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-‘Ibe INDO calculations were performed on bicyck$2.l.l&cx-5-yl radical. From tkse 
calculations, it was confirmed that the hypertine coupling constants depend largely oo the geometry of 
tbe Q hydrogen. The local&d MO’s were obtained from the amonical MO’s calculated by using the 
INDomtthod.withtheuseofthelocalizedMo’sthusobtained,thevariationinthehyperfiae 
coupling constants at tbe 6uco- and 6mdo-protons in this radical was explained in terms of the 
through-bond and/or the through-space interactions acamiing to the procedure which we proposed 
~~y.Thatisbytheprocedurewecansclectivelypickupaparticularinteractionbetweeothe 
specifiedlocalizedMo’s.ThchypeTfineco~constantinthisradicalcanbeexpressedbythe 
summation of several interaction terms. The dilIereoce in the hyperfine spin coupling constants of the 
I&_ and L in the radical now concerned has ken attempted to explain using MO coc5cieots of 
the occupied orbitals. 

Hyperfine spin coupling constants (hfsc’s) of the coupling and the related works have been carried 
6exo- and 6&o-protons in bicyclo[2.l.l]hex-5-yl out theoretically and experimentally, and some 
radical (1) have been determined previously.” In models to explain the long-range couplings have 
these papers,iV2 the observed hf~c’s are very differ- been proposed.lSu The data upto 1975 have been 
ent between the exe- and cndo-protons. In other reviewed very adequately by King.= However, the 
radicals also, the hfsc’s have been found to have mechanism of the long-range hyperline interactions 
fairly different values between the exe- and endo- seems not to be understood satisfactorily. and 
protons.- I-Ifs& on the a, exe-, and e&o-protons therefore a new approach wih be required. 
as a function of the angle Q were already pursued The long-range interaction between remote orbi- 
by the semi-empirical method for birclo[l.l.O]- tals was fhst reported by Ho5ann et al., in terms 
butyl radical.’ Recently, Berthier et aI., ’ have car- 
tied out similar calculations for the same radical by 

of the throu$-sPa= and/or the through-bond in- 
teractionsX* The EgR and NMR couphngs are 

using an ob initi !XF MO procedure. In that discussedintermsofthelocabxedMO’susingtbe 
paper,” hey have evaluated the mn&ibutions of double perturbation theory.= In that work the 
the spin-delocalixation term and the spin-polari- through-space and the through-bond concepts con- 
zation term to the total Fermi contact splitting, and ceming the mechanism of the long-range coupling 
they have proposed the condition that the W and have been described, and the NMR proton-proton 
anti-W rules can be applicable from the results of coupling has been analyzed by some typical terms 
the cahxdations. The W-plan arrangement which is contributing to the coupling constants. However, 
the empirical model to explain the larg~~~-~hn~ the procedure has some di5ulties in the treat- 
hfsc have been studied previously. ment. We have previously proposed the very simple 
papers, Ellinger et af., have described the origin of procedure to estimate quantitatively the effect of a 
the W and anti-W rules.14 On the W hydrogen, particular through-bond or a through-space in- 
spin-delocalixation and spin-polarization contribute teraction between the remote orbitalsts This pro- 
positively to the hfsc; this gives a large hfsc in the cedure has been successfully applied to explain the 
W arrangement. On the contrary, on the anti-W long-range hfsc’s in bridgehead alkyl radicals: 
hydrogen, spin-delocalixation and spin-polarization bicycIc$l.l.lJpezrt-l-y1 bicycl~2.1.1&ex-l-yl. and 
have opposite signs and the same order of mag- bicycloC2.2.1lbeN-l-y1 radicals.29 ‘Ibe Procedure 
nitrides. Here in the radical 1, I&_, and L has also been applied to explain the lone-pair 
correspond to the an&W and W arrangements orbital interaction in axines,3” and to explain the 
respectively. The mechanism of the long-range spin long-range effect of lone-pair orbital to optical 
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rotatory strength of the carbonyl n + 79 transition 
in 3-ketopiperidines.“’ In the present work, we 
have attempted to explain the reason of largely 
different hfsc% between the ew- and endo-protons 
in 1 using the previously reported procedure. One 
of the main aspects of the present paper S there- 
fore, to examine the relation between the stmchnal 
difference of exe- and endo-positions and the 
difhzence in their hfs& in the light of the ter- 
minologies of the through-bond and thmugh+pace 
interactions by using the local&d LMO’s. 

