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Abstract: Intramolecular electron transfer rate constants in solution are measured for radical anions and cations of
molecules having biphenyl and naphthalene groups as donor and acceptor. The molecules have one or more five-
bond hydrocarbon chains between the donor and acceptor grotrpasngauche andcis conformations. The rates
suggest that ontrans chain is as effective as twgauchechains or threeis chains, consistent with Hoffmann’s
prediction of more effective coupling througtans hydrocarbon chainsAb initio calculations of the couplings are

in reasonable agreement with the experiments. Calculations of electronic coupling pathways provide insight into
the reason for the superiority of theans conformation, which gives constructive interference between the two
largest pathways. The calculations also show that “cross talk” can enhance couplings in cyclic spacers in contrast
to its deleterious effect in norbornyl spacers. Comparisons of couplings through these spacers with simple hydrocarbon
chains require that large nonbonded interactions be taken into account.

1. Introduction shown above, and measured electron transfer rates in related
_ o _ compounds having larger groups®~1% The first compound

The elgctronlc coupling interaction between a donor and pictured hasll-trans chains between the two ethylenigroups,

acceptor is one of the least understood aspects of charge transfgfnereas the other two include one and two cisoid linkages

reactions. In intramolecular charge transfer reactions where theghown in bold. The cisoid linkages (dihedral angted6® from

donor (D) and acceptor (A) are tethered by a rigid spacer (S) in piv2 calculation? ) were found to reduce the couplings

the form DSA, the coupling between the donor and acceptor g psiantially2 The reduction per cisoid link varied depending

has been found to occur primarily through the bonds of the 4 the number of links, their relative positions, and whether

spacer. This is true even when the spacer is an |nsula_1tor, SUChhe rates or photoelectron splittings were meast#edany

as a saturated hydrocarbon. Though there are many importaniyther experimental results demonstrate the importance of

aspects about this interaction, the focus of the present study ISthrough-bond interactiori§:31

to determine how this through-bond (TB) interaction depends |, the present study, the charge transfer rates of a new series

on the structure of the spacer. of compounds are used to investigate the structural dependence
In 1968, Hoffmann and co-workérdproposed that through- (3) Grob, C. A.Angew. Chem., Int. Ed. Engl969 8, 535-622.

bond interactions were relatively large in magnitude and strongly  (4) Cookson, R. C.; Henstock, J.; Hudec JJAm. Chem. Sod.966

dependent upon the orientation of the intervening bonds. 88 Slog&dz- Jchem. G 1070 829-31

Evidence leading to Hoffmann’s study had been growing from EB; Pgsri(;n,.P.%rE:D.oTnI)\rgsl;s, Ur?iversity of Amsterdam, 1980.

a variety of areas, including structural effects on chemical (7) Pasman, P.; Verhoeven, J. W.; de Boer, Tllem. Phys. Let.97§

propertiedand UV spectrd> Hoffmann concluded that a fully ~ 59, 381-5. _ _ _

extendedall-trans configuration of the bonds yielded the best Anf?)cizﬂ?'c’g;g%"éiwl'bg"Sspi‘t&”?" H. K.; Brown, R. S.; Houk, K. N.

through-bond interaction, and deviation from this configuration ~ (9) paddon-Row, M. N.; Jorgensen, F. S.; Patney, Hl.kChem. Soc.,

reduced the magnitude of this interaction. The first clear Chem. Commurl983 103 573.

example came in the late 1970s from Pasman and co-wérkers Re(cllo%farf’oc”ﬁi r‘]]q F?allvg—régi%é 'ig?dggéﬁ%"v M. N.; Verhoeven, J. W.

in a study of the UV spectra of dicyanovinyl thioether isomers. " "(11) oliver, A. My Craig, D. C.. Paddon-Row, M. N.; Kroon, J.:

Further confirmation came from the elegant compounds of Verhoeven, J. WChem. Phys. Lett1988 150, 366—73.
Paddon-Row (12) Paddon-Row, M. N.; Wong, S. &hem. Phys. Lettl99Q 167,
432-8.
(13) Jordan, K. D.; Paddon-Row, M. Chem. Re. 1992 92, 395-

410.
ﬁﬁ (14) Chem3D, v. 3.0, Cambridge Scientific, Computing, Cambridge, MA.
M M 7 (15) Sarneel, R.; Worrell, C. W.; Pasman, P.; Verhoeven, J. W.; Mes,
G. F. Tetrahedron198Q 36, 3241-8.
(16) Pasman, P.; Rob, F.; Verhoeven, J. WAmM. Chem. Sod.982

. . i 104, 5127-33.
and co-workers who measured and computed splittings in (17) Paddon-Row, M. NACc. Chem. Re<.982 15, 245.

photoelectron spectra for several compounds, including those (18) Balaji, V.; Jordan, K. D.; Burrow, P. D.: Paddon-Row, M. N.:
Patney, H. K.J. Am. Chem. S0d.982 104 6849-51.

T Argonne National Laboratory. (19) Calcaterra, L. T.; Closs, G. L.; Miller, J. B. Am. Chem. Sod983

* University of Chicago. 105, 670-1.

§ Deceased. (20) Balaji, V.; Jordan, K. D.; Gleiter, R.; Jaehne, G.; Mueller,JG.
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90, 1499. Heppener, MPure Appl. Chem1986 58, 1285-90.
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Nap the specific interactions that produce théf$ 813.15.17,21,3440
Bip\%\ Bip—@—m These efforts evolved further to compute the “pathways” of
' interaction through the spacer to give an intuitive picture of
1,4BCN BbcON what the important coupling interactions a#é¢*4’ The general
conclusions are consistent with those from Hoffmann and
others—longer range, vicinal interactions strongly affect the
Nap coupling. In this paper the term “chain” is used to refer to
Nap s connected atoms or bonds and is distinguished from the terms
“path” or “pathway”, which refers to a series of electronic
5% interactions between bonds in such a chain.
1.5tBDN This paper presents measurements by pulse radiolysis of rates
of electron transfer in anions and hole transfer in cations of the
1eo° tane 60° gauche 0° cis molecules shown in Figure 1. The results are compared with
/\/6\/ _/6\_ ‘/6\7 calculations of electronic couplings between simple,CH
donor/acceptor groups through the same spacers and through

Figure 1. Compounds used for experimental investigation of the simple alkyl chains havingans gauche andcis conformations.
dependence of coupling on structure of the spacet. lBphenyl, N=

naphthyl; 1,4C= 1,4-cyclohexane, bc@ 1,4-bicyclo[2.2.2]octane, .
1,5tD= 1,5transdecalin, and 1,5¢B= 1,5cisdecalin. At the bottom 2+ Experimental Methods
of the figure are five-bond hydrocarbon chains having the same
conformations as those in the molecules.
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1,5cBDN

w
5

1,2-Dichloroethane (DCE) was purchased from Burdick and Jackson,
distilled from BOs under an argon atmosphere, and then placed in an
. . evacuated bulb over a mixture of 4 car8 A molecular sieves.
of through-bond coupling (Figure 1). All the compounds have tegrahydrofuran (THF) was dried over sodium metal with benzophe-
chains of four saturated carbon atoms (five saturated carbon none as a redox carrier and indicator, distilled under nitrogen, placed
carbon bonds) separating the donor and acceptor. The dihedrain a dry evacuated bulb with a sodium/potassium alloy, and sonicated
angles about the centraHC bonds vary from 0to 18C. For for several minutes until the aqua blue color from solvated electrons
the two 1,5-decalin spacers, the dihedral angle in the centralappeared, indicating the solution was dry and oxygen-free. The samples
five-bond, four-carbon chain is nearly 18@o give that central were prepared by vacuum distilling the solvents into the silica cells
chain the ideatrans conformation favored by Hoffmann and containing the compounds. After the solvent was transferred to the
shown in the lower left of Figure 1. The 1,4-substituted sample cell, the solutions were cooled to temperatures just above the

