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13¢-H Coupling Constants and Maximum Overlap Orbitals
in Some Three-Membered Heterocyclic Compounds

By

Parrie R. CErTAIN, VIRGINIA S. WaTTs, and J. H. GoLDSTEIN

The criterion of maximum total overlap, modified to permit inclusion of ionic structures,
has been employed to determine the hybridized bonding orbitals for ethyleneimine, ethylene
oxide, ethylene sulfide, and eyclopropane. 1¥C-H coupling parameters obtained from the NMR
spectra of these compounds, which are linear functions of s-character in the appropriate carbon
orbitals, served as experimental criteria for adjusting ionic content. The results appear rea-
sonable as judged by calculated HCH angles and the order of heteroatom electronegativities.

Le critére de recouvrement maximum total, modifié pour permettre I'inclusion de struc-
tures ioniques, a été utilisé pour déterminer les orbitales hybrides de I’éthyléneimine, 'oxide
d’éthyléne, le sulfure d’éthyléne et le cyclopropane. Les paramétres de couplage ¥C-H
obtenus des spectres RNM de ces composés, qui sont des fonctions linéaires du caractére s
des orbitaux de carbone correspondants, servaient de critére expérimental pour I’ajustage
du contenu ionique. Le calcul des angles HCH et I'ordre des électronégativités des hétéroato-
mes conduisent & conclure que les résultants sont raisonnables.

Das Kriterium maximaler Uberlappung wurde in eirer Modifikation, die den Einschluf
jonischer Strukturen gestattet, zur Bestimmung der Hybridzustinde von Athylenimin,
Athylenoxyd, Athylensulfid und Cyclopropan herangezogen. Die ®*CH-Kopplungskonstanten
der NMR-Spektren, die linear vom s-Charakter der entsprechenden Kohlenstoffzustéinde ab-
hingen, dienten als experimentelles Kriterium fiir die Bestimmung der Anteils an ionischen
Strukturen. Nach den berechneten HCH-Winkeln sowie der Reihenfolge der Elektronegativi-
titen der Heteroatome zu schlieBen, scheinen die Ergebnisse befriedigend zu sein.

Introduction

The criterion of maximum total overlap provides a basis for determining a
suitable set of hybridized bonding orbitals which is intuitively appealing but
without a satisfactory theoretical basis. Nevertheless, several recent develop-
ments tend to encourage continued interest in this simple method for approxi-
mating the electronic structures of molecules.

As was shown by CovLsox and GoopwIx [3], the maximum overlap orbitals
(MOO) for the lower cycloalkanes predict geometrical properties which are essen-
tially the same as those emerging from the earlier rigorous treatment of Coursox
and Morrrrr. VEILLARD and DEL RE have studied cyclopropane and cyclobutane
in a similar manner and have pointed out that the fractional s-character of the
orbitals so obtained agrees rather well with that predicted from the values of the
13C-H coupling constants provided by NMR spectra [12].

This parameter, J (1*C-H), is of particular relevance in assessing MOO functions.
As has been shown by MuLLErR and PrITCHARD [7] and SmHOOLERY [1I], the
following relation holds to a good approximation for 3C directly bonded to H:
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J (13C-H) = 500 o2 (1)
where « is the coefficient of the s-component in the carbon orbital. Insofar as this
relation is valid, Eqn. (1) provides a direct experimental basis for evaluating MOO
functions.

The MOO method in conjunction with Eqgn. (1) has recently been applied to
all of the halomethanes for which J-values were available, with apparently good
results [6]. In these molecules the halogen (X) orbital was hybridized to the
extent indicated by the appropriate nuclear quadrupole coupling constants [4]
and the ionic character (CtX~) was adjusted to provide agreement with experi-
mental values of J. The ionic contents required for the series turned out to be in
generally good agreement with the corresponding values inferred from the nuclear
quadrupole data.

