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"DIGEST

Pyridinlum iodide salts possess iodide to ring chitugge-transfer (c-0) absorption; two c-t builds
(ire generally observed in nonpolar solvents. Th1 existence of two bands is important for the Ic-0
searcher in (detection because the absolute and relative energies of these binds could be a useful
indication of chtinges to ring substituents and ervironment surrounding the ring. A question exists,
however, as to whether the higher energy c-t band arises from an excited state of the donor or from
a higher energy state of the acceptor, Self-consistent extended Mickel calculations have bekn per-
formed for the unsubsti tuted and the 2-, 3-, and 4-cynno (and acetyl) pyridinium ions. The caictL-
lated difference between the energy ofr thie first (lowest) and seconld (neXt highest) vOCIcNt m'llIhculahrl
orbital oh the pyridinium ion is in good agreement with thie .ob-rved separation of the two c-t bands
in methylene chloride. This supports other experimental results, which indicate that the second c-t
band does not arise from the excited state (2P-• ) of the iodine alom. These and other results of the
calculation amn discussed iin terms of various experimental parameters,
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rtpmdtlkicc the dOCunw nlt Ir United States Government purposes.
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PROIES OF NONREACTIVE ENVIRONM LNT ]S~Iil, THIEOi.LT!CAL ASPEFCTS OF PY El IDNIUNiUv

-IODIDE l A iARGl-TtRANSFER ABSORPTION

I, INTRODUCTION.

Tile first (long wxavelength) electronic absorption bund of pyridixium iodide salts has been
studied 1 tensivcty. It arises Imm ch rgQetrainsfer front iodide ion to the pyridinium ion., .2 In
ixonlolar solvenlts a secon: C-t band, t tshorter wavelength than the first, is observed and huas been
ascribed to tile flrst excited state of the iodinoe atom (2Pi)..' R m ,xperimental results indtcate
tltx 1 the second bolnd may In fact result from ch Wrge.trwisxFer to tile becond vaeuint molecular orbital
otf the pyridiniwin ion) .' We have therefore performed self'consistent extended IHickel (SCEII)S~~calcullations oil variotis pyriditliun ions and cOmlpurced the results with expe, irimontal p,,ramoters fil-
cluding C-t band energies. -

- , CALCULATIONS AND EXPERIMiNTATION.

Tile cat.Writions w,;re performed by the mnethod suggested by I,,Hrris using ,x modified
proced••e of Kalmani and Clarleu. All valt ene orbitals and electrons were included. Tile electron
affinities of the pyridinium ions were taken as the negative of the ionizaWic n potential of the
corresponding pyridinyl radlcals. The band energies trod the rate constants were determined in
methy~ene chlorldene

1!. RESULTS ANID DISCUSSION.

A. Bland Energies.

The lowest unoccupied molecular orbital (LUMO) in benzene is a doubly degenerate it
orbital (eN, in D•,t ); on going to pyridine or pyridinuni ion, it splits into b, and a2 (in C1 ,. These
oxbitals are shown below, The (lotted line Indicates the modus.

+~ 1

IX R

Kosower. E. M., and Skorcz, J. A. Pyridiniuto Complexes. 111. Churge-Trxansfvt Bands of iolyalkylpyftdixiiurn
lodides. J. Amer. Chamit. Soc., 2, 2195 (1960).

2Nlackay, R. A., Lundolph, J. R., and Poriomck, l . J. ~perlxmentail Evidence Concernhin the Nature of the Two
Chiarga-Ti'rtsrfr aixils in Pyridiixium Iodides. J. Amer. Chem. Soc. 93 (1971), and references therein.

31(osower, 1. M., Skorcz, Schwarz, W, M., Jr., and Patton, J. W. Pyridiniuma Complcxes. I. Tle Signlllcance of the
Secoed Chluge-Trunsfet Ban1d of Pyridinium Iodides. J. Amer. Cihem. Soc. 82, 2188 (1960).

'lV'erhoeven, J. W., Dirkx, I, P., and de iBuer, Tt, J. Studios of Intet- and lntra4-holecular Donor-Acceptor lInter.
actions. 11. hitermolectihir Chaoge Transfer Involving Subsflulted Pvlxxdimumt louv;. Te"lnlhedron 2S. 3395 (0969),

5 ]tllin.F F. Mel1-Cansistont helliods in 11ijckel Theory, 3. Clhem. Phiys. 484027 (1968).
61<ahnan, B., und Clarke, G. J. Chomn. Phys. (1971" in press,
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The lowest energy orbital has been assigned as b by Kosower and !Poziomek7 oil tile
basis of infrared evidence and by Verhoeven 8 on the basis of some simple HWickel linear combination
of atomic orbit-Is-inolecular orbitals (LCAO-MO) calculations. Our SCEH calculations confirm
ihese assignments. Both orbitals are essentially -t in character; the highest filled MO is mixed but is

largely a (in [lie plane). The energy separation between the bi and a2 orbitals depends on the nature
and position of the substituent oil the ring. The first c-t band arises from donation of ant electron
frOMt iodide into JhC bl orbital of the pyridiniunt ring. If the second band arises from donation
into a, , then the energy difference between the two observed c-t bands (A,/'-) should be related to
the energy difference between the a2 and b 1 MO's.