. . ; . .
cyclohexane (1,4C) spacer has two identical five-bond chains fnotl)\;ernt freezing point and sealed while pumping at pressures.0f
connecting the donor and acceptor. In each of these chains the ) ) o )

The radical anions were generated by irradiating solutions of the

?Agefrjéagg;i;bgg:] tEZ C_e;tr:ggsbgggtf.ngr?' ?‘Oo-l;"hl:es,bond DSA compounds in THF with 30 ps, 20 MeV electron pulses from the
! P view Ining two five- Argonne linac. Irradiation generates solvated electror® ¢ 1075

chains, each having gaucheconformation, as shown in the M) that attach to the donor and acceptor groups to form an equal

bottom center of Figure 1. Similarly, the 1,4-substituted gistribution of D"SA and DSA. In DCE the linac pulses produce
bicyclooctane has th_ree f!ve-t_)onbt chains with central dlh_edrgl two oxidizing species, DCE and CH=CHCI*. Electrons are
angles of O (lower right in Figure 1). In the 1,5-decalins, in  dissociatively captured to produce Gind radicals, neither of which
addition to the central five-bond chain, two seven-bond chains reacts with the DSA molecules. Both cations react with the DSA
are present to hold the five-bond chain in the desired conforma- compounds to form an equal distribution of §A and DSA. The
tion. The expectation that the seven-bond chains contribute little intramolecular charge transfer reactions were then observed photo-
to the coupling is supported in section 4.C.2. The intramo- metrically as they proceeded to equilibrium. The HT reactions were
lecular electron transfer (ET) and hole transfer (HT) rates were Monitored at 730 nm, and the ET reactions were monitored at 650 nm.
measured for the radical anions and radical cations of theseExperlmental methods for acquisition of transient absorption data and
) - fitting of the data have been described elsewHgre.
molecules. The experimental results are presented along with
the calculated results on model systems usingnitio molecular (33) v. Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J.
theory32.33 B.; Schlegel, H. B.; Ragavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez,
; ; ; C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F,;
Ir.wocatlon of the C“oncept .Of ,,locahzed or partly challzgd Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J.
orbitals has enabled “dissection” the electronic couplings into A Gaussian 9pRevision J; Gaussian Inc.: Pittsburgh, PA.

(34) Bock, H.; Ramsey, B. GAngew. Chem., Int. Ed. Engl973 13,
(23) Oevering, H.; Paddon-Row, M. N.; Heppener, M.; Oliver, A. M.;  734-52.

Cotsaris, E.; Verhoeven, J. W.; Hush, N.JSAm. Chem. S0d.987, 109, (35) Gleiter, R.Angew. Chem., Int. Ed. Endl974 13, 696—701.
3258-69. (36) Brunck, T. K.; Weinhold, FJ. Am. Chem. S0d.976 98, 4392-3.
(24) Paddon-Row, M. N.; Jordan, K. DMol. Struct. Energ.1988 6, (37) Larsson, S.; Matos, J. M. Q. Mol. Struct.1981, 120, 35-40.
115-94. (38) Schipper, P. E.; Paddon-Row, M. Aust. J. Cheml982 35, 1755~

(25) Paddon-Row, M. N.; Jordan, K. D. Chem. Soc., Chem. Commun. 9.
1988 1508-10. (39) Larsson, S.; Volosov, Al. Chem. Phys1987, 87, 6623-5.
(26) Oevering, H.; Verhoeven, J. W.; Paddon-Row, M. N.; Warman, J. (40) Paddon-Row, M. N.; Wong, S. S.; Jordan, KJDAm. Chem. Soc.
M. Tetrahedron1989 45, 4751-66. 199Q 112 1710-22.
(27) Lawson, J. M.; Craig, D. C.; Paddon-Row, M. N.; Kroon, J,; (41) Naleway, C. A.; Curtiss, L. A.; Miller, J. Rl. Phys. Chem1991
Verhoeven, J. WChem. Phys. Lett1989 164, 120-5. 95, 8434-7.
(28) Joachim, C.; Launay, J. P.; Woitellier, Shem. Phys199Q 147, (42) Liang, C.; Newton, M. DJ. Phys. Chem1992 96, 2855-66.
131-41. (43) Beratan, D. N.; Onuchic, J. N.; Winkler, J. R.; Gray, H®ience
(29) Falcetta, M. F.; Jordan, K. D.; McMurry, J. E.; Paddon-Row, M. 1992 258 1740-1.
N. J. Am. Chem. S0d.99Q 112 579-86. (44) Regan, J. J.; Risser, S. M.; Beratan, D. N.; Onuchic, J. Rhys.
(30) Paddon-Row, M. N.; Verhoeven, J. \Mew J. Chem1991, 15, Chem.1993 97, 13083-8.
107-16. (45) Curtiss, L. A.; Naleway, C. A.; Miller, J. RChem. Phys1993
(31) Scholes, G. D.; Ghiggino, K. P.; Oliver, A. M.; Paddon-Row, M. 176, 387—405.
N. J. Am. Chem. S0d.993 115 4345-9. (46) Liang, C.; Newton, M. DJ. Phys. Chem1993 97, 3199-211.
(32) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio (47) Curtiss, L. A.; Naleway, C. A.; Miller, J. Rl. Phys. Chem1995

Molecular Orbital Theory John Wiley and Sons: New York, 1986. 99, 1182-93.
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Synthesis of 1-((eq)-4-Biphenylyl)-5-((eq)-2-naphthylrans-deca-
lin and 1-((eq)-4-Biphenylyl)-5-((eq)-2-naphthyl)€is-decalin. The
following procedure is based on a synthetic methodology developed
by Green'® who prepared similar compounds for electron transfer
research.

1,5-Decalindione. 1,5-Decalindiol was oxidized to 1,5-decalindione
using a procedure by Johns®h An oxidizing solution was prepared
containing 35 g of sodium dichromate, 27 mL of acetic acid, and 47
mL of concentrated sulfuric acid in 155 mL of water. Twenty grams
of the diol, suspended in 400 mL of benzene, was chilled in an ice
bath. The oxidizing solution was slowly added to the benzene
suspension ovea 2 hperiod and vigorously stirred overnight with a
mechanical stirrer. Additional water was added to the mixture, and

Paulson et al.

was washed with pentane and filtered, yielding 0.73 g of crude product.
The product was then dissolved in 15 mL of acetic anhydride and 1
mL of acetyl chloride and refluxed for 45 min. The acetyl chloride
was distilled off under reduced pressure, and the residue was dissolved
in methylene chloride so the acetic acid could be washed out with water
extractions. The product was purified by column chromatography with
silica gel, and the products were eluted with 5% methylene chloride/
hexane; 0.39 g of mixed olefins was recovered. The proton NMR and
TLC indicated that more than one olefin was present.

