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Abstract: In order to study the nonadjacent n,ir electronic interaction, photoelectron spectra have been obtained for saturated 
and unsaturated derivatives of five- and six-membered cyclic and bicyclic amines. It was found that perturbation of nitrogen 
lone pair ionization potentials (IP's) induced by the interaction with nonadjacent carbon-carbon double bond is quite differ
ent in /3,7-unsaturated five-membered cyclic amines and /3,-/-unsaturated six-membered amines. The bishomoallyl homocon-
jugation in five-membered amines favors n,ir through-space interaction with destabilization of lone pair orbital, and homoal-
lyl conjugation in six-membered amines involves n,ir and n,ir* interactions with a little stabilization or destabilization of the 
lone pair orbital. Different features of lone pair IP's were also encountered for TV-H and A'-methyl derivatives of six-mem
bered amines. These were discussed in terms of relative importance of n,ir and n,ir* interactions which depend on molecular 
symmetry (bishomoallyl or homoallyl interaction), orbital energy level, and orientation of lone pair in cyclic and bicyclic 
amines. 

During the last decade, the consequences of homoconju-
gation between an unsaturated group and an active center 
in cations, radicals and anions have been a subject of con
troversy. Particularly, studies on the interaction between 

* = cation, radical, anion 

the cation center and the nonadjacent ir bond have been ex
tensively performed3 in connection with the debate on "the 
nonclassical carbonium ion". The great ir electron partici
pation in the acceleration of the rate of solvolysis in norbor-
nene derivatives has been well established. Concerning the 
interaction between the half-occupied orbital and the non-
adjacent T bond, Kochi et al.4 have reported the ESR stud
ies of 7-norbornenyl radical, and claimed that the configu
ration with the sp hybrid orbital directed toward the anti 
side is the most stable form, and that the interaction be
tween the orbitals of carbon 2,3 and the half-occupied orbit
al on carbon 7 would have a destabilizing effect. 

However, the studies on the nonbonded interaction be
tween the doubly occupied n orbital (anion center) and the 
nonadjacent ir group have been quite limited. Recently 
Stille et al.5 have speculated, based on the experimental re
sults of the 7-norbornenyl anion system, that bishomoallyl 
type interaction makes the n - x interacting system less sta
ble due to the antiaromatic character. The conformation of 
7-norbornenyl anion has also been examined quantum 

'<£- syn 

chemically using C N D O / 2 and MINDO/2 MO calcula
tions by Santry6 and Dewar,7 respectively. However, these 
semiempirical MO calculations failed to predict definitely 
the orientation of lone pair electrons affected by the neigh
boring double bond in the 7-norbornenyl anion.8 Conse
quently, the interaction between the lone pair electrons and 
the nonadjacent :r electrons (homoallyl type interaction) is 
still open to further experimental and theoretical studies. 

Recently photoelectron spectroscopy' (PES) has proved to 
be extremely useful in evaluating the electronic interaction 
between nonadjacent groups9 in the ground state molecules. 
The usefulness of PES in studying ir,x interactions in dienes 
and n,n interactions in various nitrogen and oxygen contain
ing molecules has been demonstrated.10 The PES studies 
concerning n,*- interactions in unsaturated ketones and 
ethers have also been reported." However, there have been 
no systematic studies12 on the n,?r interaction between ni
trogen lone pair and nonadjacent olefin or benzene ir elec
trons. 

In order to elucidate the structural effect on the homo-
conjugative interaction between lone pair and ir electrons, 
we have performed here a PES study of nonadjacent n,7r in
teraction in various cyclic and bicyclic amines (1-18). Here 
we are concerned with difference in the intrinsic nature of 
homoallyl and bishomoallyl n,7r interactions. Amines con
taining the nonadjacent unsaturated group seem to be quite 
relevant for the study of the intramolecular n,7r interac
tions. The PES study on this n,x homoconjugative interac-

bishomoallyl interaction 
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Table I. Ionization Potentials (eV) of Cyclic Amines 