Although these are orbital rather than state energies (i.e., conf'iguration interaction has not
been included), it is to be expected that the additional terms will be largely self-canceling in A~E.t
because of the nature of tile transitions and the similarity of tile two acceptor MO's,

The geometry used for the I-methyl group was such that one hydrogen atom was in the
plane perpendicular to tile ring passing through the nitrogen and the 4-position. Except for the acetyl
substituents, the remaining geometry was fixed. The acetyl was positioned with the carbonyl oxygen
in the plane of the ring.

As may be seen from tile results in table 1, there is good qualitative agreement between the
calculated and experimental values ofAEct. For all but the 3-substituted ions, the quantitative
agreement is excellent. Tme calculated values for the meta-substittuted species are somewhat low, but
still good considering that the energy gap is now fairly small. It may be that the parameters used 6

are n)ot quite optimal for this system.

The difference in energy between the 2p, /2 and 21'3,2 states of the iodine atom is 21.7
kcal mote- 1.2 If the second c-t band also arises from donation into the b, orbital of the ring, but
with the iodine atom being left in its first excited (2P1 /2) state, then in the absence of any strong
interactions AE,., should be about 22 kcal mole- I regardiess of the substituent. In other words,
'fet should be approximately independent of the acceptor, as is observed in alkali iodide c-t
spectra. In tropylium iodide, which has only one (doubly degenerate) acceptor orbital, two iodide
to ring c-t bands are observed in CH 2 Cl2 with a AE,.t of 19.9 kcal mole- 1.9 The spectra of
tropylium chloride and bromide substantiate that the two bands (1o arise from the 2P3 /2 and 2P1)/2
states of iodine.t 0 This is in accord with the expectation that AE,.t should not vary more than a
few k•al mole- I from the gas phase 2P- /2 " 2P3/ 2 separation. Thus, one should expect to observe
tlhree c-t bands in tile pyridinium iodide spectra, one about 21 kcal mole- I higher than the first
(lowest energy) band, and another varying between 10 and 30 kcal mole" I higher than the first,
depending on the substituent, and its position. However, only two bands have been definitely
observed. 2 In fact, there should be four bands, the last corresponding to transfer of an electroninto the second vacant MO of the py!,i. tun l ,hi g, 1inq It- ;•,!;n.. . .. . . . . . .,, 12 state,. Howver.
thisNM ban 1dwol be "buried" under tile intense local transitions of tile ring.

7 Kosower, E1,1., and Poziomek, E. J. Stable Free Radicals. I. Isolation and Distillation of I -Ethyl-4-carb-,nethoxy-

pyridinyl. j. Amer. Chem. Soc. 86, 5515 (1964).
a Verhoeven, J. W. Intramolecular Electron Donor-Acceptor Interaction in N-Aralkyl-Pyridinium Ions. Thesis.

Laboratorium voor Organische Scheikande dier Universiteit van Amsterdam. 1969.
9 Kosower, 1. M. The Solvent Sensitivity of lie Charge-Transfer Brand of Tropylium Iodide. J. Org. Chem. 29, 956

(1964).
-oHarmon, K. M.. Cummings, F. F., Davis, D. A., and l)iestlcr, D, J. Carbonium ,, Salts. V. The Spectra a1d --

Decomposition o T"ropylium Hahides in Me hylene Chloride. j. Amer. Clen,. Soc. 84, 3349 (1962).
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Table I. Charge-Transfer Transition Energies for Sevendl I.Methylpyridiliunm Iodides

SRing .!<1",i IaI~

substituet ~Found Caled

4-CN 58.2 85.3 27.1 29.0
4-COC11 3  63.8 92.5 28.7 30.8
2-CN 59.8 81.2 21,6 20.1
2-COCH 3  64.7 87,2 22.5 19.7
I-CH3 76.7 98.2 21.5 19.5

