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1 hr., the reaction mixture was cooled and ice water cau- to vield 135 mg. of V, m.p. 102-104", [ 0 1 ] * ~  -168 (c, 21, 
tiously added. The reaction mixture was extracted with ether A?? 249 mp, log E 4.22. 
and the ethereal extracts were Tvashed with cold dilute d n a l .  Calcd. for CmH,,: C, 87.80; H, 12.20. Found: 
hydrochloric acid and a saturated solution of sodium bicar- C, 88.10; H, 12.33. 
bonate, dried, and concentrated in vacuo. The resulting 
crystalline product, 180 mg., was recrystallized from acetone PRINCETON, N. J. 
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Detailed procedures are given for calculating the first approximation LCAO-MO energies and wave functious for the R- 
electrons of molecules with n conjugated atoms and a two- or k-fold axis of rotation. 

Organic chemists make increasing use of ap- 
proximate calculations of resonance energy, charge 
distribution, bond order, force constant, free va- 
lence and localizatjon energy (Demr  reactivity 
number) in correlating and predicting structures 
and reactivities of unsaturated systems.' General 
procedures have been described for evaluating these 
quantities for the n-electrons of any molecule with 
n conjugated atoms using the first-approximation 
LCAO-NO methods2 These generally call for solu- 
tion of an n X n determinant. When n is large, as 
in triphenylmethyl, the work involved becomes 
prohibitive unless a digital computer is employed. 
However, the work can be appreciably reduced 
whenever the molecule has a two- or k-fold axis 
of rotation by replacing the n X n determinant by 
two or more smaller determinants. This can be done 
by choosing trial wave functions belonging to 
families of different basic symmetry (I?-types) so 
that no two from different families will have any 
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resonance integrals ( L e . ,  off-diagonal elements 
between them in a secular determinant involving 
them as trial functions). Then only trial functions of 
the same family can interact with one another. 
Rules for choosing trial functions belonging to 
different families are given below for several kinds 
of molecular symmetry. Benzene will be used as 
an illustration in each section because it has each 
of these kinds of symmetry. Although the derived 
molecular wave functions may depend on the 
approach, the energies, charges, bond orders, and 
free valences do not. These useful procedures may 
be familiar or obvious to many physical chemists, 
but the authors know of no single source where one 
may find them described concisely for the cases of 
interest to organic chemists. 

Two-fold axis. Ethylene, propene, butadiene, 
benzene, phenanthrene, pentadienyl, and benzyl 
radicals all have a two-fold axis for their ?r-electrons. 
Number all conjugated atoms of the molecule and 
tabulate them in a vertical column. Beside each in 
an adjacent column write the number of the atom 
it becomes after a 180" rotation about the two-fold 
axis. For minimum size determinants, choose the 
axis so that as many numbers change as possible. 
Xow use the character table 

Deter- 
minant E C2= Family 

D, 1 1 rl 
Dz 1 -1 r2 

to generate trial wave functions $1, $2 ... for use in 
each determinant D by taking "dot products" 
of the E, Czz characters by the atomic wave func- 
tions corresponding to the pairs of numbers thus 
tabulated (see first example, which illustrates 
this process). Normalize each of these trial functions 
by dividing through by the sum of the squares of 
the coefficients. For each determinant D 
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Hi1 - E Hi? 
H-1 H . 2 - E  I = o  

each H.n, = f $mH$jdv is evaluated by expanding 
it in twms of atomic orbitals and setting each 
f &H@,dv equal to a when r =  s, to ,R when atom r 
is adjacent to atom s, and to zero vhen it is not 
adjacent. Replace a-E by x (standing for -E) 
and @ by 1 and solve each determinant for x to get 
- E values in units of p. Substitute each value of x 
back into the simultaneous linear equations in 
cl, c?... corresponding to the determinant from 
which it was derived, and solve for c1, cz ... (the 
coefficients of the trial functions in that molecular 
orbital). Expand each molecular orbital wave func- 
tion in terms of the atomic orbitals and normalize. 

In  this first approximation orerlap integrals are 
neglected. The coulomb integral a is the energy of 
a n-electron localized in a p atomic orgital of one 
atom. The resonance integral @ is the change in 
energy when a n-bond is formed, and is approxi- 
mately -18 kcal. for a n-bond between adjacent 
carbons separated by the bond distance in benzene. 
The binding energy E is a positire multiple of for 
bonding orbitals, and therefore also a negative 
quantity. 

