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reduction have similar structures and exhibit a similar dynamic 
behavior as the corresponding galvinoxyl radicals which are 
generated by oxidation of the parent galvinols. On the other hand, 
the spin density distributions in these two types of radicals are 
completely different. This allows the investigation of different 
properties. Thus, phenyl hyperonjugation can be studied in or-
tho-substituted triphenylmethyl-type radicals whereas the phenyl 
proton coupling constants in the respective galvinoxyls are too small 
for this purpose. Moreover, the mechanism of spin density transfer 
into alky] groups can be investigated in diphenylmethyl-type 
radicals because of the large spin population at the central carbon 
atom. In this context, the potential of the general TRIPLE method 
for a determination of signs of hyperfine coupling constants proved 
to be of great value. 

Recently we presented a detailed 1H and 13C NMR study on 
the stereochemistry of tetra-o-tolylcyclopentadienone (compound 
I).4 We proposed a static stereochemistry, based on a molecular 
framework, in which the four peripheral o-tolyl rings are per
pendicular to the central cyclopentadienone ring, at least on the 
NMR time scale. Thus compound 1 exists as a mixture of ten 
rotamers. Their characteristics are given in Table I and in Table 
I of ref 4. Therefore, a total of 16 methyl resonances is expected, 
in achiral solvents4 when internal rotations are frozen out, 8 being 
due to the a o-tolyl rings and the 8 others to the /3 ones. 

In the 1H spectra recorded in the slow-exchange region of 1 
(-60 to -30 0C), we observed at most 14 signals, with important 
overlapping or tailing. It was, therefore, impossible to make any 
assignments of these signals to the rotamers they arise from; 
neither we could assert whether two signals are missing because 
of accidental isochronies or because one of the rotamers is much 
less populated than the others.4 

In a medium-temperature range, we observed four residual5"7 

methyl signals, two almost isochronous low-field a ones and two 
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high field /3 ones, assignable to two residual isomers.4 This partial 
coalescence is due to internal rotations of o-tolyl rings becoming 
rapid on the NMR time scale. This behavior was shown to be 
compatible with only four out of the ten possible modes of internal 
rotations of 1: two three-ring rotations, M7 and M8, and two 
one-ring rotations, M1 (the a one ring rotation) and M2 (the /3 
one ring rotation). We excluded M7 and M8, though NMR 
indistinguishable from M2 and M1, respectively, for steric reasons. 
We preferred M1 as the threshold mode rather than M2 exclusively 
on the basis of qualitative activation barrier considerations.4 

The aim of this paper is to propose a complete rotamer as
signment together with strong two-dimensional NMR evidence 
for the a one-ring rotation as the threshold mode. 

Figure 1 presents the methyl region of a resolution-enhanced4,8,9 

(Lorentz-Gauss) 500-MHz 1H spectrum, recorded in CDCl3 at 
-43 0C, with our signal numbering, our rotamer assignment, and 
the constitution a or 0 of the methyl group that the signal arises 
from (see also Table I). Signals with double numbering are pairs 
of isochronous resonances (see below). 

The 500-MHz spectrum of Figure 1 compared fairly well with 
the 270-MHz spectrum at -40 0C of Figure 4 of ref 4 except for 
two details: (1) the well-separated signals 9 and 10 in the 500-
MHz spectrum are isochronous in the 270-MHz spectrum of ref 
4; and (2) the two isochronous signals 15 and 16 in the 500-MHz 
spectrum at -43 0C are well separated in the 270-MHz spectrum 
at -40 0C. We attribute the latter observation to a strong tem
perature dependence of the chemical shift of signal 15. 

Figure 2 represents identical contour plots of the slow-exchange 
500-MHz 2D spectrum, recorded at -43 0C, to which we have 
superimposed the networks, indicating, respectively, which a and 
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Table I. Rotamers of V 

rotamer 

Ii 
V I i 
I3 
I 4 /1 , 
WI 5 
Wi5 

point 
group 

C8 

C1 

C8 

C2 

C1 

C2 

signal 

a 

9 
2, 16 
1 
7 
3, 5 
4 

assignment 

/3 

6 
8, 11 

10 
15 
12,14 
13 

"r 

1 
1 
1 
2 
1 
2 

m, 

1 
2 
1 
2 
2 
2 

„ ajScis 

2 
1 
0 
2 
1 
0 

n Wcis 

1 
1 
1 
0 
0 
0 

xj>(x,y) 

*y 
2zy 
y 
Z1 

Iz 
1 

Y exptl 
A/. 