The mixture of olefins was hydrogenated by dissolving the mixture
in 20 mL of THF and 150 mL of absolute ethanol with 0.1 g of 10%
Pd on carbon. The atmosphere was replaced with hydrogen gas, and
the mixture was stirred for 2 days. The catalyst was filtered off and

the organic layer was separated. The aqueous layer was extracted withhe solvent evaporated. The proton NMR of the product indicated that

three 100 mL portions of benzene. The organic fractions were
combined and washed with 200 mL of water, 200 mL of saturated
sodium bicarbonate solution, and 200 mL of water. The benzene was
evaporated, and the crude product was recrystallized from ethanol
yielding 10.5 g of crystalline product*H NMR (CDCls, 500 MHz):
0 2.42 (1H, m), 2.342.40 (3H, m), 2.27 (2H, doublet of tripletd =
6, 12 Hz), 2.08-2.16 (4H, m), 1.58-1.74 (4H, m).

1,5-Decalindione Monoethylene Ketal. The 1,5-decalindione mo-
noethylene ketal was prepared by refluxing 10.5 g of 1,5-decalindione,
3.9 g (1 equiv) of ethylene glycol, and 0.1 gmtoluenesulfonic acid
in 150 mL of benzene overnight with a water separator. The mixture

there were several isomers present. The isomers were epimerized by
the procedure used by Gréérior similar compounds. The mixture
was dissolved in 7 mL of DMSO (dried ovd A sieves) with 0.22 g

of potassiuntert-butoxide. The solution was stirred overnight at 80
°C, the reaction quenched with water, and the mixture acidified with
several drops of dilute hydrochloric acid. The product was extracted
with three 100 mL portions of methylene chloride; the methylene
chloride extracts were combined, washed with water and brine, dried
over anhydrous magnesium sulfate, and evaporated. The proton NMR
indicated that product consisted mostly of two isomers.

The isomers were cleanly separated using normal phase column

was washed with 40 mL of saturated agueous sodium bicarbonate chromatography. The crude mixture was dissolved in a 10% methylene
solution and 40 mL of water. The solvent was evaporated, and the chloride/hexane solution and put onto a 30 cm long, 3 cm diameter
crude product was purified by silica gel column chromatography. The column of neutral alumina (activity 1). The product was eluted with
1,5-decalindione bis-ethylene ketal was eluted with pure hexane, and10% methylene chloride in hexane solution, collected in 20 mL
the monoketal was eluted with 10% methylene chloride/hexane. The fractions. Each fraction was analyzed with reverse phase HPLC, using
crude 1,5-decalindione monoethylene ketal was recrystallized from a 10 cm Alltech C18 econosphere column, eluted with 100% acetonitrile

hexane, yielding 5.2 g of pure productd NMR (CDCls, 500 MHz):

0 3.80 (4H, m), 2.30 (2H, m), 2.05 (1H, s), 1:20.0 (11H, m).
5-(4-Biphenylyl)decalin-1-one. 4-Bromobiphenyl (5.0 g, 21 mmol)

was dissolved in 100 mL of dry THF and cooled in a dry-eeetone

bath; 15.2 mL (24 mmol) of 1.6 M-butyllithium was slowly added,

and the mixture was stirred at low temperature for Q.8 § (14 mmol)

of 1,5-decalindione monoethylene ketal, dissolved in 40 mL of dry

THF, was added, and the solution was stirred for an additional 45 min

at low temperature. The solution was then allowed to warm to room

temperature and stirred for an additional 2 h. Twenty milliliters of

at 1.0 mL/min. The two products were recrystallized with absolute
ethanol.
1-((eq)-4-Biphenylyl)-5-((eq)-2-naphthyltrans-decalin. Mp: 225-7
°C. H NMR (CDClz, 500 MHz): 6 7.80 (t, 3H,J = 7.5 Hz), 7.60 (d,
3H, J = 8.8 Hz), 7.54 (d, 3HJ = 7.5 Hz), 7.40 (m, 4H), 7.35 (m,
3H), 2.48 (1H, doublet of triplets] = 3, 11 Hz), 2.35 (1H, doublet of
triplets,J = 3, 11 Hz), 1.88 (t, 2HJ = 11 Hz), 1.71.2 (m).
1-((eq)-4-Biphenylyl)-5-((eq)-2-naphthyl)eis-decalin. Mp: 200-1
°C. 'H NMR (CDCls, 500 MHz): 6 7.90 (t, 3H,J = 7 Hz), 7.60 (d,
3H, J = 8 Hz), 7.54 (d, 2HJ = 7 Hz), 7.44-7.38 (m, 6H), 7.35 (t,

water was added to the solution, and the aqueous phase was extracteqy j— 7 Hz), 7.26 (d, 2H) = 7 Hz), 3.0 (d, 1HJ = 13 Hz), 2.9 (d

with three 40 mL portions of methylene chloride. The organic fractions
were combined, washed with water, dried over anhydrous magnesium

sulfate, and evaporated. The residue was washed with pentane (to;5 Hz), 1.85 (d, 2HJ = 13 Hz), 1.75 (d, 2HJ = 13 Hz), 1.65 (d, 2H

remove the excess biphenyl) and filtered, yielding 3.4 g of crude
product. This was dissolved in 20 mL of THF and added to 1 pint of
absolute ethanol with 4 mL of perchloric acid and 0.9 g of 10% Pd on
carbon. The flask was evacuated, refilled with hydrogen gas, and stirred
for 2 days. The catalyst was filtered off, and enough solvent was
evaporated to allow the product to crystallize out. Yield: 0.86 g of
5-(4-biphenylyl)decalin-1-one. Mp: 21 °C. MS: m/z (M™) 304.
H NMR (CDCls, 500 MHz): 6 7.60 (3H, m), 7.45 (2H, d), 7.40 (2H,
m), 7.30 (2H, m), 2.65 (1H, doublet of triplets), 2.35 (2H, m), 2.05
(1H, d), 1.95 (1H, m), 1.261.90 (10H, m).
1-(4-Biphenylyl)-5-(2-naphthyl)decalin. 2-Bromonaphthalene (1.2
g, 5.6 mmol) dissolved in 40 mL of dry THF was cooled in a dry
ice—acetone bath, and 3.9 mL (1.1 equiv) of 1.enNbutyllithium was
slowly added. This mixture was stirred at low temperature for 1 h
before 0.86 g (2.8 mmol) of 5-(4-biphenylyl)decalin-1-one, dissolved
in 20 mL of dry THF, was added. This was stirred @ h at low
temperature, allowed to warm to room temperature, and stirred for an
additional 1 h; 20 mL of water was added to the solution, and the
aqueous phase was extracted with three 40 mL portions of methylene
chloride. The organic fractions were combined, washed with water,
dried over anhydrous magnesium sulfate, and evaporated. The residu

(48) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller,
J. R.J. Phys. Chem1986 90, 3673-83.