METHOI) OF C~TiONfi 

The occupied a-spin orbitals were loathred ac- 
cording to the method of Edmiston-Ruedenberg.“’ 
The virtual orbitals for the a-spin and all of the 
&spin orbitals were not transformed into the 
Lh4O’s. The orginal CMO’s were obtained from 
the INDO calculati~ns.~ The local&d u-spin orbi- 
tals were used as the basis in the SCF calculations 
both for a-and &spin orbital.% Geometry used in 
the calculations was assumed to be identical with 
that of the parent alkane” except the coordinate of 
a-hydrogen. As for the a-hydrogen, the coordi- 
nates assumed at the angle a = 0“ and the angle 
a = 34” were used. By using two kinds of the LIMO’s 
corresponding to two values for the angle a, we can 
study the difIerence in the long-range interaction 
courses owing to the difference in the angle a. 
Schematic structure and atom numbering of 1 are 
shown in Fig. 1. Here, the C5-H13 bond bent 
toward the exe direction is the case, a > 0”. 

1 i 

Fig. 1. Schematic rtructure and atom numberings of 
bicyclo[2.l.lplex-S-yl radical (1). 

The detailed procedure for the analysis to esti- 
mate the effect of a particular through-bond or a 
throu 

!! 
-space interaction has been described previ- 

ously. 39 Therefore, the method is not reviewed in 
the present paper. 

REBULTS AND DDCUfU!UON 

Relation among a, total energy, and hfsc’s. The 
total energy and htsc’s on II_, b and k as a 
function of a is shown in Fig. 2. The hfsc on II_ 
varies from the positive value to negative and again 
it becomes the positive value when the angle a 
changes from -60” to 60”. In this range, the hfsc of 
the II_ varies scarcely, while that of the & 
increases almost monotonously and continuously. 

d (Ls) 

Fig. 2. Hfsc’s and total energy ax a function of snglc a 
for bicyclo[2.l.lJhex-5-yl radical (1). -0-z H, 
-0-z l&__,,,.. -@+ H, (H13). --C: total energy. 

As for the total energy, the energy minimum ap- 
peared around a = 34”. The calculated hfsc’s at 
a = 34” reproduced fairly well the observed values,’ 
although the observed values reported are the ab- 
solute ones. Therefore, the analysis of the long- 
range coupling has been carried out by the aid of 
the LMO which is transformed from the CM0 
calculated at a =34”, i.e., nearly sp’ hybridization. 
In addition to the case of a = 34”. the LhIO, which 
istransformedfromtheCMOcalculatedata=0”. 
i.e., nearly sp’ hybridization is also used in the 
analysis. 

Figure 3 shows the interaction diagrams of the 
long%nge coupling with regard to II& and & 
in 1. Hfsc’s in each corresponding interaction dia- 
gram are summar&d in Table 1. Detailed analysis 
of the long-range proton hfsc in 1 is listed in Table 
2. 

77uceseoftkeangIea=34°.Asforthe~ 
and & it seems that the long-range interaction 
course between the odd electron and the protons 
concerned is very different with each other. With 
II_,, the through-bond through-bond coupling, 
through-space via the long path, and the direct 
through-space are the dominant ones to govern the 
hfsc’s. On the other hand, the through-space 
through-space coupling and the through-bond 
through-space coupling terms have negatively large 
values. 

With L the dominant term to govern the 
hfsc’s is the through-bond interaction term, and the 
term of the through-virtuals is the next largest. The 
direct through-space interaction is also one of the 
dominant terms. On the contrary, the terms of 
the through-bond through-spas, through-space 
through-space couplings, and the through-space via 
the long path are the negative values. 

