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Abstract-- The UNDO.2 and INDO calculations were pcrformcd on s-triazine and s-tetrazinc. The s- 
triazinc has three lone-pairs in a molecule. and these can bc comhmed inlo three combinations. A. n, and n4. 
Among the three. ns and n, are degencratcd when the whole interaction conserves its molecular point 
symmetry. D,q,. The s-tctrazinc has four lone-pairs. whichcan betramformed into four combinations. SS. SA. 
AS and AA. The energies of theseorhitals show mtcrcsting behavior. The results were subJcc1cd to an analysis 
from the standpoint of lhe through-space and through-bond interactions using 1hc localized molecular 
orbitals. As a result of thcsc analysts. the interactions were expressed by scvcral Interaction Icrms. 

The absorption and photoelectron spectra of s-triazine 
and s-tetriuine have been studied extensively from 
experimental thcoretrcal standpoints.’ ’ While the 
assignments of the spectra. arc not always coincident 
with each other, they and the orbital mteractions arc 

closely related. 

The long-range interactions bctwcen remote 
orbitals have been reported by Hoffmann CI ul. using 

the terminologies “through-space” and “through- 
bond” rnteractions.“.” Previously. the procedure to 

estimate the efTect of a particular through- 

bond:through-space interaction bctwcen remote 
orbitals was proposed’.” and successfully apphed to 

explain the long-range hypcrfine spin coupling 
constants in alkyl radicals.” “’ to explain lone-pair 

orbital (LPO) interaction in azines.” ’ ’ and to explain 
the long-range elfect of the LPO IO optical rotatory 

-_ 

strength.” In the present paper, the method is applied 
IO s-triazine and s-tetrazinc to analyse the orbital 
interactions between LPOs. and between LPOs and C- 
frames. 

The s-triaxine has three lone-pairs in a molecule as 
shown in Fig. I. The symmetry-adapted linear 

combinatron of the lone-pair orbitals. n I. nz and n,. is 
shown below. 

A = (n, t n, + n3):‘V:3 

E 
n, = (Zn, - nz - n3):,, ,6 

n,, = (n, - n,),,,2. 
(1) 

Doubly degenerate combination E is separated into 

two components. n, and n,,. when the interaction as a 
whole does not conserve the D,, symmetry. 

“1 

Q 
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a b 

a 

Fig. I. Schematic structure. LPO numbering. and symmetry axis in s-trlazlne and s-tctrazinc. 
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The s-tctrazine has four lone-pairs and we can take 

up the following symmetry-adapted linear com- 
binations of the lone-pair orbit&. n, . n,. nj and n,, 

SS = (n, t n? + n, t n,):Z 

SA = (n, + nJ - n.) - n,),2 

AS = (n, - n, - n, + n,):I! 

AA = (n, n2 + n, -. n4):2. (2) 

Here. the lirst letter reflects the symmetry property in 
relation to the a axis and the second the b axis as 
shown in Fig. I. 

In connection with these. the lone-pair orbital 
energies (I.POEs) vary with diff’ercnt interactions. In 

the prcscnt article. the through-bond interaction or 
through-space interaction was attcmptcd to cvaluatc 
quantltativcly by using the localized molecular 

orblrals ( LMOs) transformed from the canonical 

molecular orbitals ((‘MOs 1. 

\1 E 11101) OF <‘:\I.(‘1 l,~\‘l’lO~ 

Twelve occupied o-orblrals obtained from the 

CNDO,?‘.’ and the INDO” calculations wcrc 

localized by the procedure of Edmiston and 

Rucdcnbcrg.” The occupied n and all of the virtual 

orbltals were not transformed into the LMO. The 
gcomctrlcs for the calculations were identical with 

those reported previously.’ 
The detailed analysis procedure used has been 

dcscribcd in the previous paper.’ 

RES1’l.l S .\.bD DISC1 SSION 

The calculated results arc summarized in Figs 2 6 

and Tables I and 3. 
.\-Trio:lnca. As for the order of the LPOE levels 

calculated for the full interaction case. A is lower than 

E. This corresponds well to the experimental result and 

SCI-’ MO calculations. ’ -) Hcrc the levels of n, and n, 

habe completely degenerated. 
(‘.%/IO, 2 r~/c~~llrric~~.~. Three LPOs are cut off from 

the interactions. the LPOEs levels are overlapped with 
each other la). Ecen when the through-space 

interactions are allowed (b and c). LPOEs do not vary 
very much from the initial diagram (a). A similar 

situation is seen in pyrimidinc.K.’ ’ The through-bond 
intcractlon is allowed. n., and n, are destabilized id). 
With the diagrams d and h. since the interaction path 