0.04 
0.16 
0.13 
0.13 
0.28 
0.26 

M1 

0.05 
0.17 
0.13 
0.09 
0.31 
0.25 

v calcd 
Ar 

M2 

0.07 
0.23 
0.19 
0.07 
0.24 
0.20 

"Point groups, signal assignment, algebraic expression of the populations together with their experimental values and the calculated ones assuming 
the modes M1 and M2. tr, = symmetry number of rotamer r; m, = mixing entropy factor; n"Sas = number of a8 cis interactions in rotamer r, n/'3c,s 

= number of 88 cis interactions in rotamer r. 

15 16 

Figure 1. Resolution-enhanced ID NMR spectrum at 500 MHz of 1, in the methyl region, at -43 0C in CDCl3 

/3 signals exchange their magnetization. In ideal experimental 
circumstances, such a 2D spectrum is a faithful representation 
of the Kubo-Sack matrix6 of magnetic site exchanges. The 
contours of the main diagonal represent cross sections of the 1D 
spectrum at chosen levels. The nondiagonal contours, the so-called 
cross peaks, at the coordinates ij and ji indicate a magnetization 
transfer from the site with chemical shift 5, to the one with 
chemical shift <5, and conversely. 

The cross peaks of the 2D spectrum of 1 have intensities, 
depending on the rate constants of magnetization transfers. These 
constants are different because the isomerizations occur between 
rotamers with different energies. Therefore, the cross peak in
tensities are different, in particular also those of a pair ij and ji. 
In practice, however, we have chosen to symmetrize the cross peaks 
with respect to the main diagonal, with reference to the less intense 
one, in order to avoid the strong artifacts due to the axial peaks.7 

Therefore, no quantitative information can be obtained from these 
contours. Moreover, for high contour levels, some weak but 

relevant cross peaks can be missing. 
The argumentation for the construction of the networks a and 

/3 of Figure 2 is the following. Our previous stereochemical 
analysis4 (see Figures 8 and 9 to ref 4) shows that for both the 
modes M1 and M2, the graphs representing the magnetic site 
exchanges are composed of four square subgraphs; there are two 
such subgraphs for the a resonances and two for the 0 ones. The 
four signals associated with each subgraph coalesce to a unique 
residual signal. The square structure of these subgraphs indicates 
that each magnetic site can be transferred to precisely two others 
when the internal rotations of M1 or M2 do proceed. As a con
sequence the magnetic site exchange matrices associated with such 
a subgraph must each exhibit two nonzero nondiagonal elements 
on each row and column. As a result, four submatrices, having 
each two cross peaks on each row and column, must appear in 
the 2D spectrum. The networks of Figure 2 show that this is 
actually the case. The four magnetic site exchange submatrices 
deduced from the 2D spectrum are the following: 
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10 
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0 
1 
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1 
0 
1 
0 

10 
0 
1 
0 
1 

11 
1 
0 
1 
0 

12 
13 
14 
15 

12 
0 
1 
0 
1 

13 
1 
0 
1 
0 

14 
0 
1 
0 
1 

15 
1 
0 
1 
0 

In these submatrices the row and column indexes represent the 
methyl signals. A nondiagonal a,-,- or /3,y element is equal to 1 when 
the entry ij of the 2D spectrum exhibits a cross peak and is equal 
to 0 otherwise. For commodity, the diagonal contours have been 
set equal to 0 since they are irrelevant to the analysis of the 
magnetic site exchange. In practice, small differences between 
the expected and the experimental 2D spectrum are observed. 
Contours which do not lie at the intersection of rows and columns 
are artifacts. Further, the pair of small cross peaks appearing 
at the coordinates 47/74, not indicated in the matrix a2, is at
tributed to a two-step magnetization transfer. Note moreover that 
the matrix elements /3'68 and /3'86 equal to 1 in the matrix /31, do 
not appear in the 2D spectrum of Figure 2. We observed them, 
however, in 2D spectra not shown here which have a lower contour 
level or which were recorded with longer mixing times, but these 
spectra displayed also more artifacts. The same remark holds for 
the pair of elements /31K)1H

 a n d /3 ' n 10 which do appear only as 
tails in Figure 2. The cross peaks associated with the pair of matrix 
elements /32