Example : benzene 

E (2,' 

1 4  
2 3  
3 2  
4 1  
5 6  
6 5  

The solution involyes two 3 X 3 determinants. 
D1, the first of these, is set up and solved as follows: 

Plotting shows that x = +1 is one root. Long 
division by (x - 1) gives x 2  + 3x + 2 = 0 for the 
rest, hence x = l/*(-3 &dm = $1, -1, 
-2. If x = $1, e = -@; the three equations are 

therefore c2 = c3 = - I/*c1; 1c, = cl(lc,l - l /& 

&). Thus three of the roots are 

2 = $1, € = -p,  

x = - 9  -, e =  +2P, p = (l/dQ(41 + 4 2  + 43 + dJ4 

D2, the other determinant, supplies the three 
remaining roots. 

$1 = ( 1 / V a $ J l  - 44) 
$2 = (l /dZ)(4? - 43) 

C1 + Cz + Cg = 0, C1 f 2Cz = 0, CI + 2C3 = 0; 

- ' 4 3 )  = (1 1 4 1 2 )  (241 - 42 - 43 + 244 - 45 - 

P = ( l / d E ) ( 2 4 1  - $2 - $8 + 244 - '$6 - $6) 

x -1,  e = P j  P = ' / 2 ( @ %  + $3 - $ 5  - $6) 

+ 65 + 46) 

$d = (1/d2)(#'5 - $6) 
Other conditions are equivalent to these. 

: x  1 
1 2 - 1  ; y = o  

1-1 0 x -  11 

z = +1, e = -a, P = 1/?(42 - 43 + 45 - $6) 
x = -1 ,  = +P, P = ( i / d i ~ 2 + ~  + $2 - 43 

z = +2, c = -28, P = (l/dG)(+* - $2 + dJ3 

-264 - $6 + '#'E) 
- $4 f 46 - '$6) 

Linear conjugated polyenes H(CH).H have roots 
calculable alternatively from 

ei = 2pcos ( A ) , j  = 1,3, . . .  n 
n + l  

Three two-fold axes at 90". Cyclobutadiene, ben- 
zene, stilbene, and anthracene all have this sym- 
metry. Proceed as for one two-fold axis except 
consider 180" rotations about all three axes and 
use the character table 

Deter- 
minant E CZX czu C2L Family 

Di 1 1 1 1 rl 
D2 1 1 -1 -1 r2 
D3 1 -1 1 -1 rs 
0 4  1 -1 -1 1 r4 

Example : benzene 

The solution involves two 2 x 2 determinants and 
two 1 x 1 determinants. 
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A k-fold axis. Benzene, 1,3,5-trivinylbenzene, 
cyclopropenyl, and triphenylmethyl radicals all 
have a three-fold axis for their n-electrons. Ben- 
zene and toluene have six-fold axes for their n- 
electrons. Tropilium ion has a seven-fold axis. 
Kumber all conjugated atoms. Generate as many 
trial functions as atoms (n). For each atom e on 
the axis (e.g., the central carbon of triphenyl- 
methyl), use one trial function of the form 

$ = '$e 

When there is SL k-fold axis, for each group of k 
equivalent atoms f, g, h, . . . ( e . g . ,  the 3 p-carbons 
of triphenylmethyl or the 6 of benzene), use IC trial 
functions of the form 

. . . . . . . . 

. . . . . . . . 

$' = (l/dL)(#f - '$0 + '$h - . , + )  1'2 

where w == e2r*/k and i = dq. Note that the 
r3 trial functions occur always as degenerate pairs 
(complex and complex conjugate). The orbital 
is missing if k is odd. Only the first 3 apply if k is 3. 

When k is 3 but cannot be 6, for each group of 6 
equivalent atoms 0, p ,  q, T ,  s, 1 (e.g. ,  the 6 o-carbons 
of triphenylmethyl), use the 6 trial functions 

$ = ( 1 / d G X + o  + + p  + +g + +r + 4 s  + + t )  

$ = ( 1 / d @ [ w Y + o  + 
= ( 1 / d G ) b - Y + o  + ' $ P )  + w-2('$g -I- + T I  + 

w-3(+s + '$t)l r3 
+ = ( i / d G ) [ ~ 1 ( + ~  - +d + w2(+g - + T )  + WY+. - +d1 r3 
$ = ( l / d @ [ w - Y ' $ o  - @ p )  + w-2('$a - $7) + 

w-3i+s - '$01 r3 
$ = ( l / d G ) ( + o  - + p  + +Q - +r + @s - +/I r2 

1'1 + w Y + g  + Q r )  + ~ ~ ( ' $ 8  + $ t ) I  r3 

All trial functions of a given family are combined 
in one determinant and solved for energies and 
molecular orbital wave functions by expanding 
each Hmj in terms of atomic orbitals using the rules 
given before. If trial functions of all three families 
(rl, r2, and r3) have been generated, there will 
therefore be three determinants. The family desig- 
nations used in this section (k-fold axis) have 
nothing in common with the same designations in 
other sections. 

