148.71 148.7, 

163.85 165.g7 165.g7 163.85 15t.88 162.Z8 151.88 

164.0g 164.g7 164.0g 153.Zg 163.74 163.74 153.29 

a ‘,2,3,4.5, 160.63 162.10 164.3g 164.3g 162.10 160.63 ISO. 
6 

7 1.2.3.4.5, 160.28 160.28 160.28 160.28 16n.28 160.28 160.28 

6.7 

Methyl carbon 

- 
29.30 

28.B3 

29.36 

28.7, 

30.2g 

28.30 

28. l2 

28.77 

29.65 

29.65 

27.3n 

28. 37 

28.47 

29.82 

29.82 

28.4; 

28.83 

25.42 

28.77 

28. I2 

- 

26.S4 

24.83 

28.30 

28.37 

25.77 

25.8g 

24.07 

24.S4 

3 

3n.2g 

- 

29.47 

26.S4 

30.35 

- 

- 

28.no 

25.8g 

29.82 

26.89 

24.48 

4 5 - - 

- - 
- - 

- - 
28.7, - 

- - 

28.77 - 

- 27.65 

- 28.7, 

23.65 - 

- 27.77 

28.30 27.30 

29.00 - 

25.77 28.47 

29.R2 - 

- 27.36 

26.8g 24.S4 

24.48 24.48 

6 7 - - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

29.no - 

- - 

27.83 - 

27.36 - 

28.47 - 

24.48 24.4, 

case of the Me-carbons. The assignment in the case of 
methyl-tropylium ion (1) was most important since the 
Me substituent-induced chemical shifts of the ring- 
carbons of 1 were often used to assign the signals ofthe 
ring-carbons of other ions. Therefore. methyl- 
tropylium-2,7-d, and methyltropylium-4-d per- 
chlorates were prepared and the ring-carbon chemical 
shifts were unequivocally assigned. The results are also 
presented in Table 1. 

Correlution of’ “C chemical shifts with calculated 
charge densities. The Me substituent-induced chemical 
shifts of the individual carbons of ionic n-systems were 
shown to linearly correlate with charge densities for 
methylated ben7emumJ”~ and naphthalenium’ ions. 
However, no systematic study has been reported on 
the methylated tropylium ions. Therefore, we 
examined the correlation of the “C chemical shifts of 
all ring-carbons of all the methylated tropylium ions 
(Scheme I ) with charge densities calculated by the 
simple Huckel MO method by the use of the inductive 
and the heteroatom models.’ The inductive parameter 
(h,?) for the Me-substituent was adjusted to -0.27, 
whtch was obtained by trial and error to afford 
reasonable values for the charge dependence of the “C 
chemtcal shifts of the ring-carbons (ride in@). 

The plot of the 13C shifts for the ring-carbons 
against their charge densities calculated by the use of 
the inductive model is shown in Fig 1. Two 
characteristic features are apparent in the plot. First, 
both the Me-substituted and the hydrogen-carrying 
ring-carbons are divided into three categories, i.e. the 
ring-carbons possessing no. one, or two orthot Me 
substituents. Conceivably. this stems from neglecting 
of the electron-withdrawing inductive effect’ of the 

+In thts paper we use orfho. mere. and pclra to indicate the 
postttons m the rmg for convenience. 

I;ig. I. Corrclatton for individual postttons of the methylated 
tropylium ions of 6,,c with charge denstty calculated by the 
inductive model. Open circle: rmg-C wtth no orrho Me 
I/J = 15X. r = 0.9781). Triangle: rmg-C with one orrho Me 
(,J = 125: r = 0 ‘9777). Sohd ctrclc: rmg-C with two orrho Me‘s 
(,J = 109. r = 0.9770). The numbers followrng the notations 

for the ions represent ring positions. 

ortho Me substituents; if appropriate correction 
factors are introduced regarding such an inductive 
effect, the three categories might merge to give a single 
correlation line. Secondly. both the Me-substituted 
and the hydrogen-carrying ring-carbons are accom- 
modated by a single straight line provided the ring- 
carbons belonging to one of the three categories 
mentioned above are selected. From the slopes of the 
correlation lines, the values for the charge dependence 
of the ’ ‘C chemical shifts are calculated to be 158, 125, 
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to 6 n-electron Huckeloid aromatic systems with 6-, 7-, 
or &membered ring, 

The introduction of a Me group at the paru position 
of 3-Me in Sa fails to give a straight line as shown by 
a dashed line in Fig. 3. This appears to suggest severe 
stcric crowding of the accumulated Me substituents. 
This aspect will be discussed in further detail in the 
following paper. ” 