as ;I whole dots not conscrvc IIK point symmetry of the 

molecule D,,,, . F Icvcl splits into two components. n., 
and II\. The order of n,, and n, in the diagram d IS 

reserved in the diagram h. WC can easily recognize that 

the interaction between lone-pairs depends largely on 

the kind ofa-frames included in the interactions. When 

the interaction path does not conserve the D,,, 

symmetry. n,,. n, and A cannot be simply expressed by 

the eqn (I ). Therefore in the diagrams d and h. for 
csample. these are mixed with each other. When the 

interactions of d and h are combined (e). 4, and n,, 

bccomc one component. E. 
In the comparibon of diagrams d and c. A IS 

considerably destabili;red when the whole interaction 

conserves the D,$,, symmetry. In the diagram d. A is not 

greatly destabllizrd but in the diagram c. A is more 
destabill;red. This can bc explained as follows: in the 

diagram d the n, LPO is almost localized on N atom. 

As :t result. three LPOscannot be mixed together. and 
therefore A ib not sullicicntly dcstabililcd. 

In addition to the diagram e. the through-space 
interactions are added (f 1. cncrpy lcvcls of A and E do 

not vary much from the diagram e. Full interaction 
state. the CM0 calculations are shown by g. 

/.%I>0 t (,I( ~r/tr/ior~. Figure 3 shows the interaction 

diagram calculated by the INDO method. Energy 

levels obtained by the INDO calculations are very 

similar to those obtamcd by the CXDDO. 2 calculations. 

The cncrgy lcvcls calculated by the INDO method in 

general shifted upward, and minor dlflerencc nppcarcd 

in the diagrams b, c. and h. That is, in the diagrams b 

and c. the through-space interactlon by the INDO 
calculations all’ecls the energy lcvcls From the diagram 

a. although the effects arc very small. In the diagram h. 
the separation bctwecn ns and n4 is smaller in the 

INDO calculations than in the CNDO: 2 calculations. 
.\-Tcr~.crri~c,. The order of the LPOE lcvcl is 

calculated both by the CNDO. 2 and INDO methods 
as AA. SS. AS and SA in the order from unstable to 

stable. This corresponds with that of the ~rh ir~irio 
calculations and the assigments of rhc obscrkcd 

photoelectron spectra. 2 -) although the agreement is 

not complctc. As thcrc arc four LPOs in this molcculc. 

the order of the I.POEs show a slightly complicated 
hchavior. 

(‘,VlIO c,~r/~.l,/rrrro,~.~. All of the LPOs arc cut off from 
the interactions (a). four LPOE levels arc overlapped 

with each other. The through-space interaction 

bctwecn II, and n,. and bctwecn 11, and n, arc allowed. 
AS and AA go up while SA and SS lower (b t. Thcdircct 
through-space interactions between the long paths are 

allowed (cl. these four levels do not bary very much 
from the a state ;ts cxpccted. that is. in pyrimidine”.’ ’ 
and in s-tria7ine as we havealrcady seen. The throuph- 

space InteractIons among the LPOs arc fully allowed 

Table I. I.POEs (au) under differen interaction states” in +trlazinc 

a b c 

1. [ :; ‘\ -0. 812” -0.8122 -0.813X -0.7151 - 0. 1 I~:$.-, -n:19:37 -O.,l9,nf; -n. 53,13 

.I T 
-0. 81’13 -n.8t37 -o.ril’L!; -0. 589.1 -~.*I930 -0:19:ii -o.,lsfx? -I~.(ifilfi 
-fi.SillS -0. 8100 -O.HOF)r, -n.s113 -n.t;743 -0.C72R -0.6700 -0.7177 
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A quantitative analysis of s-triuzinc and +tetrazine 
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.:04 hf. oIlC\KI, (‘I (11 

td). AA ;md AS go up \rhllc SS ;111d $1 go down from a 
When the short through-bond path is ;illowcd (e). SA 

.~nd SS go up m,tirkcdly. howcvcr /IS and A.4 dots not 
\&irk .II ,111 from the a \t;lte ;is 1s expected from the 
4~mmctr\ nl the included interactlot]>. The long 
through-bond path i\ ;dlowed (f). AA and SA go up 

cc)n\idcrably whllc SS and AS go upward a 11111~ from 
the dlarr;im a In this dlaprxm. indirccr through-space 

Intcr;w;ion VIJ ~hc C ti bond I\ included. And this 

ma) pl;~y ;tn Import;lnt role to the LPO Interwtion ;LS 
13 ;rlrC;ld) seen in the previou> paper.” Thl> point WIII 