Ionization potential" 
Compd Compd no. R = H Compd no. R = CH, 

Q 
N I 
R 

Q 

8.77(n), 11.49 

8.6! (n), 9.77 (TT) 

8.4i(n), 11.I6 

8.2j (n), 9.66 (TT) 

11 

13 

15 

17 

8.44(n),9.10(7r) 

8.25 (n), 9.O5 (n), 9.97 (TT) 

8.64 (n), 10.75 

8.64 (n), 9.33 (77) 

8.S7 (n, TT),* 9.33 (TT) 

8.22(n), 10.29 

8.35 (n), 9.36 (TT) 

6 8.33(n), 8.96 (n) 

8 8 . I 8 ( n ) , 8 . 7 8 (TT), 9 . O 6 (TT), 9 . 6 6 (Ti) 

10 8.29(n), 10.59 

12 8.67 (n), 9.37 (TT) 

14 8.60(n,7r),6 9.30(TT) 

16 7.78(n), 10.O9 

18 7.97 (n), 9.28 (TT) 

a Vertical ionization potentials (±0.05 eV). *This band seems to contain two ionizations. 

tion is expected to serve as an aid in studying neighboring 
group participations of T electrons associated with carbon 
lone pair in carbanion, the significant reaction intermedi
ate. 

Experimental Section 

Measurement of Ionization Potential. Helium 504 A photoelec-
tron spectra were obtained on a JASCO PE-I photoelectron spec
trometer. Calibration of the spectra as effected by using the 
2P3/2.i/2 doublet of xenon (12.12, 13.44 eV). The estimated uncer
tainty is about ±0.05 eV. 

Materials. Cyclic and bicyclic amines examined in the present 
study are listed in Table I. 7-Azabenzonorbornene (5) and 7-aza-
benzonorbornadiene (7) were prepared following the method of 
Carpino et al.13 2-Azabicyclo[2.2.2]octane (15), /V-methyl-2-aza-
bicyclo[2.2.2]octane (16), 2-azabicyclo[2.2.2]oct-5-ene (17), and 
7V-methyl-2-azabicyclo[2.2.2]oct-5-ene (18) were synthesized by 
referring to Cava et al.14 A^-Methylpyrrolidine (2), /V-methylpyro-
line (4), /V-methyl-7-azabenzonorbornene (6), Ar-methyl-7-aza-
benzonorbornadiene (8), JV-methyl-l,2,3,6-tetrahydropyridine 
(12), and ;V-methyl-l,2,3,4-tetrahydroisoquinoline (14) were pre
pared by TV-methylation'5 of the parent N-H derivatives. Benzo-
norbornene (21) and benzonorbornadiene (22) were the gift from 
Dr. H. Tanida of Shionogi Research Laboratory and were used to 
p.id the PE spectral analysis of 5-8. The other compounds (1, 3, 9, 
10, 11, 13) were commercially available. The purity of all the sam
ples was checked under the 1H NMR measurement using a Varian 
HR-220 NMR spectrometer. 

Results and Discussion 

The photoelectron spectra of pyrroline (3), 1,2,3,6-
tetrahydropyridine (11), 7-azabenzonorbornene (5), and 7-
azabenzonorbornadiene (7) are exemplified in Figures 1 
and 2. Table I lists vertical ionization potentials (IP's) in eV 
unit for the cyclic and bicyclic amines studied here. Due to 
the rather large band width, the uncertainty of the IP 
values is estimated to be ca. ±0.05 eV. The first IP's (in 
Table I) can be readily assigned to the ionization from the 
nitrogen lone pair electrons and the second ones in unsatu
rated amines to the ionization from the T electrons. For 
comparison, the IP's of several five- and six-membered cy
clic hydrocarbons are listed in Table II. 

At first we will discuss IP's of five-membered cyclic and 
bicyclic amines in terms of the bishomoallyl type n,7r inter
action and then of six-membered cyclic and bicyclic com
pounds in terms of the homoallyl type' interaction. 