Correlation oJ ring ‘H chemical shifrrs with ring “C 
chrmicu/ shifi.s. The dependence of the ‘H chemical 
shift upon charge density of the carbon to which the 
hydrogen of interest is attached has been investigated 
theoretically and experimentally.’ ’ Spiesecke and 
Schneider proposed a value of 10.6 ppmjelectron for 
the dependence of ‘H chemical shifts on carbon 
charge.*” This correlation can also be tested by the plot 
of the chemical shifts of the hydrogens against those of 
the carbons to which they are attached.‘” Ifwe employ 
the charge dependencies, 160 for carbon and 10.6ppm 
for hydrogen, the slope of the plot is expected to be 
0.0663 ( = 10.6:‘160). which is the ratio of the charge 
dependence of ‘H chemical shifts to the charge 
dependence of ’ %Z chemical shifts. Farnum examined 
this sort of plot by utilizing corrected ‘H chemical 
shiftst for C,H;, C;Hf, C,H,, C,H;, C,H;, and 
C,Hi-. obtaining an excellent correlation with a slope 
ofO.0746, where the ‘H and the ‘% shifts ranged over 

9.5r 

I I 

150 l-55 
+ It % (COSN). FD~ 

Fig. 5. Correlation of d,,, of ring hydrogens with ii, ., of the 
adjacent trigonal carbon atoms for the methylated tropylium 
ions. The numbers following the notations for the ions 

represent ring positions. 

Worrected for the ring-current effect. 
.iC‘or the ‘H chenncal shift data in trifluoroacetic acid. see 

KeT Ih 
g DetaIled discussion on the magnitude of the slopes may 

not be permitted since different solvents were used in ‘H and 
‘.‘C XMR measurements In this work. 

’ Aryldlmelhylcarbomum Ions. cycloalkenyl cations. and 
phenylmethylcarbonium ions have been subjected to the 
examination of this correlation by Farnum3” by utilizing the 
data available in the literature. 

IIThe reason for the finding that the linear correlations hold 
only for a series of specific Me groups is considered to be 
ascribed to conformational elfects’ ’ as wll be discussed in the 
following paper.l’ 

7 ppm and 92 ppm, respectively.“” A similar plot was 
tested for the hydrogens and the carbons of benzene 
perturbed by para-substituents, giving a line with a 
slope of 0.0581.‘6 In the latter case, the ‘H and ‘jC 
chemical shift ranges were much smaller, being 
1 .O ppm and 20 ppm. respectively. 

When similar plot was tested on the mcthylated 
tropylium ions,: which show ‘H and 13C chemical 
shifts over 1.0 and 1Oppm ranges, respectively, three 
linear correlation lines were obtained (Fig. 5). 
corresponding to the hydrogen flanked by no. one, or 
two ortho Me subshtuents; these lines afford the slopes 
0.0993 (r: 0.9966), 0.0828 (r: 0.9481), and 0.0662 (r: 
0.9501), respectively. The slopes are close to those 
previously determined in other systems mentioned 
above.4 However, the present results indicate that the 
sensitivity of ‘H chemical shifts toward carbon charge 
density depends on the degree of shielding of tl.e 
hydrogen by adjacent Me-substituents. It appears that 
the more shielded hydrogens exhibit less charge 
dependence. By employing the Spiesecke-Schneider 
value of I60 ppmZh as the linear charge dependence of 
the 13C chemical shifts, the charge dependence of the 
ring ‘H chemical shift becomes I1 _ 16 
( =0.0662 x 160 . 0.0993 x 160) ppm. 

Correlation oj merhyl ‘H chemical shijts wifh ring 
13C chemical shijts. The linear correlation between the 
‘H chemical shifts of the Me groups in carbonium ions 
with charge density on adjacent carbonium carbons 
was demonstrated by MacLean and Mackor for the 
‘HNMR spectra of a number of cyclohexadienyl 
cations.*’ A similar correlation was also found to hold 
for the Huckeloid aromatic systems, i.e. hexamethyl- 
benzene, trimethylcyclopropenium ion, and tetra- 
methylcyclobutenium dication.‘” However no 
systematic study on this sort of correlation for a single 
Huckeloid aromatic system has been carried out, 
presumably from lack of ‘H and ‘“C chemical shift 
data.? Therefore, we examined the above correlation 
for the methylated tropylium ions. 