This study has now been extended to a series of simple three-membered
heterocyclic compounds (ethyleneimine, ethylene oxide, and ethylene sulfide,
with cyclopropane included for completeness), for which, unlike the case of the
halomethanes, no independent criteria of the heteroatom hybridization are
available. The results indicate that with the inclusion of what appear to be
sensible amounts of ionic structure, the MOO functions can be adjusted to provide
agreement between experimental and calculated values of J (C'3-H). These results
and the methods used are discussed in some detail.

Calculations
The covalent overlap function
S=f{a,b,¢) {2)
where a, b, ¢ are the hybridization parameters, was formulated following the
procedure of CouLson and GoobpwiN [3]. The structures employed for the cyclic
compounds are listed in Tab. 1. Using local cartesian coordinates, as shown in
Fig. 1., and employing symmetry, the orbitals shown in Tab. 2 were obtained.

4 v

H

Fig. 1. Local cartesian coordinates for the three membered heterocyclic compounds
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Table 1. Bond lengths and bond angles for the three-membered ring compounds*

Molecule Ree Rox | Rom | Rxm 6, O, 0,
Cyclopropane ..... 1.534 | 1.534 | 1.085 | 1.085 | 150° 60° 60°
Ethyleneimine 1.480 | 1.488 | 1.083 | 1.000 | 159°25' 60°11’ 59°38’
Ethylene oxide .... | 1.472 | 1.436 | 1.082 - 159°25 59°10 61°40

1.492 | 1.819 | 1.078 - 151°43' 57°06 65°48’

Ethylene sulfide ..

* Svrron, L. E., Editor, Interatomic Distances, The Chemical Society, London, 1958.
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The total overlap consists of a sum of
integrals for each bond of the general form

S=4[@or, ¢uCcs W + 2 [ pexe Pxos v
+2 [ pexa ¢xcn W+ [@ecs @orosdv (3)
+ [@coa@ocadv + n [ oxus paxs v

where @ap, and @ap, are the components
of yap parallel and perpendicular, respecti-
vely, to the bonding direction;andn =0,1,2
for O or 8, N, C, respectively.

The thirteen overlap integrals required
were obtained by linear interpolation of
published Slater overlap values [§] and are
listed in Tab. 3. The maximum value of S
was obtained by numerical methods, using
an IBM 1620-I1 computer, and the values
of a, b, and ¢ appropriate to this maxi-
mum were determined. The corresponding
orbitals are shown in Tab. 4 and Tab. 5
gives the interbond angles computed from
these orbitals. The calculated covalent
values of J (*3C.H), listed under J; in
Tab. 6, were calculated from the expression
Jo = 250 (1 — 2a2).

Ionic character (CH,C+H,X-H,) was
introduced by using the unnormalized wave
function

Y= Yeov + 2 A"Pionic 4)
where A represents the ionic character
per C-X bond. (There are two equivalent
ionic structures, hence the use of 2 1 in
Eqn. (4)). The overlap integrals for the
ionic structure (Tab. 3b) were computed
using the previous covalent geometry, but
with appropriate values of Zey for each
atom as determined by Slater’s rules [5].
Using the function (4) the calculated value
of J (13C-H) is
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Jo+ 20T+ 20 Jge+ 2Ty + 222 T+ 25y (5)
1+4A+42°

where J, is the covalent coupling constant; Jy; is the coupling of neutral C in the
ionic structure; J,, is that of C* in the ionic structure; Jy; is the exchange term
between covalent C and neutral C in the ionic structure; J, is the exchange term
between covalent C and C+ in the ionic structure; and J,, is the exchange term
between neutral G and C+, both in the ionic structure.