1215 and /32
15,2 lie in fact between the rows and columns 

14 and 15. 
To our opinion this reflects a little temperature instability in 

the NMR probe since the ID spectra showed that signal 15 is 
very sensitive to the temperature. Moreover the exact position 
of signal 15 on the main diagonal of the 2D spectrum is made 
a little uncertain by its overlapping with signal 16. 

The symbol a or /3 of the matrix indicates whether it describes 
four magnetic site exchanges of a or /3 sites. The assignment of 
the submatrices to a or /3 sites can be made from a chemical shift 
argument. The signals of the submatrices /31 and /32 coalesce to 
residual signals at, respectively, 1.99 and 1.88 ppm at 30 0C in 
CDCl3 and correspond fairly well with those observed at 2.04 and 
1.90 ppm for 3,4-di-o-tolyl-2,5-diphenylcyclopentadienone10 

(compound 2) in which only /3 and no a o-tolyl rings are present. 
Moreover, these two residual signals coalesce in turn at higher 
temperatures (Figure 7 of ref 4). For these reasons we identify 
these two sets of high field signals (6,8,10,11 and 12-15) as /3 
signals. The signals of the submatrices a1 and a2 coalesce to two 
accidentally isochronous residual signals at 2.14 ppm; this reso
nance is of course absent in 2.10 Therefore, we identify these two 
sets of signals (1,2,9,16 and 3-7) as a ones. The wider range in 
the chemical shift of the a signals is attributed both to a larger 
variation in the torsion angles of the a rings with respect to the 
/3 ones and to the magnetic anisotropy of the carbonyl ring lying 
closer to the a then to the /3 ones. 

Starting now from this identification and from the basic idea 
that for a given rotamer there are equal numbers of a and /3 
resonances with identical intensities, we can now attribute all these 
signals to the rotamers they arise from. To do so, we evaluate 
the populations of the rotamers (or pairs of enantiomeric ones) 
by using a model developed recently by Pepermans" which was 
applied successfully to the attribution of the rotamers of hexa-
arylbenzenes. This model allows the computation of the popu
lations of the rotamers parametrically as a function of the number 
of cis and trans interactions between the o-tolyl rings. With the 
cis (respectively trans) interaction, we mean the interaction be
tween two neighboring o-tolyl rings on which the methyl groups 
lie on the same side (respectively the opposite side) of the cy-

(10) Haywood-Farmer, J.; Battiste, M. A. Chem. lnd. (London) 1971, 
1232. 
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clopentadienone ring. In 1 there are two a/3 interactions and one 
/3/3 interaction, each of which can be either cis or trans. Assuming 
that in the first approximation, the population differences between 
the rotamers are only due to differences between their symmetry 
entropies and their enantiomer mixing entropies and are due to 
the free enthalpy contributions resulting from the above a/3 and 
/3/3 interactions, the number of moles of rotamer r at equilibrium 
can be expressed as 

*nr ( 1 
Nr = y— exp] [na0cisGaflc,s + ^a/Straiuga/Jtrans + 

n 00cuQ00a> + n /S/3tran»£/J/3traiB] J ( J ) 

In formula 1, mr = 1 or 2 according to whether the rotamer r is 
achiral or chiral, so that we can treat a pair of enantiomeric 
rotamers as a single rotamer. The constant <r, respresents the 
symmetry number of rotamer r. The term Ga,tas represents the 
contribution to the free enthalpy due to one a/3 cis interaction and 
is supposed to be the same for all the rotamers; nr

a$as represents 
the number of times this interaction appears in rotamer r. The 
quantities G"*3"1"*; G*30*, and G*3""3"8 on one hand and nr

a"lnui!, nr
3^, 

and nr
m'mi on the other hand are defined analogously. The 

proportionality factor y is supposed to be independent of rotamer 
r. Taking into account that 

„ ap"cis _i_ „ a/3trans = y 

and 

and defining 

z = exp (Gaeds - Ga"trans) 

and 

y = exp - — (GWds - G«*rans) 

the molar population of rotamer r at equilibrium can be calculated 
from eq 1 to be 

TV, _ mr z"^'y'ms 

x'~HNr~~r PiW) ( 2 ) 

r 

where P(z,y) = (z + \)2{y + 1). 
Using the data of Table I of ref 4, we calculate with eq 2 the 

mathematical expressions of rotamer populations, as a function 
of z and y, since mn an «r

a/3ds, and n33ds are readily found by simple 
inspection. The results are given in table I. 