(49) Green, N. J. Ph.D. Dissertation Thesis, The University of Chicago,
1986.

(50) Johnson, W. S.; Gutscge, C. D.; Banerjee, DJ.KAm. Chem. Soc.
1951, 73, 5464.

1H, J = 13 Hz), 2.2 (2H, doublet of triplets] = 2, 14 Hz), 2.0 (1H,
doublet of quartet) = 3, 13 Hz), 1.9 (2H, doublet of tripletd,= 2

J=13Hz), 1.6-1.2 (m), 1.15 (d, 1HJ = 11 Hz), 1.0 (d, 1HJ) =11
Hz).

3. Theoretical Methods

A. Coupling Calculation. The method used to calculate
the coupling interactions is based on previous stufdits!>4751.52
The method replaces the donor and acceptor chromophores with
methylene groups. The rational for this substitution is that the
greatest interaction between the donor and acceptor with the
spacer occurs at their point of contact with the spacer. This
minimizes the number of atoms involved in the calculation. In
this model, the methylenes are initially a pair of degenerate p
orbitals (related by symmetry). The coupling interaction
between the two orbitals results in a mixing that splits them
into symmetric and antisymmetric combinations. Koopmans’
theoren® (KT) provides an approximate way to calculate the
splitting parameter), from the differences in the eigenvalues,

& of the molecular orbitals corresponding to the symme#o) (

and antisymmetricg{") combinations of the p orbitals on the

(51) Ohta, K.; Closs, G. L.; Morokuma, K.; Green, Bl. Am. Chem.
Soc.1986 108 1319.

(52) Curtiss, L. A.; Naleway, C. A.; Miller, J. Rl. Phys. Chem1993
97, 4050-8.

(53) Koopmans, TPhysical934 1, 104.
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CH, donor and acceptor group$: /8\ &

A=e¢) —el¢") (1) A
The A is associated with the electronic couplikga by*>* S @ K " Q ““ Q
C >
V= A @) beO (0,0) Cs beO (90,90) Cs beO (30,30) C,
2

iy

The validity of the various KT values depends, in part, on
the importance of electronic relaxation. The sign convention
used for the KT couplings is similar to that used by Newkbn.
The interaction is defined as positive when energy of the

¥

symmetric orbitaly™ from the many electron wave function is 1,5¢D C, 1,5tD S,

lower than the energy of the antisymmetric orbigal. The ’

ASCEF (self-consistent field) method was also used to calculate

couplings. This method uses the unrestricted Hartfemck %" A

(UHF) energies of the groundtg) and first excited ) states, =

V = +(Ey — Eg)/2. The ASCF method includes electronic —vé
relaxation effects of the excitation that are not included in the 14C (0,0) Cyp 2,6tD (0,0) S,

KT method and thus might be expected to be more realistic, -
although Kin%> found long-distance KT couplings through

polynorbornyl spacers to be in better agreement WtiP2 O

Qi

couplings, which include correlation effects, than wABCF

couplings. The same sign convention is used for N®&CF

couplings as was used for the KT couplings. The KT calcula-

tions were carried out on the neutral triplet radicals, whereas

the ASCF calculations were done on doublet cations and anions.Figure 2. lllustrations of conformers of bcO, 1,5¢D, 1,5tD, and 1,4C
Ab initio molecular orbital theoR?33 was used to obtain with CH, donor/acceptor groups and five-bond chains. Also illustrated

couplings for comparison with experiment. A#Hb initio are 1,3C, 2,6tD, and 2,7tD.

calculations were done at the HF/3-21G level. The 3-21G basis

has been found to give reasonable agreement with couplings C c

calculated using larger basis sét§? The semiempirical / \ / \C/%

molecular orbital method AM1 was also used to calculate ¢

couplings to assess its reliability for larger systems. The UHF H

method was used in calculations on open-shell systems (cationfFigure 3. lllustration of five bond-chain of 1,5cD.

anion, neutral triplet). The resulting wave functions had

delocalized donor/acceptor orbitals, that is, an equal electronfor the five-bond backbone chain. The methylene groups in

distribution on the -Chigroups for structures with symmetrical  1,5tD are twisted by 30in opposite directions about the-©

donor/acceptor groups. bond. The five-bond chains in bcO and 1,4C have dihedral
B. Structures Used in the Calculations. Optimized angles of 0 and about 68 respectively. In addition to these

structures of the neutral triplet radicals were used in the molecules, we also considered systems with three-, four-, and

calculations. The structures were initially obtained from mo- seven-bond chains as the shortest link between the donor and

lecular mechanics (MM2 optimizatiot¥) 8 and then refined  acceptor, includingis-1,3-dimethylenecyclohexane (1,3C), 2,7-

at the semiempirical AM® molecular orbital level. The angles dimethylenetrans-decalin (2,7tD), and 2,6-dimethyletians

of the methylene groups are constrained to be those preferreddecalin (2,6tD). The structures and orientations of the meth-

by the aromatic chromophores (based on molecular mechanicsylenes are illustrated in Figure 2. These three donor/acceptor

calculations and NMR experiments). The structuretrarfis systems were studied previoulyusing slightly different

1,4-dimethylenecyclohexane (1,4C), 1,4-dimethylenebicyclo- structures. Experimental measurements have also been reported

octane (bcO), 1,5-dimethylerieans-decalin (1,5tD), and 1,5-  previously for compounds containing the 1,3C, 2,7D, and 2,6tD

dimethyleneeis-decalin (1,5cD) are illustrated in Figure 2. spacer$®8® The results are presented here for comparison with

Molecules having Chl donor and acceptor groups will be the five-bond compounds. All of the methylene-substituted

abbreviated using only the name of the spacer (e.g., 1,4C will donor/acceptor systems have symmetry and are listed in Figure

be used for 1,4-dimethylenecyclohexane). The orientations of 2.

the donor/acceptor orbitals, which mimic those of the aromatic . Superexchange Analysis.We use the superexchange

donor and acceptor groups, are also shown in the figure. Thepathways method to provide information about how electronic

five-bond backbone chains in 1,5cD and 1,5tD halterans coupling is transmitted through the bonds of the spacer. The

configurations (dihedral angle of 180 The methylene groups  pathways method is based on the idea of superexcharife

in 1,5cD have a (0,0) conformation as illustrated in Figure 3 (SE)' the indirect Coup"ng of donor (D) to acceptor (A) wave

1,3C 00) G 2,7tD (00) C,

Sh

(54) Newton, M. D.Chem. Re. 1991 91, 767-92. functions through a chain (path) of high-energy intermediate
(55) Kim, K.; Jordan, K. D.; Paddon-Row, M. N. Phys. Cheml994

98, 11053-8. (60) Johnson, M. D.; Miller, J. R.; Green, N. S.; Closs, GJLPhys.
(56) Allinger, N. L. Adv. Phys. Org. Chem1976 13. Chem.1989 93, 1173-6.
(57) PCMODEL for the Maclintosh, v. 4.41, Serena Software, Bloom- (61) Anderson, P. WPhys. Re. 195Q 79, 350-356.

ington, IN. (62) Anderson, P. WMagnetism Academic Press: New York, 1963;
(58) Spartan Molecular Modeling Program, v. 3.1, Wavefunction Inc., Vol. I, p 25.