(A) Bishomoallyl Type n,ir Interaction. In five-membered 
./V-H and TV-methyl cyclic amines, introduction of the dou
ble bond increases the first IP's by 0.1-0.2 eV (compare 3 
to 1, and 4 to 2). The TT IP of 3 or 4 is 0.5-0.6 eV larger 
than that of cyclopentene (9.18 eV).16 The correlation be
tween the n and -K orbitals in pyrrolidine (1), pyrroline (3), 
and cyclopentene is schematically shown in Figure 3. 

For the interaction between nitrogen lone pair and neigh
boring TT electrons, the TT and ir* orbitals are considered to 
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Figure 1. The photoelectron spectra of pyrroline and 1,2,3,6-tetrahy-
dropyridine. 

Table II. Ionization Potentials (eV) of Cyclic Hydrocarbons 

Compd no. Ionization potential Ref 

O 9.1« 

9.1-

16 

16 

20 

O 
8.42, 8.93> 10.I5 This study* 

21 

22 

8.30, 8.91( 9.27, 10.88 This studya 

m 

9.20 

8.9S> 9.7g 

8.44, 8.96 

8-46, 9.O4 

18 

19 

19 

aVertical ionization potentials (±0.05 eV). 

play a significant role. The n,ir and n,ir* through-space in
teractions lead to destabilization and stabilization of the n 
level, respectively.9 The stabilization of the n level in 3 and 
4 indicates that the through-space interaction between n 
and ir orbitals is significantly important. This is because the 
molecular symmetry forbids the n,ir* interaction in the five-
membered compounds. Besides this n,ir through-space in
teraction, the "inductive effect" of the olefinic bond upon 

Figure 2. The photoelectron spectra of 7-azabenzonorbornene and 7-
azabenzonorbornadiene. 

£(eV) 

-10-

O CX O" 

7TN 

Tl-XX 

N . 7t.+).n / 

'8 .77 

Figure 3. 
system. 

Orbital correlation diagram of the bishomoallyl interacting 

the n orbital or the "inductive effect" of the nitrogen atom 
on the -K orbital should be taken into account, which causes 
the unsymmetrical n,ir splitting. The midpoint (9.19 eV) of 
the n and x IP's for 3 is about 0.2 eV larger than that of the 
n IP for 1 and the x IP for 19. However, the contribution of 
the inductive effect seems to be less important in this case, 
as the orbital correlation diagram in Figure 3 shows a typi
cal feature of through-space interaction between n and -K 
orbitals.9 The similar n,ir interaction is also encountered for 
7-azabenzonorbornene (5) and 7-azabenzonorbornadiene 
(7). 

In order to interpret the n,ir interaction in these com
pounds, let us first take a look at the feature of the *,* in
teraction realized in the PES of benzonorbornene (21) and 
benzonorbornadiene (22), the related hydrocarbon homolo-
gues. The ir orbital levels of benzene,17 21, 22, norbornene 
(23), and norbornadiene (24) are schematically shown in 
Figure 4. These levels may be correlated with each other in 
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£(eV) 

-9 

-101-

,0) 

Figure 4. Orbital correlation diagram of benzene, benzonorbornene, 
benzonorbornadiene, norbornene, and norbornadiene. 

£(eV) 

-9 -

Figure 6. Orbital correlation diagram of 7V-methyl-7-azabenzonorbor-
nene and yV-methyl-7-azabenzonorbornadiene. 

<S(eV) 

-8 -

g(eV) 

0 _ H CN"H O CN"CH3 O"0^3 

-10 

Figure 5. Orbital correlation diagram of 7-azabenzonorbornene and 7-
aza benzonorbornadiene. 

the manners that are depicted with the dotted lines in this 
figure. It has already been pointed out17 that the degenera
cy of the highest occupied orbitals (2eig) in benzene is re
moved by the presence of two ortho disubstituents, and that 
the ^ s (b i ) orbital lies above the ^A(a2) orbital in benzocy-
cloalkene derivatives. Further the combination of ^s in the 
benzene ring of 21 and the x orbital ( ^ x ) in norbornene 
may produce the new levels in 22, which appear to corre
spond to the first band (* s - X*», 8.30 eV) and to the 
third band (SI^ + AS^s, 9.27 eV). Contrary to this, S£A in 21 
remains essentially constant and corresponds to the second 
band in 22. 