We assume that the interactions between neighboring o-tolyl 
rings are more repulsive in the cis than in the trans configuration, 
i.e., G^ck - G**rans > 0 and GaS™ - G"Sum* > 0. We obtain 0 
< y < 1 and 0 < z < 1 and establish the following ordering of 
the rotamer populations from their algebraic expression (Table 
I) whatever the relative values of z and y: 

X1 ̂  X2 ̂  X5 

X1 < X3 < X6 

X\ V X4 ̂  Xg 

X1 < X4 < X5 (3) 

From the inequalities in eq 3, it results that rotamer I1 is the least 
populated one, as expected, since it is the most sterically crowded 
one, with its four methyl groups on the same side of the central 
ring. Therefore, the two small, equally intense signals 6/3 and 9a 
are assigned to rotamer I1. 

The a1 and /31 submatrices of the 2D spectrum show that signal 
9a correlates with signals 2a and 16a while signal 6/3 correlates 
with signals 8/3 and 11/3. If we assume that indeed the mode M1 

proceeds, (see Figures 8 and 9 of ref 4), the signals 2, 8, 11, and 
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Figure 2. Slow-exchange EXSY 2D spectrum at 500 MHz at 1, in the methyl region, at -43 0C in CDCl3: (A) exchange of a methyl signals, (B) 
exchange of /3 methyl signals. In these spectra, the main diagonal goes unusually from the top left to the bottom right in order for these 2D spectra 
to have the same aspect as the magnetic site exchange matrices of which they are a faithful representation. 

16 are assigned to the pair of rotamers I2/I2; the spectrum of 7. Because the signals 2a and 16a and 8/3 and 11/3 correlate with 
Figure 4 in ref 4 confirms that the signals 2, 11, and 16 have the signals la and 10/3, respectively, these are assigned to the 
reasonably equal intensities while signal 8 overlaps with signal rotamer I3. The spectra of Figure 1 and of Figure 4 of ref 4 
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confirms that the resonances 1 and 10 have reasonably equal 
intensities. Starting, on the other hand, from the fact that the 
pair of rotamers I6/Ig has the highest population among those with 
only two resonances as shown by the inequalities of (3), we assign 
the resonances Aa and 13/3 to this pair. An argumentation, similar 
to that above, leads to an assignment of signals 3a and 5a and 
12/3 and 14/3 to the pair of rotamers I5/I5 and the resonances 7a 
and 15/3 to I4/I4. 

The signal assignment (see Table I) being now achieved, we 
are able to estimate the experimental rotamer population from 
the spectrum of Figure 4 of ref 4. To do so, we calculated the 
surfaces of the triangulated signals of an expansion of this 
spectrum and computed the population of rotamer r by dividing 
the sum of the surfaces of the signals associated with rotamer r 
by the sum of all the signal areas. The populations are given in 
Table I as x,raptl. We checked then the self-consistency of the 
rotamer assignment with the choice of M1 by minimizing the 
function numerically: 

6 

F = E(X^ - xr
ciM)2 (4) 

The function F has the minimum value of 2.88 X 10"3 when z = 
0.617 and y = 0.539, which correspond with the values of Ga8cis 

- G^trans = 0.22 kcal/mol and G*"* - GS(3trans = 0.29 kcal/mol 
at -40 °C, revealing that the /3/3 interaction is sterically more 
demanding than the a/3. Using the numerical values of z and y 
above, we calculated the rotamer populations using eq 2 and the 
data of Table I. The results, also given in this table, show that 
the agreement between the experimental rotamer populations and 
those calculated for M1 is fairly good. 