Monocyclic polyenes (CH), ( e . g . ,  benzene, cyclo- 
propenyl radical, or tropilium ion) have all conju- 
gated atoms equivalent. For monocyclic polyenes, 
the trial wave functions are the final molecular 
orbital wave functions directly. 

e j  = 20 cos (y),  j = 0,1, . . . n - 1 

Because the r3 trial functions are chosen as com- 
plex conjugate pairs #, +*, it happens that their 
determinant reduces to two noniiiteracting deter- 
minants with the same roots, so that only one 
needs to be solved. Let Hll = f H#ldv, HI? 
= f #l*H#zdv, HZ1 = f #z*H#ldv, . . . . When- 
ever the off-diagonal elements are complex (in- 
volve i), H,, = Hm3*, where * means complex 
conjugate (i replaced by -2). The E values ob- 
tained are then each doubly degenerate, with 
corresponding complex conjugate molecular orbital 
wave functions for the other roots (from the other 
determinant). For triphenylmethyl a 19 X 19 de- 
terminant is thus replaced by one 5 X 5 (I'J, one 
2 X 2 (r2), and one 6 X 6 (r3) determinant (since 
the other 6 X 6 (r3) determinant need not be 
solved). 

The rules for evaluating imaginary exponentials 
are as follows: ezz  = cos x + i sin x ;  e-2z = cos 
x - i sin 2; e+r + 5) = e1(2a - z) = e- 'x .  

elz + e-" - - 2 cos x. For example, e2rr /3  + e4aa/3 
- - e2r t /3  + , - - 2 4 3  = 2 cos (27r/3) = -1. Imagi- 
nary parts  ill all vanish when energies or charges 
are computed. 

1 

Example : benzene 

The highest symmetry axis is 6-fold. There are 
6 equivalent atoms. Hence the molecular orbital 
wave functions are 
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and the number of electrons vj in each molecular 
orbital ;;, one may calculate in the usual way the 

I 

and the free O n  any atom: 

total energy of the n-electron$: FT = 4.732 - Nn 
P 

CAMBRIDGE 39, MASS. 
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Glycidyl aryl- or alkylcarbamate undergoes a pyrolytic rearrangement to give 3-aryl- or alkyl-5-hydroxytetrahydro- 
1,3-oxazine-2-one in good yields. 

I n  connection with a research on the addition 
reaction of glycidyl N-aryl- or alkylcarbamates, i t  
happened that they thermally isomerized to give 
Y-substituted 5-hydroxytetrahydro-l,3-oxazine-2- 
one (N-substituted 5-hydroxy-2-pentoxazolidone) . 
On the isomerization of three- membered ring com- 
pounds, it was reported that N-acyl-'v2 or AT- 
phenylthiocarbamyl ethyleneimine3 and their de- 
r iva t ive~~  underwent a rearrangement to give 2- 
substituhed oxazoline-2 or thiazoline-2. S o  litera- 
ture was found: however, on the ring expansion of 
N-substituted glycidyl carbamates. In  the first 
place from the reactivity of epoxy ring to imino 
group, i t  is considered that the isomerization of 
glycidyl carbamate to substituted tetrahydro-1,3- 
oxazine-%one will be caused by intramolecular 
addition reaction of epoxy ring to urethane linkage. 

To confirm the structure of isomers, isomeriza- 
tion of glycidyl phenylcarbamate and some of the 
alkylcarbamates prepared from phenyl or alkyl 
isocyanate and glycidol were studied in detail. 

When glycidyl phenylcarbamate (1) was heated 
without solvent in a test tube a t  125" for 1 hr., 
crystalline I1 was obtained in 95% yield, the 
molecular weight and microanalysis of which were 
found to  be similar to those of I. Phenyl isocyanate 
or acetic anhydride reacts with I1 to give phenyl- 
carbamate (111) or acetate (IT.') of 11. I1 was 
also obtained from l-chloro-2-hydroxy-3-phenylcar- 
bamyloxypropane (V), prepared from I and hydro- 
gen ch1oride.j This confirms I1 to be 8-phenyl-5- 
hydroxytetrahydro - 1,3 - oxazine - 2 - one. From 
l-chloro - 2,3 - bis(phenylcarbarny1oxy)propane 
(TI), 3 - phenyl - 5 - phenylcarbaniyloxymethyl- 
2 - oxasolidone (VII) was obtained without form- 
ing 111. This might be because of the fact that five- 
membered cyclic urethane was more stable and 
easier to form than six membered one.6--8 An at- 
tempt to obtain IT' from l-chloro-2-acetoxy-3- 
phenylcarbamyloxypropane by ring closure with 
sodium methoxide, gave unexpectedly 10% yield 
of I1 and 9OVc yield of oily polymeric substance. 
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