2X? care of the angle a=@. The CM0 values 
(full interaction case) of the II_ are not so differ- 
entbothinthecasesofa=34°anda=O”.0nthe 
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Fig. 3. Interaction diagram of I-&, and & h&c’s in 
bicyclo[2.l.ljhex-5-yl radical (1). Broad line part shows 
the interaction allowed part. In the case with the 1 sign in 
the diagram the direct through-space interaction between 
the I&_ (and I&_J and the odd electron under study 
is forbidden, and in the HIM without the sign it is allowed. 
In all cases. all of the virtual orbitals in relation to the 

interaction are cut 05 from the interactions. 

contrary in the case of b the CM0 value of the 
case of a = 34” is about 1.7 times larger than that 
of the a = 0". With II_ the term of the direct 
through-space is the dominant one in contrast with 
the case of a = 34”. As for the b, the largest 

term is the direct through-space interaction term, 
and the through-virtuab is the next largest. Here, 
the through-bond by singIe path in the case of 
a = 0" is much smaller than that in the case of 
a = 34”. 

The through-space via the long path and the 
through-virtuals have nearly equal values in both 
cases, a = 34” and a = 0”. Therefore, it may be 
concluded that the contributions of these terms are 
not affected much by the variation of the angle a. 
The through-bond and the direct through-space 
terms are largely different with each other for the 
cases of a = 34” and a = 0”. Therefore, in other 
words these two terms can decide most of the 
hfsc of &. From these results, it should be 
stressed that the role of the direct through-space 
and the through-bond interactions for & varied 
conclusively under the variation of the angle a. It is 
also very interesting that the through-space via the 
long path is positive in II_ and on the other hand 
in & it is negative in both cases of a = 34” and 
a = 0". Therefore, it should be recognizable that the 
mechanism of the long-range coupling between the 
radical center and the II_ is very different from 
that between the radical center and the L 

GENEaALDLpcussION 
One of the main aspects of the present work is to 

know the reason why the hfsc’s of II_ and L 
are so different with each other. The difference of 
each interaction term in the hfsc’s for II_ and II-, 
is briefly discussed in the preceding paragraph. 

Now let us examine in more detail the through- 
bond interaction in the case of the angle a = 34”. 
The diagram of the through-bond interaction is 
shown in Fig. 4. Through this through-bond in- 
teraction of the c state, the hfrc’s become 0.04 and 
21.13 G for II_ and &, respectively. This path 
can be subdivided into the three interactions as are 
shown in Fig. 4: one pure through-bond (0) and 
two indirect through-space interactions (p and q). 
When we have summed up the values of each 
interaction, they become almost the values of the 
above-mentioned through-bond interaction, that is, 
the c state. Therefore the additivity rule is approxi- 
mately valid for the through-bond interaction. In 
conclusion, the mechanism of the through-bond 
path is reasonably explained. 

Table 1. Hfsc’s (G) of L and & in bicyd~2.l.l)hex-5-yl radical (1) 

a-U0 a-0 
0 

a-3P a-O0 
a1 %x0 %ndfJ &x0 GIldo a) Iax0 &ndo &X0 %ndo 

* -0.03 0.51 -0.05 -0.17 b 1.07 9.35 4.59 16.70 

c 0.04 21.13 0.26 5.61 d -1.17 31.60 0.41 26.44 

e 1.95 43.95 1.55 13.60 f -0.76 54.50 -0.96 36.43 

g 1.42 -4.90 0.34 -5.62 h -0.42 -2.06 1.30 6.47 

i 0.30 6.00 -0.01 1.45 j 2.57 13.97 4.04 18.90 

k 0.13 -3.01 0.59 -5.15 1 -0.31 1.43 0.66 9.09 

m 4.25 22.62 7.09 -1.66 II 0.05 34.69 -0.95 16.22 

CM+ 0.06 51.15 -1.15 29.59 

')6ee alma Pig. 3. b)Full interaction cama. 



Table 2. Analysis of I&_ and I&- hfsc’s (G) in bicyck$2.l.l&ex-S-y1 radical (1) 

Through-bond by mingle path (A) 0.07 20.62 0.31 5.96 C-* 

Through-bond by two paths 1.88 43.44 1.60 13.77 a - a 

Through-bond through-bond coupling (El 1.74 2.20 0.96 1.61 (e - a) - Z(c - a) 

Dirmct through-apace (Cl 1.10 7.64 4.64 16.87 b-a 

Through-mpaoe via long path (D) 1.45 -5.41 0.39 -5.45 g-a 

Through-space via C-E bonds (El 0.33 5.49 0.04 1.62 i-a 

Total through-•paca -0.28 0.92 0.91 6.26 l-a 

Thxough-spacm through-¤pam coupling (PI -3.16 -7.00 -4.16 -4.79 (1 - a) - (C + D + 