3.CN 65.0 79.0 14.0 7.2
3.COCIt 3  70.6 80.8 10.2 7.1

lit, and Et, are the firs( and second c.-t bald1 inergie' respectively in kcal

jnole- tpiecision i0.2 kcal mole- ;accuracy A0.4 kcal mole-
1
) a deter-

7-inlned in C1t 2C12-

b,•C.~t (Fouid) = Et2 - ti. 4Et (Caled) 1-' (02) - E (bI i, i kcal Iokm.e-

-• The energy difference for 2,4,6-trimethylpyryliuni iodide c-t bands (in CHC13 ) was found
to be 14.5 kcal mole- 1.1 1 Here, however, local transitions are close in energy to the c-t bands and I
can interact with them. In particular, the ni-r* transition can interact with the c-t band, which
leaves iodine in the 2p,12 state, possibly giving it intensity and shifting it to lower energy. In con-
trast to the pyryfliun ion, however, the pyridinium ion does not possess a lone pair o' electrons, and
this interaction is not possible. Thus, the absence of the third band is puzzling. A possible explana-
tion for the failure to observe this c-t band is that it has been reduced ill intensity because of what
may be considered as a "ligand field" s,.litting of the iodine 5p orbitals by the pyridiniuni ion. The
space part of the wave functions for the 2 'P3,2, and 71]/2 states of iodine contain contributions
from the p~, p, , and( 1), orbitals. Assuming that the electron transferred from the iodide ion to the
ring in the c-t process is donated essentially from an iodine 5p orbital, the relative contribution of
the Px, p," and P, orbitals to the overall transition dipole moment may be calculated. For a model
in wilch the iodide ion is located on the z-axis above the center of o "benzene" ring (idealized
C6 , symmetry), the contribution ofpx and p), are equal and very much greater than that of p,
Calculations show that this is still true even when the actual pyridinium ion is used and the iodidei i: ion is loca ted over tile position of minimunm electrostatic potential energy, which is somewhat dis-

placed from the center of the ring.

For zero ligand field splitting (A ), tho, two c-t bands, (LIle to the iodinIc being left in) thle,
2p3 /2 and 2p ,/2 states, are thus of comparable intensity. In the limit of A>>r; (spin-orbit

couplilg con)stant), the 22p3/- • dP 2 states go over to two otler states, designated 21. and 2 A
respectively. The 2E state contains only P, and py, whereas "A contains only p.. In this case, the
c-t transition leaving iodine in tile 2A state has neligible intensity ir the idealized case (C 6 , ), zero
intensity] compared to the lower energy transition, which leaves iodine in the 2E state. There is
some experimental support for this explanation from other c-t spectra. In the case of tropyliuml
iodide, the higher energy c-t band is less intense than the lower energy one; 9 for the bromide, both
bands (although not completely resolved) are clearly of comparable intensity. The higher energy
band is considerably less intense in 2,6-dichlorobenzylquinoliniuln iodide,1 2 which might be

11Balaban, A. T., Mocanlu, M., and Siimoiin Z, Charge-transfei Specina of Pyryliunm lodides. Tetrahedr on 20, 119

(1964).
"2Bricgieb. G ,, Jun,, W., and Herre, W. Anionen-und LdsUnlgsniiitel-AbliiingigkeP cites interionaten Elektronen-

naustausches in lonenepairen (am Beispiel von Salzen des N,2-6.l)ichlorbenzylchinoliniums). Z. Phys. Chem.

Nene Polge .38, 253 (1963).
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expected ' ve a "iigmid field strength" closer to that of the pyridifliulfl ion. III the case of

gaseous iodide, both bands would, as observed, be expected to be of comparable intensity
regardless of the value of a because of the spherical symmetry of the acceptor orbital on the alkali
metal ion. Thius, the I" .,ive intensities of the possible c-t transitions between iodide ion and an
acceptor will depend on the nature of the acceptor orbital(s), the geometry of the complex, and the
ligand field A trength of the accepA0tor species.

13. Electron Affinity,

The electron affinity (EA) of the pyridinium ion has been taken as equal to the negative
of the calculated ionization potential (11) of the pyridinyl radical. Although the calculation is
capable of giving absoILute values of the IP within 10 to 1.5 ev, the relative values for different posi-
lions o1 the same substituent are considerably better. A plot of Et versus EA (data given in table
11) shows the correct general trend. The individual correlations for the 2-, 3-, and 4-CN or COCI1 3
substituted ions are quite good.

C. Substituent Conslants.

Correlation of u substituent constants with E, I (in CHCl3 ) has been reported by Kosower
and Skorcz1 3 for 4-CN, 4-COOCH 3 , 3-COOCH 3 , H-, 3-CH3 , and 4-CH 3 substituted pyridinium
iodides; ou values were used for the 4-substituents that are electron withdrawing. Similarly, there is
a good correlation of a substituent constants with E, 1 (obtained in CH 2 CI2 ) for the compoutnds
listed in table 111.