Also bC Jlbcllbwd IilLCr. 
To the Ji;lgram f. the short through-bond 

lntcractivn I> ;tddetl (p). iill of the energy levels po up 
TIN dl;~pr;~m h S~OHS th;it i\II the virtual orbit;rls ilrc 
cut oil’ Iron1 ~hc Intcrtictlons. That IS. the lnteractlons 

,i rc .~llw\eJ through the occup~cd orbltals. In 

crjmp;\rlson of g \<lth h. the order bCtueen SS ;utd .AA. 

and that hctwcsn S.4 and AS IS rcscrved from g to h 
‘I’hlh is ;I \eq Interesting 1indln.g from Lie% points uf the 
throurh-,p;rcc ami through-bond InteraCtions Similar 

rc\rr.;ic,n of the LPOI- order is alw sxn in pyrid:winc 

In the prcl IW> p;~pcr.* t- ull intcrxtion btate. i.c thC 

( hl0 state I), ~r,d~cvtcd bj i. 
I.‘\ DO t r//c ~rl~rr,cu~. WC now dihcubb the lnterw1on 

dl;r.grarn~ c;dcul;ltcd b> rhc INDO method using FIN. 5. 
1 hc cncrg! Icvcl~ calculated by the IKDO method 

hhlftcd up\~;lrd In pcncr;ll In comparison with the 

rcwlth c,f the (‘ND0 9 c,llculatlons. Houckcr. the 
bch;l\i~~r of the Intcr.1ctlon diqr3m by the INDO 
method resembles IO thrlt of the (‘ND0 2 one ;is seen 
In t ~g J A \m;tll dlffcrcnce appcilrs In the diagram g. 

In rhc INIIO c;rlculalion. SS ;tnJ AA ;tlmost 

cl\erlappcd. HoHe\rr 111 the (‘ND0 2calcular1on. the) 

;ire separarCd. In the dqram c ;I small diffcrcncc 

;ippeared. 

(;t\tW \L I)ISCI SSIOY 

The IndIrect through-space Interaction \~a the C H 

bond dnd the skclct;ll through bond Interactions i\rc 

discussed In some det:t~l trtng Fig. 6. 
The lndlrcct through-spasm lntcraction shows. that 

the symmcrric;tl lntcraction 111 reliltlon to rhc axis ;i or 
h of h-trlazinc or s-tetra7lne 14Jc~t;1b1li/Cd by this type 
of Interactwn. t-or wtmplc. 11, In diagram i. and AS 

lrnd SS in j of s-tctr;izine tire to some extent 
destabilized by this kind of lndlrcct through-space 

intcractlon. The other Ie\cl~ are not affcctcd much by 
this path but these ;Ire nffcctcd by thC skeletal C‘-N G- 
frame. although in the diagmm i of s-triarlnc n, c;Lnnot 

bc cxprcsscd purely by the eqn (I I A wa already 
JIbcussed in the prcccdlng paragraph. 

Through skeletal through-bond lntcraction (k) 
In s-trwlnc. C i4 dchtabilwd. From this. 11 IS found 
that the I POs of the E spcc~cs can lntcr:ict Hith the 

C N (T-hwds but not Hith C H bonds. In the c;w of 
s-trtrwlnc (kj. SA and AA arcdcst;ihilircd through the 

C N n-bonds and AS and SS are also dcsttibllized 
through thcsc bond5 up to around thcdiagram fof Fig. 

4. This will be quantitati\elg e\plaincd in the next 

paragraph. The bchii\ior of ;\ between i and j In S- 

trlaLinc ib the s;Lmc as H;IS already explained by the 
relation uf the Jiccyrilms d i1IlJ L’ in s-triilzlne. 

Analywh of the LPOEs ;\rc summ:lrlzed in Tablets 2 
and 3. and 5 iind h for s-tria;rlnc and s-tctwine. 

respcctl\cly. The procedure for the nnalksls IS the siimc 
;ts that in the pre\ IOUS p;lpcr.’ ’ 
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Table 4. LPOEs (au) under different interaction states” in s-tetrazme 

____~_-__--_____~---- -. .-- 

a b c d c! f 
I 

I: h : 
1 -.--- -~.- .- --_ 

cslw 

AA -n.ci$lHl -0.tin49 -n.fi935 -0. .i97:i -n.c;nF;:{ -0 .51% -n:155cI -(I, 3NKO -Il. 3firin 
‘S -0 7no1 -0.792H -n.7+11; -n. 7947 -n.swl -n.f?524 -0.4520 -n .189ri -0 .I876 
AS -n 7Ofll -0 C;OH7 -n. 7044 -O.lil(;O -0.7002 -0. fir;n:3 -0. GO38 -f-l. 5356 -n, 5332 

SA -O.ti??r: - n iRIT:< -cI. 6879 -n. 7n44 -0.56~1 -0.SZJ6 -0 137fi -0.5iGH -0. 57.15 -__--- ----- _-_-----~ - 

“Scr ;,I%<) FIE!.~. .1 and 5. ’ ‘Fut I intrraction cast‘ (CXO). 