V. K. A., Irvine, CA. (63) Halpern, J.; Orgel, LDiscuss. Faraday Sod.96Q 29, 32.

(59) Dewar, M. J. S.; et all. Am. Chem. S0d.985 107, 3902-9. (64) McConnell, H. M.J. Chem. Phys1961, 35, 508-15.



382 J. Am. Chem. Soc., Vol. 118, No. 2, 1996 Paulson et al.

Table 1. Intramolecular Charge Transfer Rates, Bond Coupling Table 2. Comparison of Experimental Hole Transfer Coupling
Ratios, and Center-to-Center Distances Elements taab initio Calculations
electron transfer hole transfer experimental
R n° coupling coupling approximate UHF/3-21G
compd (A) Ke® (s7Y) per chail kyr¢ (s per chaid Ro-A coupling KT ASCF
15BDN 12.0 3.0< 1°+20% 12  09%1¢° 1.0 compd (AP kir(sh)  ratic®  (mH) rati¢ (mH) ratic
1,5¢cBDN 12.0 2.1x 1¢° 1.0 0.97x 1@ 1.0 1,5cBDN 12.0 0.9%« 10° 1 —-13.78 1 —-133 1
1,4BCN 11.7 2.0x 1¢° 0.49 1.0x 1 0.50 1,5tBDN 12.0 0.97% 10° 1.0 —13.57 0.98 —12.0 0.91
BbcON 11.6 2.0x 1C° 0.33 5.6x 10° 0.25 1,4BCN 11.7 1.0x 10°f 1.0 —3.70 0.27 —6.27 0.47
— - - BbcON 11.6 5.6x 1(8 0.75 —1.65 0.12 —-0.51 0.04
2 Abbreviations: BbcON, 1-(4-biphenyl)-4-(2-naphthyl)bicyclo[2.2.2]- 1 3gcN  10.0 3.5¢ 10°f 1.9 10.87 0.79 142 1.1
octane; 1,4-BCN, l-(4-biphenyl)-4-(2-naphthyl)cyc|ohexane; 1,5tBDN, 2 7tBDN 12.5 2.9x 108f 0.78 8.78 0.64 8.14 0.61
1-(4-biphenyl)-5-(2-naphthyfirans-decalin; 1,5¢cBDN, 1-(4-biphenyl)- 2 6tBDN 14.0 5.0x 1071 0.24 —1.46 011 -2.14 016
5-(2-naphthyl)eis-decalin. Stereochemistry of aromatics on six- _
member rings is equatoridl.The biphenyl to naphthalene center-to- a Abbreviations: B, biphenyl; N, naphthalene; cfis-decalin; tD,

center separation was calculated by MM2 molecular mechanics usingtrans-decalin; C, cyclohexane. The numbers preceding the abbreviated
PCMODELS®’ ©Estimated uncertainties arte15% unless otherwise  spacer indicate donor/acceptor attachment position. Stereochemistry
stated ? Relative to 1,5cD. Calculated biy/chaif = (ke)%(no. of is equatorial in all case8.The biphenyl to naphthalene center-to-center
equivalent chainsy Rate constant from ref 60. separation was calculated by MM2 molecular mechanics using PC-
MODEL.5" ¢Determined from the square root of the ratio of the HT
states. From perturbation thed¥f5the coupling of the donor  rate of the compound relative to the rate of 1,5€@.alculations were

i e Qi performed on molecules in which the biphenyl and naphthalene groups
and acceptor by one such chain () is given by are replaced by CHgroups (see Figure 2). AM1-minimized structures

of the triplet biradical were used in the calculatiofRatio of the HT
Vk= —l_l(—ﬂij)/l_l(Bi) (3) coupling of the molecule relative to the coupling of 1,5¢Rate
n+ n constant from ref 60.

The S are the couplings between tfth andjth states. Thé;

is the energy difference between title state and states D and
A. In a molecular electron transfer reaction, there will be many
such chains. The total coupling is the algebraic sum over all
chains

are roughly constant throughout these compounds (for denor
acceptor separations of five bonds), their FranClondon
factors are expected to differ little. With this simplification,
the relative coupling between the spacers can be directly deduced
from the charge transfer rates by the relatjgh O (ke)/2
V=3V, 4) Though the spacers vary substantially in structure, the charge
transfer rates do not. With the assumption that each sym-
This superexchange picture can be effectively implemented metrically identical path of carbercarbon bonds connecting
if the ratio B;j/B; of the coupling elements to the energy the donor and acceptor will contribute equally to the total
denominators is small. Unfortunatelg;/B; is large if the electronic coupling, it is possible to infer the coupling efficiency
representation is made up of atomic orbitals. A more useful as a function of the conformation of the hydrocarbon chains in
representation is one in which the intermediate states of thethe bridges. The column entitled “coupling per chain” is the
saturated hydrocarbon are localizedndo* bond orbitals. We ~ coupling efficiency for each five-bond chain relative to 1,5cD
have used Fock matrix elements from Weinhold’s natural bond Which has thetrans planar geometry that is expected to yield
orbitals (NBOs¥®57which are localized orbitals. These local- the largest through-bond coupling. The results for this set of
ized orbitals are obtained by transforming the canonical (i.e., donor/acceptor compounds indicate thatdtsdive-bond chain
delocalized) SCF molecular orbitals (MOs) into a set of (in bcO) has a coupling of about one-fourth to one-third that of
orthonormal bond orbitals. The NBOs can be divided into thetranschain (in 1,5cD and 1,5tD), whereas t@uchechain
“occupied” and “unoccupied” orbitals. The former include core (dihedral of 57 in 1,4C) has a coupling of about one-half that
orbitals, lone pairs, and or r bonds, and the latter include of the trans chain. Remarkably this relationship is the same
or 7 antibonds and extra-valence-shell orbitals (Rydbergs). for electron transfer in anions and hole transfer in cations.
These NBOs are used in the calculation of the electronic These conclusions are in accord with Hoffmann’s predic-
coupling interactions in eq 3. The coupling elemegs,and tions? about coupling through hydrocarbon chains. These
the energy denominator®;, used in eq 3 are obtained from conclusions rely on the assumptions that direct interactions are
off-diagonal and diagonal elements of the Fock matrix in the unimportant and that the two chains in cyclohexane and the
NBO representation of the UHF wave function. Paths involving three in bcO contribute approximately additively to the total
hops (forward or backward) between occupied orbitals, un- coupling. These assumptions can be examined, and the nature
occupied orbitals, and both occupied and unoccupied orbitals of the coupling can be elucidated by comparison of the
(referred to as mixed paths) are included in the SE results. In experimental results with calculations of the electronic coupling.
this study the SE pathways analysis of coupling was carried B. Comparison of Experimental and Theoretical Cou-
out using thes orbitals of the neutral triplet biradical to estimate plings. The measured HT and ET couplings are compared with
couplings for the anion. The signs for the SE couplings are the 3-21G KT andASCF couplings in Tables 2 and 3. The

taken from the KT couplings. AM1 couplings are given in Table 4. The couplings normalized
] ) to that of 1,5cD are included to simplify the comparison of the
4. Results and Discussion experimentally determined values with the calculated couplings.
A. Comparison of Experimental Couplings for Different For the HT data, the actual couplings are unknown, so it is

Spacers. Electron transfer and hole transfer rate data are especially useful to normalize the data. Differences in the

presented in Table 1. Because the dermrceptor separations ~donor-acceptor separation can also alter the Frar@andon
factors because a shorter donacceptor separation will reduce
(65) Ratner, M. AJ. Phys. Chem199Q 94, 4877.