If we assume, on the other hand, the assignment resulting from 
mode M1, i.e., when I2/I3 and I5/I5 are permuted (see Figures 
8 and 9 of ref 4), the minimum value of F is about 8 times larger 
than the value found for M1, and the agreement between ex
perimental and calculated populations is poor (see Table I). 

The electron paramagnetic resonance (EPR) spectrum of the 
benzo[a]pyrene (BaP) cation radical was first observed over 25 
years ago1 and has since been investigated by several groups2"4 

but has so far resisted complete analysis. The analysis of the EPR 
spectrum is important because of the information it would provide 
regarding the spin density distribution in the highest occupied 
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Moreover, the a/3 interaction appears to be more repulsive (z = 
0.60; Galkk - Galk™s = 0.24 kcal/mol) than the /3/3 one (y = 0.94; 
G«fcU _ Gg<3trans _ 0 0 3 kcal/mol). This would in turn mean that 
the a o-tolyl ring is more sterically hindered than the /3 one, which 
is very unlikely. We can, therefore, conclude that only the rotamer 
assignment which was derived with the a one ring rotation M1 

as the threshold mode leads to self-consistent results. 
As a consequence of this assignment, the residual /3 signals at 

30° (Figure 3 or ref 4) can now also be attributed more precisely. 
The one at 1.99 ppm results from the averaging of /3 signals of 
I1,12/I5 and I3, which have in common that the /3 methyl groups 
lie cis to one another. In contrast, the /3 residual signal at 1.88 
ppm is associated with /3 methyls in trans to one another. 

This allows a further assignment of the two signals of 3,4-di-
otolyl-2,5-diphenylcyclopentadienone10 to the cis rotamer at 2.04 
ppm and to the trans rotamer at 1.90 ppm. 

In conclusion, this work shows unambiguously that 2D NMR 
spectroscopy, albeit in conjunction with its ID counterpart, allows 
to get a much more precise insight into both the static and dynamic 
stereochemistry of 1. The complete rotamer assignment and the 
more precise evidence for the a one ring rotation as the threshold 
mode show this undoubtedly. 

Experimental Section 
The characteristics of compound 1 are given elsewhere.4 The 2D 

spectra were recorded at 230 K on a Bruker AM 500 spectrometer, 
equipped with an aspect 3000 computer and a B-VT 1000 temperature 
unit. For the exchange experiment a sequence of three pulses, [90° - tx 
- 90° - rm - 90° - t2]„ was used where rm is the so-called mixing time. 
For this experiment 64 FID'S (of 64 scans each consisting of 512w data 
points) were accumulated, after digital filtering sine bell; the FID was 
zero-filled to 256w> in the F1 dimension. Fourier transformation yielded 
a spectrum with 1.95 Hz/point digital resolution in both dimensions. 
Typical acquisition parameters were sw, = ± 250 Hz, sw2 = 500 Hz, Al1 
= 0.2 ms, 1.5-s recycle delay, and rm = 80 ms. 

Registry No. 1, 77243-07-3. 

molecular orbital (HOMO) of the BaP molecule. Such knowledge 
would be useful in the correlation of molecular parameters with 
metabolic products5,6 as well as regards the speculation that cation 
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Abstract: The 13C splittings for benzo[a]pyrene (BaP) cation radicals singly labeled at each protonated position have been 
determined by measuring the increase in the total width of the EPR spectrum of the 13C derivatives over that of the unlabeled 
parent molecule. The absolute values of the 13C splittings found for the 12 protonated positions (1-12, respectively) are 6.01, 
4.55, 4.44, 0.93, 1.32, 8.30, 3.74, 2.91, 3.01, 1.29, 1.96, and 3.60 G. Additionally, with the aid of deuterated BaP and by 
comparison with computer simulations, an analysis is proposed for the proton splittings in BaP+- in terms of the following 
12 splitting constants for positions 1-12, respectively, 4.57, 0.54, 3.77, 0.37, 2.11, 6.63, 2.23, 0.19, 2.95, 1.94, 0.82, and 2.75 
G. When the Karplus-Fraenkel theory for 13C splittings is used, the results are compared for internal consistency with those 
previously estimated from the methylated BaP's. Several deviations from calculated values have been found which may have 
some significance to the metabolism of BaP and its derivatives. 