B) 

Through-bond through-space coupling (G) -1.52 -10.19 -3.41 -5.64 (n - a) - I(e - a) 

+ (1 - all 

Through-rirtuals (Ii) 0.00 16.97 -0.25 13.20 093 - (n - a) 

Total mD)b) 0.09 51.15 -1.15 29.59 2A+B+C+D+E 

+P+C+H 

ti8~ also ?ig. 3 and Table 1. 
bl Full interaction came. 

c H, 0.w 

II_ 21.u 

through-bond while in the state t, the odd electron 
on the C5 atom can interact with L via the pure 
through-bond. In the t state, the calculated hfsc’s 
are nearly equivalent to those of the 0 state. The 
situation of the bold line part 

& -0.04 I$, in . 
H,5.c5 %rlo4*~ 

Fig. 4. Interaction diagram of tb, and & h&c’s in 
the through-bond path in bicyc~2.l.ljbex-S-y1 radical 
(1) (a = 34"). P (Pure through-bond interaction); only the 
through-bond interaction between the neigbbouring 
bonds (orbit&) is allowed. In tbe state 0. the interaction 
between the I&_ and h ia forbidden. In the other 

states, it is allowed. The other notations: we Rg. 3. 

Why the hjk’s of I& and Ead. am so dij&mnt? 
In the case of r, both II_ and IL,, have very 
small calculated hfsc’s (Fig. 5). In this case the odd 
electron can interact via the pure through-bond, 
but the path is interrupted at the bonds of C6-I-I_ 
and C6-I-I-,. In the case s, the odd electron on the 
C5 atom can interact with Iz, via the pure 

0 H, 1.57 

H, 8.97 

I& 033 I(exo 0.15 

II, 0.55 II- 8.40 

Fig. 5. Interaction diagram of I&_, and & bfsc’s in 
bicyclo[2.l.l]hex-S-yl radical (1) (a - 34”). In the state I, 
I&_ and & are cut off from the interactions. Notn- 

tionx: see Figs. 3 and 4. 

is exactly the same both for the states t and s. 
Therefore, the difference between hfsc’s of I-I_ 
and & may owe to the structural ditIerence of 
H14 and H15 themselves. This is one of very 
important findings in the present work. In the case 
r, therefore, it may be said that the I-L,, and I-I_ 
are in the same interaction state as is expected. 
This situation is well explained by the calculated 
hfsc’s. We have now taken up the cases r, s, and t, 
then the interaction mechanism would be ex- 
amined. The electron densities for a- and &spin 
electrons in these three cases are shown in the last 
column of Table 3. 

The diflerence in the electron density between 
a-and g-spins is the order of 0.015 in the case of 
“endo-through” (t), and in the cases of “tzw- 
through” (s) and “both-cut” (r), those are in the 
order 0.001. Let us discuss the reason of these 
differences appearing. In Table 3, we have sum- 
marised the square of the MO coe5cients in rela- 
tion to the occupied orbital.9 relating to the I&_ 
and I-&_+ From this table, it can be recognised 
that which orbital relates dominantly to the differ- 
ence in the electron density. Here, the total differ- 
ence of the electron densities between the a-and 
g-spins cannot be explained only by the difference 
in the electron density of MO’s which have large MO 
coe5cients on the radical center. That is, several 
orbital pairs govern the hfsc’s of Ii, and L 
This ilnding corresponds well to the result that the 
strong couplings come from a cummulative effect of 
the delocalixation and spin-pohuixation contrii- 
tions.” 
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Table 3. !+quare of MO coefEentr@ of the occupied orbit& in relation to the & and L at the 
state& r, s and t in bicy&$2.l.Jbex-S-y1 radical (1) 

r . t 

b) li axe &ndo Hero %ndo %xo 'endo 
e.,in B-spin a-•pin B-*pin a-•pin Papin a-spin s-spin a-spin s-spin a-spin s-spin 