Table 5. Analysis of LPOEs in s-tetrazine (CNDO;Z) 

A A 
.<I) (_ ss AS S.4 

Wscript ions i 
i. 2: P 3 I- ? --- ._I- 

rough-spac,e (short ) 1001 26.7 -1004 -32.7 1001 34.7 

rnugh-st):Icc ( IlJn!:) -27 -0.7 77 0.9 27 1.2 

rough-lmnd (short ) 6 n.2 1897 fil.7 6 0.3 

rough-lxlnd ( long) 242.5 64.7 824 26.fI 812 36.3 

rouah-sp;icr through-sp;cc’c 43 1.1 42 1 4 -12 -1.9 
coup 1 i no; 
rough-bond throuch-bond 7n5 18.8 589 19.1 7H9 35.3 
:oup I I ng 

rough-st1:lr.r I hrouqh-bt,nd -435 -11.6 654 21.3 -364 -16.3 
roup 1 I ng 

rough-virluals 29 0.8 46 1.5 8 0.4 

tal 3747 1on. 3075 100. 2237 100. 

-Inn5 -51.4 b-a 

-26 -1.3 c-a 

1894 96.9 c-a 

2373 121 .4 f-a 

-44 -2 .:I (d-a)- [(b-a)+(c-a)] 

-1.595 -81.6 

320 16.4 (h-a)- [(d-a)+(g-a)’ 

37 1.9 i (C’W-h 

1954 100. i ( (“10 ) -a 

Table 6. Analysis of LPOEs in s-tetrazinc (INDO) 

(g-a)- (Ce-a)+Cf-a) 1 

SS AS SA 
,’ c -8 c ,: r I)cscript ions’ i 

_. -- 
932 29.9 -927 -43.6 914 54 . R -937 -79.3 b-a 

46 1 . :, -35 -2.1 -43 -2.6 47 ,I 0 c-a 

-2 -0.1 1340 63. 1 -1 -0.1 1265 107.1 e-a 

181.5 58.2 477 22.4 398 23.9 16w-l 142.3 f-a 

28 0.9 26 1.2 -30 -1.8 -28 -2.4 (d-a)- [(b-a)+(c-a) 

609 19.5 664 31.3 566 33.9 -995 -84.3 (g-a)- [(e-a)+(f-a) 

-327 -in.5 57n 26.8 -150 -9.5 126 10.7 (h-a)- [(d-a)+(g-a) 

213 0 6 20 0.9 24 1.4 23 1.9 i ( UK)) -h 

3121 100. 2125 100. 1669 100. 1181 100. i (P!O) -a -. ._ 

! 
S(‘C, :I1 SC, F‘iL!. 5 nnd TLll>I c .I. 



In s-trta/.tnc. the effects of the through-space. 
through-space through-bond coupling and through 
virtuals arc very small. WC easily recognized that 
largely the mteraction between or among the LPOs is 
explained by the through-bond interactton. In the 
I ND0 calculations. the through-space mteractton IS 

larger than in the C’ND0.2 calculations. 

In s-tctrazine. the through-sp;tce (long). through- 

space through-space coupling. and through-virtuals 
do not have much of an ellect on the lone-pair orbital 
energies. As for the through-space interacttons. the 
symmetrical Interactton in relation to the a axis makes 

LPOEs stabilize while the anttsymmetrical one in 

relation to it destabilize. As for the through-bond 
tnteractions. SS and SA are destabtltrcd through the 

short path. whtle through the long path all 
combtnattons arc affected. Here AA and SA are 

destabtltzcd more rhan SS and AS. As for the through- 

hond through-bond coupling. SA has a fairly large 

menus value. but the others have a positive value. With 

the through-space through-bond coupling the values 
of .AA and AS are negative. while SS and SA are 

positive. These signs depend on the symmetry 
properties. The results of the INDO calculations show 

stmilar results of the CN DO:2 calculations except that 

the through-space Interacttons tn the INDO 

calculations are a btt larger than those in the CNDO;Z 
calculations. 

The procedure applied in the prchcnt article is very 

useful in order to analyst quantitatively the orbital 

Interacttons. The present analysis proposes new 
tnformattnn m relation to the orbital interactton 
between LPOs and,‘or between LPOts) and a-frames. 

This procedure will also be used to explain the 

reacttvtty and rcactton path of addition reactions. 
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Educatton. for whrch we express our grutrtude The authors 
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