J is determined solely by the s-character of C to H orbital in the ionic struc-
ture. J,, was calculated using the Z2 dependence of the coupling as follows

Ze 3.60
Jzz :< ﬂ) Jzz = <32> Jzz— 1 359J22 (6)

where Jy, includes the s-character of the C*+ orbital but is not yet scaled for

J cale =

Table 3a. Slater overlap integrals for the covalent forms of the three-membered ring compounds*

Overlap Integral Cyclopropane Ethyleneimine l Ethylene sulfide Ethylene oxide
(15w, 2s¢) 5715 5765 \ 5751 5732
(181, 2ps¢) 4644 4649 4658 4651
(28c, nsx) 3447 3031 .2866 2703
(256, npox) 3684 2960 3500 2433
(2poc, nsx) 3684 .3635 3019 3538
(2P0, Npox) 3298 3102 3281 2814
(2pmc, nPax) 1952 1609 A521 1386
(2sc, 280) 3447 ,3682 3625 3717
(2s¢, 2p0c) .3684 .3860 3818 38856
(2psc, 2pac) 3298 .3320 .3320 .3320
(2P, 2pnc) 1952 2136 2090 2163
(nsx, 1sm) 5715 5502 - -
(npox, Lsm) 4644 4059 - -

* Obtained by linear interpolation from Reference {§].

Table 3b. Slater overlap integrals for the ionic forms of the three-membéred ring compounds*

Overlap Integral \ Ethyleneimine | Ethylene sulfide Ethylene oxide
(1s=, 250) BT27 5752 5732
(181, 2p0c) 4649 4658 4651
(250, nsx—) .3333 .3093 2703
(2psc, n8x™) .3765 .3028 .3538
(2s¢, 1pox—) .3401 .3839 .2434
(2poc, npox™) .3235 .3309 : 2814
(2pnc, nPrx™) 1858 1673 1387
(2s8¢, 2sc™) .3320 .3266 .3356
(2pocs 2566™) .3782 .3732 3811
(2s¢, 2p0c™) .3361 .3319 .3387
(2poc, 2psc™) 3226 3213 .3232
(2pnc, 2pnct) 1846 1805 1874
(Lsm, 25¢™) .5358 5384 ‘ .5363
(18w, 2psc™) 4221 4233 4223
(181{, nSx_) 5871 — -
(15w, npx—) 4457 - -

* Obtained by linear interpolation from Reference [8].
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Table 4. Calculated bonding orbitals for the covalent forms of the three-membered ring compounds

Molecule Atom | n Wis i u* ns NPz NPy NPz
Cyclopropane c 2| yee 2.0518 4381 707 “ .5550 0
Yer 1.4988 5550 0 —.4381 107
Ethyleneimine C 2| yoo 1.8575 4740 .5944 .6495 0
PoN 2.6729 3504 | —.8041 4802 0
You 1.4374 b7 0 —.4169 . .70M1
N |2 wxo 1.8099 4836 7071 .5158 0
PNE 1.6609 5158 0 —.4836 1071
Yu. b 1.6609 5158 0 I —.4836 | —.7071
Ethylene sulfide C 21 wee 2.1165 A272 1003 5719 0
Yos 2.1664 4191 | -.7139 5610 0
wor | 1.4548 .5665 0 —.4232 1071
S 13| wsc | 1.5862 .5333 7071 4642 0
Ya. b. 1.9081 4642 0 -.5333 1071
Ethylene oxide C 21 weo 1.8572 4741 5734 6682 1 0
Yco 2.8431 3818 | —.8193 4676 0
You 1.4168 5767 0 -.4092 L7071
0 Poc 1.3502 5952 1071 .3817 0
Yn. b, 2.4210 .3818 0 -.5952 l L7071

* The coefficient of mixing from y = a (s + up).

Table 5. Calculated angles in the covalent forms of the three-membered ring compounds

Molecule < {ycc, @) < (yox, —éi) < {pxe, —ﬁ) < (wom,wer' )l <HCHexpn. *
Cyclopropane ..... 21°53’ 21°53' 21°53' 116°38’ 118°12’
Ethyleneimine** .. 21°53' 19°33’ 24°4' 118°58' 116°41'
Ethylene sulfide ... 22°29' 23°1/ 23°49' 118°24’ 116°
Ethylene oxide .... 20°3' 21°49/ 30°48' 119°14/ 116°41'

* See footnote Tab. 1.
** < (yxm, plane) = 124°22'; < (NH, plane) = 112° (see footnote Tab. 1).