(66) Foster. J. P.. Weinhold. B. Am. Chem. S0d98Q 102, 72118, the solvent reorganization energy. In th_e- compounds wh_ere the
(67) Reed, A. E.: Weinstock, R. B.; Weinhold, F.Chem. PhysL985 donor and acceptor are separated by five bonds, the distances
83, 735-46. are nearly constant (Table 1), so no correction has been made.
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Table 3. Comparison of Experimental Electron Transfer Coupling
Elements withab initio Calculations

experimentdl

couplings, UHF/3-216

J. Am. Chem. Soc., Vol. 118, No. 2,38396

trans (from 1.5¢D) V(KT) =-9.28 mH, V[SE, 108 H cutoff] = -9.22 mH
82.27

27281 4485 61298 -44.85 §2.27 j 2683
5 ﬁ éfsi 72 ?
4 7

\% Koopmans ASCF

compd (cm) ratic? (mH) ratidd  (mH) ratid Vpath = -5.90 mH {1] Voo = -1.68 mH [1]
1,5cBDN 140 1 —-9.17 1 —10.1 1

1,5tBDN 170 1.2 —9.41 1.0 —9.54 0.95

1,4BCN 140 1.0 —12.43 1.4 —-11.4 1.1 gauche (from 1,4C) V(KT)=0.18 mH, V[SE, 10‘6chtoff] =-192 mH
BbcON 140 1.0 —=5.77 0.63 —5.25 0.52 53601
1,3BCN 160 11 13.66 15 14.5 1.4
2,7tBDN 58 0.41 5.61 0.61 5.65 0.56 3
2,6tBDN 27 0.19 —2.49 0.27 —-226 0.22

a Electronic couplings were obtained from the ET rates by reference

to the known coupling for a steroid spaand correctin for distance

dependence of solvent reorganization energy by use of an approximate

dielectric continuum modeP. Calculations were performed on mol-

Vpatn =435 mH [1] Vpath = 226 mH [1]

cis (from bc0(90.90) V(KT) = -0.39 mH, V[SE, 10°® H cutoff] = -0.66 mH

ecules in which the biphenyl and naphthalene groups were replaced asz SBB ey 600.84
by CH, groups. AM1-minimized structures of the triplet biradical were 27130 79.97 79.97
used in the calculation§.For abbreviations, see Table ®Ratio of P

the ET rate of the compound relative to the rate of 1,5¢D.

Table 4. Comparison of AM1-Calculated Coupling Elements with

Experiment

electron transfer

hole transfer

Vpath = -5.52 mH [1] Vi = 5.29 mH [1]

Figure 4. Most important paths of th&ans gauche andcis five-
bond fragments from 1,5¢D, 1,4C, and bcO (90,90), respectively, based
on neutral triple{s orbitals. The symmetries of the fragments &g,

AM1P AM1P C,, andCy,, respectively. The total couplings from KWV(KT)] and

experimentdl KT relative experimentdl KT relative SE analysis Y(SE), convergence to 1®hartree] are also given. The
compd coupling ratio (mH) ratio coupling ratio (mH) ratic® structure of the fragment has the AM1-optimized geometry of the spacer
15¢D 10 379 10 10 568 1.0 from which it is derived. (Use of bond lengths and angles from the
1'5&) 1'2 2'96 0'78 1'0 5'17 0'91 trans conformer in a calculation on thes conformer changes the KT
1’4C 1'0 1'54 0'41 1'0 0'09 0'02 value from—0.39 to 0.11 mH.) All results are from 3-21G calculations.
bE:O 1:0 0:64 0:17 0:75 2:40 0:42 Underlined numbers are diagonal matrix elements; other numbers are
1.3C 1.1 523 1.4 1.9 4.02 0.71 off-diagonal matrix elements.
2,7tD 0.41 1.79 0.47 0.78 293 0.52 . .
2.6tD 0.19 030 0.080 0.24 012 002 ecules having only one chain of carbon atoms and SE pathways

analysis of the chains and complete spacer molecules. In the
abbreviationsP Electronic couplings were calculated with the AM1 first part .Of this section, we present_ca!culations of the couplings
semiempirical Hamiltoniaii for molecules having Ciidonor and through isolatedrans, gauche andcis five-bond fragments of
acceptor groups. Koopmans’ theorem was used on the neutral tripletthe full spacer. These fragments are created by removing the
biradical.® Ratio to coupling calculated with the 1,5cD spacer. other carbon atoms and associated hydrogens and tying off the
dangling bonds with hydrogens. We refer to them as fragments
The Koopmans' theorem approach gives results that are because they contain only one chain, although they are complete
usually within 20% of theASCF method (Tables 2 and 3) but  donor-spacer-acceptor molecules. In the second part, the
are occasionally off by up to a factor of 2, consistent with the couplings in the five-bond fragments are compared to those from
findings of previous studie®:52 the five-bond chains within the full spacers, and in the third
The agreement between the experimental ratios and theorypart, additivity of the couplings is examined. This study is done
(ASCF) is often within 20%, but there are important exceptions, for anion coupling because it is less sensitive to the molecular
particularly the calculated ET coupling for bcO and the HT structure, but the conclusions are expected to be similar for the
couplings for 1,4C, 1,3C, and bcO. In these worst cases thecations.
discrepancy in the calculated coupling ratios is less than a factor 1. Five-Bond Fragments. The effect of rotation about the
of 2, except for the spectacular failure to calculate HT couplings Cz—Cs bond in the trans alkyl CeHi, is investigated in
for bcO. The differences of a factor of 2 between experiment conformers having £-C3;—Cs—Cs dihedral angles of 180
and theory are probably due to uncertainty of the theoretical (trans), 57° (gauchg, and O (cis). The molecular structures
couplings because of dependence on the choice of geometry,
level of theory, and use of the Glgroups in place of the larger
chromophores. In the case of bcO, the HT coupling is especially
sensitive to the geometry. The use of the optimized structure
of the cation instead of the neutral triplet structure gives a
coupling that is in reasonable agreement with experiment. The
dependence of coupling on the choice of structure used in the(bond lengths and bond angles) of these three conformers are
calculation will be presented in a future publication. In this taken from the five-bond (& chains of the AM1-optimized
paper we have used AM1-optimized structures for the neutral structures of 1,5cD, 1,4C, and bcO, respectively. The et€C
triplet radical in all coupling calculations. When the semi- bonds areeplacedwith hydrogens (i.e., €H bonds), whereas
empirical AM1 method is used to calculate couplings, the results the orientation of the terminal (D and A) GHroups are the
are in greater disagreement with the experimental results (seesame as in the full systems. Th®nsform is about 9 kcal/
Table 4). mol more stable than thes form at the 3-21G level. The five-
C. Calculations on Isolated Chains and SE Pathways  bond fragments are illustrated in Figure 4.
Analysis. We now discuss the dependence of the calculated At the HF/3-21G level (KT results), the magnitude (absolute
couplings on geometry using HF/3-21G calculations on mol- value) of the coupling in the five-bond anion fragment is reduced

a See previous tables for a description of experimental couplings and

trans
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trans (out-of-plane

V =-0.15mH [4] V =-0.15mH [4]