Keeping the above discussions in mind, we then discuss 
the n,x interaction in 5, 6, 7, and 8. The first ionization of 
these compounds is assigned to the removal of an n electron. 
The n level in 7 and 8 is destabilized by 0.15-0.2 eV relative 
to that in 5 and 6, respectively. This value appears to be 
comparable with that of pyrrolidine (3 and 4) and is attrib
uted to the direct (or through space) n,ir interaction. As to 
the 7T orbitals only the symmetrical orbitals may be stabi
lized by the interaction with the n orbital from the symme
try allowance. However, the antisymmetric ir orbitals may 
remain constant. Accordingly, we can assign the observed 
spectra of 5 and 7 as shown in Figure 5 by referring to the 
energy diagram in Figure 4 and the above symmetry rule. 
In 5 the second band (9.10 eV) consists of ^ s and SP A orbit
als and in 7 the second band (9.05 eV) is attributed to Si's — 

-9 

-10 -

Figure 7. Orbital correlation diagram of the homoallyl interacting sys
tem. 

XSPx and ^ A orbitals and the third band (9.97 eV) to SP, + 
AS ŝ orbital. In this energy diagram, the symmetrical orbit
als (S£s, Si's - XSlSr, **• + AS^s) are stabilized by about 0.7 
eV when the bridging carbon is replaced by the nitrogen 
atom in Figure 6. All the n and 7r orbitals can be assigned 
similarly to the case of TV-H derivatives (5 and 7). There is 
no apparent difference in the lone pair destabilization ener
gy produced by n,ir interaction between A'-H and A7-methyl 
derivatives of pyrroline and 7-azabenzonorbornene deriva
tives. This is in contrast with the case of six-membered cy
clic amines which follows. 

(B) Homoallyl Type n,ir Interaction. Inspection of Table I 
shows that in the six-membered cyclic amines the lone pair 
IP's (the first IP's) are affected in a different manner by the 
interaction with the double bond compared to the case of 
the five-membered amines already discussed above. For the 
five-membered N-H and N-methyl cyclic amines, introduc
tion of a double bond makes the first IP's decrease. In the 
six-membered ring compounds, on the other hand, the n 
level remains essentially constant or is rather a little desta
bilized for the N-H derivatives (compare 11 and 13 to 9), 
while for the A^-methyl derivatives the lone pair IP is in
creased by about 0.3-0.4 eV by introduction of the ir bond 
(compare 12 and 14 to 10). In the six-membered bicyclic 
molecules (17 and 18), nitrogen lone pair electrons gain sta
bilization for both N-H and A'-methyl derivatives. The -K 
levels in 11 and 12 are lowered by 0.2-0.25 eV compared 
with that in cyclohexene (9.12 eV).16 Those in 13 and 14 
are also stabilized by 0.1-0.4 eV compared to those in ben-
zocyclohexene (8.44 (bi) and 8.96 (a2) eV).19 Similar ob
servations were also encountered for bicyclic amines (17, 
18).20 These features of the perturbation of the lone pair 
and the T levels are schematically exemplified for N-H and 
N-methyl derivatives of 1,2,3,6-tetrahydropyridine in Fig-
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Table III. C 
Two Conl'oiT 

i ota! Energies and Orbital Energies for the 
ropenylamine0 (INDO-MO) 

Conformer0 

0.778 

I equatorial II axial 

Total energy, , 

Orbital e-u-,.;v 

(halt run 
equate i 1 J 
The di! r 
180 
N1-C i c 
angl s L 
lena 

LU O*) 
HO (n) 
NHO (Tr) 

-1004.97 
5.50 

-12.26 
-13.98 

-1005.11 
5.47 

-12.54 
-14.25 

ure 7. The 
membered 
value for tl 

I' are taken as the simplified models 
J _ 3,6-tetrahydropyridine with the 

paii electrons, respectively (see Figure 8). 
lis. bne pair lobe and the C2-C3 bond is 

v. i t II. The dihedral angle between the 
taken as 120° and tetrahedral bond 

i ,ted and saturated carbons. Bond 
C , 1.47; C2-C3 , 1.53: C3=C4 , 

^ 3-H and C4-H, 1.07 A. 