1 

2 

3 

4 

5 

6 

7 

9 

9 

10 

11 

12 

13 

14 

15 

16 

0.001 0.001 0.001 0.001 0.027 0.027 

0.001 0.001 

0.001 0.001 

0.001 0.001 

0.002 0.002 

0.003 0.002 

0.404 0.497 

0.009 0.007 

0.001 0.001 

0.005 0.005 

0.004 0.005 

0.001 0.001 

o.oof’ 0.001 
0.001 

0.003 0.002 0.336 0.367 

0.541 0.553 0.002 0.002 

0.010 0.005 0.002 0.003 

0.008 0.003 0.127 0.108 

0.002 0.002 0.001 0.007 

0.001 0.002 

o.ooz"'o.oo2 

0.004 

0.016 0.019 

0.002 0.002 

0.004 0.003 

0.018' 

0.008 

0.115 

0.005 

0.002 

0.004 

0.130 

0.012 

0.045 

0.069 

0.002 

C) 

0.010 

0.115 

0.002 

0.002 

0.003 

0.142 

0.004 

0.051 

0.062 

0.140 

0.001 0.001 

0.016 0.016 

0.026 0.027 

0.101 0.113 

0.002 0.004 

0.005 0.001 

0.024 0.040 

0.199 0.175 

0.011 0.008 

C) 0.026 

0.024 0.069 

0.068 

0.003 0.002 

0.020 0.027 

0.006"' 

0.001 0.001 

0.044 0.047 

0.001 

0.001 0.001 

0.003 

0.197 0.193 

0.070 0.107 

0.170='0.001 

0.006 0.005 

0.001 0.202 

0.001 0.001 

0.009 0.002 

0.060') 

_12__________-______________-________0--~_ __-________QZQQL________Q~Q~~___-___ 
4) 0.511 0.512 0.573 0.571 0.513 0.511 0.559 0.559 0.509 0.508 0.576 0.560 

l )sae Pig. 5. "Orbital number. a)Orbital which ia mainly relating to the 

radical center. d) FJectron density. 0) 
Values less than 0.001 are not cataloged. 

c I& 0.04 

b 21.u 

v+TJ- wg@- 
H, 0.87 II, -0.23 

H-8.64 HE, -0.n 

Fig. 6. fnteraction d@ratn of Hc_ and L hfsc’s in 
relation to the long path in bicyclo[2.l.ljhex-S-y1 radical 
(1) (a = 34’). In the state v, the pure through-bond is 
sllowed but the interactions between the bonds C4-C5 
and C%Ct, and between the bonds Cl-C5 and ClX2 
are cut off. In the state. w, the pure through bond is 
allowed but the interactions between the bonds C4CS 
and fX-C6, and between the bonds Cl-C5 and Cl-C6 

are cut off. Notations: see Figs. 3 and 4. 

have then discuss the case including the long path 
by using the Fig. 6. When we took up the cases c 
and u, the hfsc of the H_ in the u state is larger 
than that of the c state, while the hfsc of the L 
decreases largely by the addition of the long path. 
Now let us examine the states v and w. With the 
state v, the interaction between the odd electron 
and the I&/H-, can be allowed by the pure 
through-bond path. The hfsc’s of the H_ and L 
in this case are nearly equivalent to those of the 
case o. The interaction beween the odd electron 
and the I& and b via the long path (pure 
through-bond) is, however, negligibly small (w). 
From these results, it should be recognisable that 
there are no particular courses via the long path 
with large interaction. Therefore, in the case in- 
cluding the long path the hfsc on L is always 
small. The reason may be explained as follows: 

some part of the odd electron from the radical 
center locahsed on the C2 and C3 carbons when 
the interaction included the long path. This is also 
shown, for example, by fairly large hfsc’s observed 
for Hx, and HJado in bicyclo[2.2.lJhept-2-yl radi- 
cal? H3, = 41.7 and Hx- = 25.6 G. 

CONCLUDING BEMAags 
The mechanism of the long-range hyperfine in- 

teractions has been examined in the light of the 
variation of the hfsc’s of the L and L in 
bicyclo[2.l.l]hex-5-yl radical. The long-range in- 
teraction was then explained by several interaction 
terms: through-bond, through-space, through- 
virtuals, and some other coupling terms. The 
reason why the hfsc’s of the L and L are so 
different has been examined by using the square of 
the MO coefficients of the occupied orbit&. From 
this we found that it is very difficult to explain the 
difference in the hfsc between H_ and & by 
only a pair of a- and @-orbitah. It may be con- 
cluded that, therefore, the ditference in the hfsc 
between & and L in the radical considered 
may owe to the balance of the spin density of 
several orbital pairs. 
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