V(KT) = 0.49 mH, V(SE, 10" H cutoff)=0.90 mH

cis (out-of-plane)

% %

V=284 mH [2] V = -0.56 mH [4]

V(KT) = 14.63 mH, V(SE, 10 H cutoff)=9.51 mH

Figure 5. Effect of CH, rotation on the most important paths and total 1,5¢D
coupling oftrans andcis five-bond fragments (geometry is the same
as in Figure 4). Most important pathways are shown. The donor/acceptor
p orbitals are out of the plane containing the carbon atoms of the bridge.
The pathway calculations are based on neutral tripletbitals with
convergence to 10 hartrees. All results are from 3-21G calculations.

from 9.28 mH in thetrans structure to 0.39 mH in theis “

structure and 0.18 mH in thgauchestructure. Similar results

have been reported by Liang and Newf8A® and Broo and 1,4C (0,0)
A . . ;

Lgrssoﬁ for (_:‘5'__'12' Seeing that tf;ese calculations are in accord Figure 6. lllustration of decomposition of coupling in full spacers into

with the predictions of Hoffmanh?we now apply the pathway  three types: (1) chain, (2) nonchain, and (3) cross talk.

method to seek insight into the superior coupling throtrghs

chains. Figure 4 shows the two most important pathways for 1pig type of effect has also been noted by Liang and Ne#iton

anion coupling from SE analysis in tlgs, gauche andtrans for CgH12 and Paddon-Row and Jordfor dienes, where they
structures. The contribution from the first and most important (efer to it as laticyclic hyperconjugation.

pathway, which passes through only the centralantibond, 2. Comparison of Couplings for Five-Bond Fragments
remains almost constant in thr@ns, gaucheandcis conform- and Full Spacers. The couplings (KT) in thesis andgauche
ers. But the NBO Fock matrix elements listed in Figure 4 fragments are much less-0.39 and 0.18 mH, respectively
indicate that the matrix element between the-C3* and C4- compared to-9.28 mH for thetrans fragment) than expected

CS* antibonds is very sensitive to rotation. Even though the o the pasis of the experimental results for the full spacers,
magnitude of this matrix element increases indlsandgauche which suggestis = Y/,gauche= Y trans. In order to investigate
structures, the change in sign causes the contributions frc_)m theihe reason for this difference and to compare with couplings
first and second paths to reinforce in hansbut to cancel in hrough the five-bond chains of the full spacers, the couplings
thecis andgaucheconformers (see Figure 4). Thus the pathway for the full spacers and fragments have been separated into three
method identifies the angle dependence of the interactions n, s a5 illustrated in Figures 6 and 7. For the full spacers, the
between the next-to-centrall antibonds as a principal origin of iree parts are (1) “nonchain”, (2) “chain”, and (3) “cross talk.”
Hoffman'stransrule. The picture developed here has features The nonchain part includes contributions from direct interactions
in common with early, qualitative pictures of Hoffmehand between the lone pairs, Rydbergs located on the donor/acceptor
Paddon-Row#:? , , , carbons, and any other paths that do not pass through the central
A dramatic change also occurs in the coupling wittf 90  hree-pond part of the five-bond chain as illustrated in Figure
rotation of the terminal Ckigroups. The results are shown in g cross talk® Lincludes paths that hop between the chains in
Figure 5. The CH groups are oriented to place the donor/ y 4c or bcO spacers. The chain part includes all other paths
acceptor p orbitals out of the plane containing the carbon atomshat pass through the central three-bond portion as illustrated
of the bridge. Rotation from in-plane (Figure 4) to out-of-plane i, Figure 6. (The Rydbergs on the bridgehead carbons are
(Figure 5) orientation reduces the magnitude (absolute value) considered to be nonchain.) The decomposition is similar for
of the coupling (KT) from 9.28 to 0.49 mH for theans the five-bond fragments, except that cross talk is absent and
structure and increases the coupling from 0.38 to 14.63 mH for jstead there is a contribution from paths through CHs used to
the cis structure. When the donor/acceptor p orbitals are out- e off the dangling bonds. This part is denoted “CH”. The
of-plane, they do not interact with the-& bonds or antibonds  5nchain and chain parts for the fragment are defined in the
of the spacer, thus eliminating the principal pathways. However same way as for the full spacer and are illustrated in Figure 7.
in the out-of-plane orientation, pathways through € bonds The separation is computed using two methods: (1) SE and
of the spacer become important, although their magnitudes are(2) Koopmans' theorem via diagonalization (DIAG) of the Fock

smaller. In this case the coupling in tbisform is much larger — magrix with selected off-diagonal matrix elements deleted. In
than thetrans form because of better interaction between the
CHs (see Figure 5) and the contribution of many paths. This (69) Paddon-Row, M. N.; Jordan, K. D. Modern Models of Bonding

illustrates how important €H bonds can be in determining ﬁl';c\’NDfé?lfall'gg%?‘{,%fb?%g’ f'lggfreenberg’ A., Bds.; VCH Publishers:

the coupling. The energy for rotation of the terminal £H (70) Onuchic, J. N.; Beratan, D. N. Am. Chem. S0d987, 109, 6771
groups for both theis andtransforms is small €1 kcal/mol). 8.

(71) Shephard, M. J.; Paddon-Row, M. N.; Jordan, KJIDAm. Chem.
(68) Broo, A.; Larsson, SChem. Phys199Q 148 103-15. Soc.1994 116, 5328-33.
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Table 5. Contributions (in mH) to Anion Coupling between ¢H
D/A Groups in Five-Bond Chain Fragments (with Geometries from

trans _(from 1,5¢cD)

Full Spacers)
contribution type of analysis  1,5cD 1,4C bcO
CHP SE —0.15 5.05 212
diag 0.14 4.95 2.09
nonchaifi SE 1.02 -0.08 0.99
diag 0.57 0.30 1.46
chain (three-bond) SE —12.06 —-558 —2.63
diag —-9.99 -5.07 -3.94
gauche (from 1.4C) _ _
totaP SE 11.26 0.60 0.38
diag —9.28 0.18 —0.39

23-21G calculations based on SE analysis t1rtree convergence)
and diagonalization (Koopmans’ theorem) with deleted matrix elements.
The column labels (e.g., 1,4C) indicate the spacer from which the five-
bond fragment was obtaine®tiContributions from paths passing through
C—H bonds used to tie off dangling-€&C bonds. See Figure 7 for
illustration of these path$.Includes direct interactions and contributions
from paths not passing through the three-bond part of the chain as
illustrated in Figure 7 or from paths passing throughtCbonds used
to tie off dangling G-C bonds.® Contribution from paths passing
through central three-bond chain as illustrated in Figure 7. (Does not
include paths passing through-€l bonds used to tie off dangling-€C
bonds.) For SE analysigauche= 0.45rans and cis = 0.22Zrans
For diagonalizationgauche= 0.58rans andcis = 0.44rans © Total
coupling= nonchain+ CH + chain.