=•1 abilization energy of lone pair for the six-
tines is much less than the corresponding 
five membered ones. For the six-membered 

molecules, beta the n,x and n,x* interactions are allowed 
by symmetry. This may be responsible for the different 
manner of pcrte.rbar.ion of the n and x levels in the homallyl 
system asscr;ated with six-membered amines and in the 
bishomoaiiyi system with five-membered amines. It is also 
worth noting rhat in the six-membered amines the manner 
of the perturbation of the n level is different between A-H 
and /V-meibyi derivatives. In addition to the "through-
space" r:.~ in'.si 
"inductive offe-'t 
and vr ievuis • :' 
cyclic amine r 
saturatec, eydit 
pounds, "t.h 
due to the 
membcrcu 
and the "'in 
resulting in 
the n love!. 
duced by r< 
sp2 ones Ir 
amines is e. 
A'-methyl homoicgues 
of the pevtiiriV: 
tween the i\ ••}' 
of six-member: 
other contribui 

It is temptin 
lone pair orien 
manner of h.e 
rivatives in the 
documented'1 

irrHor, we should also take into account the 
ef which enhances11 the IP's of both the n 
eoeir/; from the separated system (saturated 
cycioalkene) to the combined one (/3,7-un-

e amines), In the six-membered ring com-
gh-space" n,x interaction may be diminished 
Mecular nonsymmetry compared with five-
:'-. rc.iiipounds. Hence, the n,7r* interaction 
.r-.i effeex' may become relatively important, 
mail stabilization or no apparent variation of 
jvc'/tr, the inductive effect on the n IP in-
.cir.g ihe two sp3 hybridized carbons by the 
-h derivatives of the six-membered cyclic 
cieeeci to be not so different from that of the 

Accordingly, the different features 
O!; of the lone pair ionization potential be-
"i U 'is) and A?-methyl derivatives (12, 14) 
corn pounds could be attributable to some 

greater preterer. 
dines24 while t 

to suggest that the different features of the 
ition are aiso responsible for the different 
•itf..rac'i.ion between /V-H and A'-methyl de-
;:;-msmbered ring system. It has been well 
at the nitrogen lone pair electrons have a 
•e for the equatorial position in A-H piperi-
ose in A'-methylpiperidines preferentially 

occupy an axial position. In order to gain further insight 
into the effect of the lone pair orientation, we have carried 
out here I N D O ^ MO calculations of 3-propenylamine, a 
simple model of the homoallyl n.x interacting system. The 
calculated results are presented in Table III. This table in
dicates that the conformer II with axial lone pair is more 
stable than 1 with equatorial lone pair by ca. 0.14 eV and 
that both the highest and the next highest occupied orbitals 
(HOrVfO. NHOMO) in II are more stable than those in I. 
The greater | p of lone pair resides preferentially at an axial 
position and appears to correspond to the lower H O M O en
ergy level for Ii. This implies that the difference in the lone 
pair orientation seems to be responsible for different fea
tures of the n,x interactions.29 

0.142 
P N I 0.812 

0.118 0.226 0.K5 

I II 
Figure 8. The diagram of the highest occupied molecular orbital 
(HOMO). (The geometries are the same as is shown in Table III. The 
atomic orbital coefficients of ir and n orbitals are also shown.) 