Table 1I, Calculated Electron Affinities for Several
I -Methylpyridinium Iodides

PRing it b 1
substituent /A

I.CH 3  7.83 3.32
3.CN 7.96 2.86

3-COCH 3  8.54 3.06

2.COdI 3  8.73 2.80

4-COCH 3  8.76 2.78

2-CN 8.23 2.58 :0

4-CN 8.32 2.52
Tr+c 8.85 2.16d

"aElectron affinity.
bl~irst c-t band as observed in CH 2CL2 .
CTropylium ion,
dcatculated from datum from Kosower, E.M. The Solvent

Sensit ivity of the Charge-Trrmsfor Band of Tropyliumt

Iodide. J, Org, Chem. 29, 956 (1964).

13Kosower, E. M., and Skorca, 1. A. In Advances in Molecular Spectroscopy. p 4 13 . Pergamnon Press, New York,

New York. 1962.
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Table Ill. Comparison of the Euoigy of the First c-. Band (Efj) of Varioms Py ridlinimnl Iodide.s
(in CH2CI2 ) With u Substituent Constants and Calculated Charges (QN) oil

the Pyridinium Nitrugen

Ring Et 0  mb opb bcJQ
substitucnt kcal/moik

II 76.7 0 0 0 1,00

3.CN 65.6 +0.56 - - 1.54

2.CN 60.1 - - 1.77
4.CN 58.5 -. 1I0.66 +1.00 1.57

3.COC" 3  70.6 +0.38 - - 1.29

2.COCI1 3  04.7 - - - 1l.3 1

,i.COCH3  63.8 - +0.50 +0.87 1.37 A

4.C1 3  80.70 - -0.17 -

3.CH3 78,0c .0.069 -
3.COOC2115  71.3 10.37 - - -

4-COOC 2I15  65.2 - 10.45 +0.68 --

2.COOC 2H15  67.8 ... I
41,aroi Mackay, R. A., Landolph, J. Rl., ane, Poziosntk, E. J. Experimental Evidence Concerning tle Nature of the Two
CCharge-Transfor Bands in Pyridipnium todides. J, Amer. Chem. Soc. 93 (1971).

b,+0 11, HIline, J. Pilysical Organic Chemistry. p. 87, McGraw-hlill Book Companly, lc., New York, New York. 1962.
0c,'o4m Jamf", H. H. A Reexamination of the Hammett Equation. Chem, Rev. S3, 191 (1953).
dThe calculated charges on nitrogen are normalized to the unsubstiluted I -methyl pyridinimn ions.
0 From CIICI3 data as "corrected" to Ctt2CI2 , )atsfrfom Kosower, E. NJ., and Skorcz, J. A. In Advances in

Molecular Spectroscopy. ) 413. Pergamon Press, New York, New York, 1962,

Steic hindrance by a substituent towards iodide ion approaching the pyridinium ring
would not be expected to vary appreciably with ring position. This allows an estimate of oitho a-
values from c-t transitions observed with the 2-substituted compounds. For example, the ortho a-
values for 2-COOC 2 1-15 , 2-COCH 3 , and 2-CN as estimated fromn a plot of the data in table Ill are A
+0.48, +0,65, and +0.89 respectively, These fall in between the values of p and a for the U
corresponding p-substituent.

A reasonable correlation also exists between o values (at and o( ) and the calculated
charges on the nitrogen (QN ), However, fr'om a plot of thcse data (given in table I1l) and the calcu-
lated values of QN for the 2-substituents, o, for the CN appears to be larger than at;<,N , whereasao O-OCH13 is less than at, 4OCllt 3 anld approximtately equal to G',l -COCII 3. Though the data are

interesting, their interpretationi m terms of the various possible eftects is difficult to achieve satis-
factoriiy without additional results with more compounds.

IV. CONCLUSIONS.

SCEII calculations for I -methylpyridinitm ion and 2-, 3-, and 4-cyano (and acetyl)
l-methylpyridinium ions give data on energy differences between the lowest and next highest vacant
molecular orbitals of the pyridinium ion, which are in good agreement with the observed separation

NA IIY
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of (lie two pyridinium-iodide c-t bands in methylene chloride. This result supports previous indica-
tions that tile higher energy c-t bNIa relts ft'ro11 clhargeC-transfer to the second vacant moleculal-
ol'bilall of' tile pyl'idilliufn ionl,

calctulated electron a(lliitics of the pyi'idinlitinl ions show expected trends in plots with
the low energy pyridilnitIil-iodide c-t transition. A reasonable correlation was also found to exist
bIetVeen o valueS (01) and 0111 ) and the calculated charges on the pyridiniuiii nitrogen.

A possible explanation ['or the failure to observe three c-t bands lias boen proposed, which,
it valid, allows prediction of relative intensities from simple. group theoretical considerations using
idealized •1ynnletry.
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