Table 6. Calculated values of J (BC-H) with the inclusion of tonic character
in the C-X bonds for the three-membered ring compounds

Molecule Jexpt1 Jo Ae % I¢
Cyclopropane ..... 161e 158.4 .000 .00
Ethyleneimine .... 1682 163.0 .080 6.93
Ethylene sulfide ... 1700 160.5 AN 13.84
Ethylene oxide .... 1768 166.3 163 12.28

a Reference [7].

b MorTIMER, F. 8., J. Mol. Spec. 5, 199 (1960).

¢ The coefficient of mixing from ¥ = yeov + 2 A ionic; adjusted to give agreement between
J cale and J, exptls

d Per C-X bond.
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Table 7. Calculated bonding orbitals for the ionic forms of the three-membered ring compounds

| !
Molecule Atom | n { Yij u* .ms | mps  npy ] NP2
Ethyleneimine ¢ 2‘ Yoot | 1.9869 | 4496 | 6300 | 6333 O
| pox— | 25531 | 3647 | —.7766 | 5137 | 0
1 ' yon 1.4170 l 5766 0 —.4093 1071

pav. | 49869 | 4966 | —.9324 | 3031 | O

| po'w | 43571 5932 | 0 | —.3848 | 707

N- 2] prc | 14250 \ 5142 | —4143 | 7062 | O
|

C '2‘ wote 1.6981 5074 3613 L1822 0

Cl waow | 36925 | 2614 | 9101 | 3215 | O
| pxom | 15240 5480 0 | —a4461 | 7071
‘ J paov | 15240 | 5486 0 —.4461 | —.T071

Ethylene sulfide C

2| woc* s 21063 l 4289 | 6804 | 5838 0

| wes— | 2.2363 | 4082 | —.7244 | 5555 | 0
o wer | 14422 | 5608 0 4187 | 70T
C 12 we'e | L7451 | 4972 | 4242 | 7569 | 0
|| en ) 447872099 1 0056 | -85 0
wotn | 13649 5910 | 0 -.3882 | 7071
8- ]3, Y5 } 11480 | 6568 | —.4374 . 6142 | 0

Ethylene oxide C f2 weet | 2.0018 4469 5855 ¢ .6764 0
[ woo- | 29321 3228 | —~.8106 | .4886 :

2 ’ Yoo

| i
wen / 1.3685 | .5900 0 —.3882 / 7071
v ‘ 1.6539 | 5174 | 3351 874 10
wa.n. | 5.3538 | 1836 | —.9422 | 2801 | O
|t | 13650 | 5910 0 -.3883 | .70T4
0~ { 2| womo | 8255 | .T712 | -.3086 | 4964 0

* The coefficient of mixing from ¢ = a{s + up).

increased Z. In order to estimate the cross terms we have assumed a geometric-
mean relationship

1

J01: (J()Jn)2 (7)
1 , L

Joo= (JoJ5s) 2 = (1.359 JJ50) 2 (8)
1 , L

J12= (J11J22)2 = (1-359'}11‘]22)2 (9)

where the prime has the same significance as before.

After evaluating each of these terms and inserting them into Eqn. (5), A was
adjusted to obtain agreement with Jexpy, and the fractional ionic character per
C-X bond was determined as [2]

I=2t+27) . (10)

The MOO functions for the ionic structures are listed in Tab. 7. The values of 1
and I obtained are shown in Tab. 6.

Discussion
As can be seen in Tab. 6, maximization of total overlap, using only the cova-
lent structures, leads to coupling values (J,) which are in all cases within 69, of



330 Prriiire R. CERTAIN, VIRGINTA S, WarTs, and J. H. GOLDSTEIN:

the observed values. The amount of ionic structure (I) which must be included
for exact agreement appears to be of a reasonable magnitude, and in the case of
N and O follows the order expected from Pauling’s electronegativity values [9].
The value of I for ethylene sulfide appears to be somewhat high. This may be due
to some degree of participation of d-orbitals, not considered here, or it may reflect
the fact that the orbital electronegativity is in this case larger than Pauling’s value.