In order to delineate further these different behaviors of 
the n,x interaction due to the different lone pair orientation, 
the orbital scheme and the atomic orbital coefficients of the 
nitrogen lone pair sp3 orbital and the x orbitals in the 
HOMO are given in Figure 8. This leads us to see that the 
x and x* orbitals mix with the n orbital by the n,x interac
tion and the mode of this orbital mixing is apparently dif
ferent between I and II. The atomic orbital coefficient of 
the nitrogen sp3 orbital in II is smaller than that in I, which 
implies that the lone pair electrons in II are delocalized to a 
greater extent than in I. It is also to be noted that the differ
ence between C3 and C4 x orbital coefficients for conformer 
II (0.081) is larger than that for I (0.024), suggesting that 
n,x* interaction in II is greater than that in I. Since the 
n,x* interaction stabilizes the n level, this greater contribu
tion of the n,x* interaction in II would result in the greater 
stability of the n level in II (Table III). It is conceivable 
from the above results and discussions that in the homoallyl 
interacting system the orientation of the lone pair electrons 
plays an important role in the n,x and n,x* interactions 
which determine the stability of the n,x interacting sys
tem.31 

It is also to be noted that the homoallyl system is rather 
stabilized by the interaction between n and x electrons, 
which is quite different from the bishomoallyl system. In 
other words, in the bishomoallyl interacting system n and x 
electrons are "repulsive". On the contrary, n and x elec
trons are rather "attractive" in the homoallyl interacting 
system. 

It seems, therefore, reasonable to conclude that PES is 
very useful for the study of homoconjugative interaction be
tween the nitrogen lone pair and the x bond, and that an in
trinsic nature of homoallyl and bishomoallyl n,x interac
tions in cyclic and bicyclic amines is quite sensitive to the 
molecular symmetry, the orbital level, and the orientation 
of the lone pair electrons. 
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Abstract: Iron pentacarbonyl induced carbonyl insertions into the cyclobutane rings of a- and /3-pinene are described and are 
the first metal induced ring expansions of monovinylcyclobutane derivatives. Under experimental conditions employed, t he-
location of cyclobutane ring opening is governed by the entering iron species and not by the simple thermally controlled ring 
opening process generally observed. Expansion is thought to proceed via a-jr-allyl metal and acyl-ir-allyl intermediates. The 
two ketonic products formed in synthetically useful quantities are skeletally enantiomeric and are formed stereospccificallv. 

Since the observation that metals frequently induce for
mal symmetry-forbidden molecular rearrangements,2 the 
interest in the versatility and pathways available to such 
systems has blossomed. Much elegant work has been de
scribed of the opening of cyclopropyl rings as in bicyclo-
[1,1.0] butanes,3 quadricyclene,4 unsaturated bicyclic sys
tems such as hexamethyl(Dewar benzene),5 and four-mem-
bered rings as in cubane.6 Both stoichiometric and catalytic 
reactions have been considered, and product sensitivity to 
the electronic properties of the metal has been noted.6,7 

Controversy still rages8 as to whether these systems are best 
described as concerted, symmetry-allowed processes taking 
advantage of the metal orbital structure to become allowed, 
or as sequential processes which take advantage of formal 
radical or ionic pathways made low in energy by the metal 
system. 

Metal induced ring opening with metal retention has 
been demonstrated for numerous polycyclic three-mem-
bered rings,2 the four-membered ring system of cubane/"' 
and a divinylcyclobutane system65 reported by Cotton. Re
ports have appeared describing ring opening of vinylcyclo-
propyl systems which retain the metal simultaneously 
bound to the resultant tr-allyl function and the linkage defi
cient carbon. Semibullvalene,9a bullvalene,9b and bicyclo-
[3.1.0]hexene10 undergo such reactions with Fe2(CO)9 
forming the chelated Fe(CO)3 product. Related ring open
ings of polycyclic ketones containing three-membered rings 
have also been reported; barbaralone1 ' mav be opened with 
Fe2(CO)9 . 

Expansion of carbon skeletons via introduction of the 
highly versatile carbonyl function is frequently difficult but 
is of major synthetic importance. Metal catalyzed or as-
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