As Fig. 6 shows, the points scatter over a wide range. 
However, close examination of the plot reveals that 
there are systematic correlations. In Fig. 6 solid circles 
represent outermost Me’s in more than three Me’s 
attached to contiguous ring-carbons; open circles 
represent isolated Me’s: squares reprcscnt one ofa pair 
of adjacent Me’s:,solid triangles represent .Me’s which 
are buried among three or more Me’s; open triangles 
represent central Me’s in three Me’s attached to 
contiguous ring-carbons. 11 (Here the notation, 3b--4 
for example, shows the Me group attached to 4-carbon 
of 3b.) The slopes for a series of correlation lines are 
0.032, 0.030, 0.027,.0.026, and 0.018 in the above 
mentioned order. In these cases also. the sensitivity of 
‘H chemical shifts toward ring-carbon charge 
decreases as the hydrogen is more shielded, the trend 
being similar to the correlation of ring ‘H chemical 
shifts with ring-carbon charpc (ride .supru). If the 
Spiesecke Schncidcr value of I60 ppm/electron 1s used 
for the charge dependence of the ’ ‘C chemical shifts, 
then the charge dependence of the hydrogen of the Me 
group is calculated to be 2.9 z 5.1 ( =0.018 
x 160 4 0.032 x 160) ppm. 

In conclusion. the charge dependencies of the 13C 

and the ‘H chemical shifts for the methylated 
tropylium ions may be summarized as in the following 
scheme. Although the sensitivity of the ‘H chemical 



Alkylated tropylium ions 111’ 

160 165 170 
613, at c: ppm 

175 

Fig 6. Correlatton of b u of Me hydrogens with d;, ~, of the 
adjacent trigonal carbon atoms for the methylated tropylium 
ions. The numbers following the notations for the ions 

represent ring posmons. 

shifts toward the charge densities of the ring-carbons 
was found to depend on the degree of shielding of the 
hydrogen, attenuation of the effect of the positive 
charge by a factor of 3 -4 upon insertion of a carbon 
atom appears reasonable. 

H -‘n. 2.9-51 ppm/c 

“C: 35 - 50 ppm/c 

Hc’H. 11 - 16 ppmk 

EXPERIMENTAL 

Materials. All reagents were of reagent-grade quality 
except when otherwise noted. 

3-(Del~feriomefh~/)-1.2.4.5.6-pentamefh~/rr~p~/ium per- 
ch/orate. Thts compound was prepared by the hydride 
abstraction with trrtyl perchlorate’” of deuteriomethyl- 
pentamethyltropilidenc isomers, which was prepared via the 
ring expanston of 3-(deuteriomethylkdurene with ethyl 
diazoacetate as reported previously.lh 3-(Deuteriomethyl)- 
durene was prepared in the following manner. A soln of 3- 
(chloromethyl)durene (71.7g. 0.392 mol), which was 
prepared following the method reported m the literature,“’ 
was added to LiAID, (9.88g, 0.235 mol) in THF (150ml) 
under reflux with stirring over I.5 hr and the mixture stirred 
under reflux for further 24 hr. The mtxture was worked up in 
the usual manner to give 3-(deutertomethyl)durene (57.1 g. 
94.8 ““). 

Merhylrrop~Iium-2.7-d, perchloran!. This was prepared by 
the hydride abstraction wrth tntyl perchlorate’” of 3- 
methyltropilidene-2.4-6,. which was prepared from 2,6- 
cycloheptadtenone-2,7-d, by the method reported pre- 
viously.“’ 2.6-Cycloheptadicnone-2.7-d, was prepared in the 
following manner. Cyclohcptanone was converted to 
cyclohcptanone-2,2.7.7-d, by the method reported.” which 
was then transformed into 2.6cyclohcptadienone-2.7-d, rro 
the route of ethylene kctal formation, bromination. 
dehydrobrommation. and hydrolysis.” During the ethylene 
ketal formatron cu 75”,, of D was exchanged with H. 
However. the 2- and 7-deuterated carbons of the perchlorate 
were observable as a triplet on “C NMR measurement. 

Mrfh!/rropv/ium-4-d perchlorare. This was prepared by the 
rmg expanston of toluene-4-d wrth dtaiomethane” followed 
by hydride abstraction wrth trityl perchlorate.” Toluenc-4-d 
containing 70”” D was prepared by the treatment of p- 
tolylmagnesium bromrde wrth D,O. 
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“C N.MR meusurement. ‘.’ C NM R spectra were recorded 
on a JNM-FXIOO operating in the Fourier transform mode 
wtth IO mm tubes at 25.00 MHz with proton noise decoupling 
for the solns of the perchlorates (50-IOOmg) drssolved m 
CD,{CN (l.Oml) at 25 Chemical shifts in ppm were 
determined relative to the CD, group of CD,CN and 
converted to the TMS scale usmg d, ,,, 1.35 for CD,CN. 
Generally the spectra were obtamed employing a 6024Hz 
width m 8lY2 data points. The chemical shifts were 
reproducible to +0.05 ppm. When necessary fully ‘II 
coupled spectra were obtained for unambiguous assignments 
of the signals. 
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