The calculated value of J, for cyclopropane is about 2.5 cps smaller than Jexpt.
We find that exact agreement is obtained by including 2.599 ionic structure of
the form H-C+H (CH,),. Inclusion of these structures in the other three mole-
cules would decrease the values of I shown in Tab. 6.

The calculated bonding orbitals are not parallel to the line joining the nuclei,
as can be seen from Tab. 5. This is consistent with the results reported previously
[3, 12], which were presented as evidence for bent bonds in molecules of this type.
The CH bonds are not expected to be bent, however. The angle between the C to H
orbitals is in all cases within 2.29 of the experimental HCH angle.

The presence of non-bonding electrons in the heterocyclic molecules creates a
problem that is absent in the MOO treatment of the cycloalkanes. In the latter,
all valence shell electrons participate in bonding. This serves to restrain the
tendency towards arbitrary hybridization of some bonds in order to maximize the
overlap of the others. Lone-pair electrons contribute nothing to the total overlap
function and are, so to speak, at the mercy of the bonding orbitals. Therefore,
unless some constraint is incorporated, the MOO method may lead to totally
unrealistic results where non-bonding electrons are involved. In the case of the
halomethanes such a constraint was provided by using a constant fraction of
s-character in the halogen orbitals, as inferred from analyses of nuclear quadrupole
coupling data [6].

In the cyclic molecules studied here the fixed ring geometry appears to provide
a fairly effective and realistic constraint. However, in the case of ethyleneimine
this contraint alone was inadequate, since in addition some decision was required
regarding the disposition of the two out-of-plane nitrogen orbitals, N-II and
lone-pair. For example, if the hybridizations in these two orbitals were allowed to
vary independently the resultant structure was found to be planar sp? with the
lone-pair occupying a pure p, orbital. If we restricted the lone-pair electrons to
the s-orbital, the three bonding N orbitals were necessarily p® The final structure
obtained was based on the condition that the N-H and lone-pair orbitals be alike.
This assumption, arrived at after several trial calculations, was accepted only
because it yielded an angle of inclination of the N-H bond reasonably near the
experimental value. In the case of O and 8, with two occupied non-bonding orbi-
tals, we have no way of determining how realistic the non-bonding MOO functions
are.

If the fixed ring geometry of the cyclic compounds with lone-pair electrons ac-
tually provides a constraint upon the overlap function of these molecules, then we
should expect the MOO technique to yield unreasonable results when applied to
molecules in which this constraint is not operative. Indeed, when we applied this
technique to dimethyl ether and dimethyl sulfide, we obtained sp-hybridization
of the oxygen and sulphur bonding orbitals if the geometries of the molecules were
allowed to be dictated by the overlap function. Fixing the geometry at the experi-
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mental values led to more reasonable hybridizations of the bonding orbitals, but
predicted angles between the bonding orbitals were greater than the angles be-
tween the lines joining the nuclei. Microwave evidence that this is actually the case
for dimethyl ether has been presented elsewhere [1].

The foregoing remarks are not intended to disparage the MOO method. On the
contrary, it is felt that the agreement obtained between the calculated and
observed values of the 3C-H coupling constants and HCH bond angles in this
study is quite encouraging to further inquiry. The point stressed here is that the
method might be improved if an additional constraint, reflecting the effects of
rehybridizing the non-bonding electrons, were added to the original requirement
that Siota1 be a maximum. PavriNe has suggested the use of the s-p promotional
energy for a rather similar purpose [10]. Such an approach, although it appears to
neglect the compensating energy gained through rehybridization of the bonding
orbitals, may provide a basis for the needed modification.

We wish to thank the National Institutes of Health for a Grant in partial support of this
work. One of us (P. R. CErTAIN) thanks the National Science Foundation for support
through the Undergraduate Research Participants program.
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