Table 6. Contributions (in mH) to Total Coupling in D/A Full
Spacer Anion Systems with Five-Bond Chains from SE Analysis
(104 Hartree Convergence) and Diagonalization with Deletion of
Matrix Elements (3-21G Basis)

Figure 7. lllustration of decomposition of coupling in five-bond chain
fragments into three types: (1) chain, (2) nonchain, and (3) CH.

bcO

both methods the neutral triplgt Fock matrix was used to contribution ;ﬁ‘;?y‘;fs 15¢cD 15D 1,4C (90,90) (0,0)
compute couplings for anions. In the SE method, paths of direct (LP) SE  —023 —011 —045 —037 —0.40
different types (1, 2, or 3) at 18 hartree convergence Were et (Lp Rydberg) SE 022 042 111 168 140
computed and added together. This is straightforward in the nonchain SE —3.48 —-2.18 059 1.19 1.00
pathway method because all paths are assumed to be additive. diag —1.38 0.42 0.68 0.62
In the diagonalization method, some explanation is required. cross talk (xtj SE —4.30 —2.65 -523
We first discuss the procedure for the full spacer. To obtain diag —2.64 -2.98 -2.97
the nonchain couplind/nonchain all off-diagonal matrix elements chairf A SE 7993 ~915 ~6.01 ~510  0.24

: | ‘ SE —6.01 —0.73 —3.54
associated with the central three-bond chain NBOs@®onds c SE —0.73 —-3.54
and antibonds, C Rydbergs,—€l bonds and antibonds, H chaintotal (nox§  SE —9.93 —-9.15 -12.02 —6.56 —6.84
Rydbergs) were set to zero and the Fock matrix was diagonal- diag —7.78 —10.20 —3.39 —3.48
ized. The cross talk paioss wiiS Obtained by deleting (setting ~ chain av (no x SE -993 -915 —6.01 —2.18 -2.84
to zero) all elements connecting the NBOs of one chain to those . g'ég __l;'_ﬁ 1133 __lg'_‘;g :g:ég __11'_%)3
of the second (and third in the case of bcO) and subtracting the diag —9.16 —12.42 —-569 —577

resulting coupling from the total coupling. The chain coupling
was then computed a&hain= Viotal — Vhonchain— Veross tai The

2 Includes interactions through Rydberg orbitals on the donor/acceptor
A _ o (LP) carbons? Includes direct interactions and other contributions from
total coupling isViotal = Vnonchaint Verosstal+ Vehain  This is other paths not passing through the three-bond part of the chain as
approximately true in the KT method. illustrated in Figure 6¢ Includes contributions from paths that involve

The decomposition by diagonalization for the case of the five- jumps from one chain to another as illustrated in Figure 7. This quantity
bond fagments proceeds s follows: The conrbutdn, 1o SYTS B 1500 7 LD % Ly e o ons e
from the C-H bonds, used to t'e_Off the dangling-C bonds chains as illustrated in Figure 6Totgl contﬁbutiongfrom pgths passing
is calculated by deleting the off-diagonal NBO elements of these through all three-bond chainAverage contribution per chain in full
CH groups and subtracting the resulting coupling from the total spacer. For SE analysigauche= 0.6Qrans and cis = 0.22(or
coupling. The nonchain paiyonchain is calculated by deleting ~ 0.28)rans For diagonalization,gauche = 0.6%rans and cis =
the chain NBOs and the CH NBOs and diagonalizing the Fock 0.15rans ¢ Total coupling= nonchain+ cross talk+ chain.
matrix. Finally, the chain coupling was computed\&gain = in bcO) was removed. The SE analysis shows that on the basis
Viotal — Vnonchain— VcH. of the chain contributions in the¢1, fragments, thggauche

The decomposition results for the fragments are given in fragment yields about one-half and ttie fragment about one-
Table 5. They indicate that for theans conformer the chain  third of the coupling from théransfragment. The results from
contribution is dominant [SE:—12.06 mH (chain) vs 1.02 the fragments are consistent with the conclusions drawn from
(nonchain)], whereas in this andgauchefragments the chain ~ the experimental results for the full spacers in section 4. A.
contributions are nearly canceled by those from nonchain and While experimental results are similar for hole transfer, a similar
CH parts, which are of opposite sign from the chain part. This analysis was not done there because the calculations do not agree
cancellation results in the surprisingly small couplings reported well with experiment for thecis (bcO) case.
in Table 5. This cancellation in thes andgauchefragments In Table 6, the couplings for anions of 1,5¢D, 1,4cD, 1,4C,
is largely due to the importance (positive contribution) of paths bcO (90,90), and bcO (0,0) are separated into chain, nonchain,
between the €H bonds added when the second chain (or chains and cross talk contributions as illustrated in Figure 6. In
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addition, the chain part is further separated into contributions bc0[0,0] V(SE, 105 H cutoff) =-8.85 mh  V(KT) =-5.77 mh
from the individual three-bond chains, for example, A, B, and

Cin ch (s_e_e Figure 6), b_y the SE analysis. The cross talk A Q,,«=
makes significant contributions {5 mH) to the coupling, as ~—— =

has been found in calculations by Onuchic and Beratfor 5.88 mh [2] -4.40 mh 2] -0.92 mh [4]
edge-fused cyclobutanes and by Shephard and co-workers in
norbornyl systems! Both Onuchic and Shephard found that .
cross talk reduced the coupling through two parallel chains with 00201 VSE 107 H cutoff) =904 V(KT) =-5.71mh

cross connections relative to separate chains. An interesting

aspect is that, by contrast, for both 1,4C and bcO, cross talk

increaseghe coupling. This opposite effect of cross talk may 312.60~
be the reason that couplings through cyclohexane-based spacers O %3 D
have almost the same distance dependence as that through 359883° 7.78mh[1} 610 mh [1] 1.97 mh [2]
norbornyl spacers, despite the significaflttrans advantage

of the norbornyl systems. The norbornyl systems do give much

larger couplings, but this may be attributed mainly to distance- 5c0[30,-30]  V(SE, 10 H cutoff) = -4.22 mh  V(KT) =-2,74 mh
independent factors, larger coefficients, and double attachments%

of the donor and acceptor groufs.Although cross talk is
significant, the major contributions come from the five-bond End
chains. The coupling from the five-bog@uchechain of 1,4C View 6.01 mh[1] 432 mh [1] 0.92 mh [2]
(—6.0 mH) is ca. one-half that of the five-bond chain of 1,5cD

(—9.9 mH). This is similar to the results on the fragments and 1,5cD (180°)  V(SE, 10 H cutoff) =-13.00mh  V(KT)=-9.17 mh

is consistent with the deduction from experiment thatiche 286.15

= Yjrans The results for 1,5tD in Table 6 are also consistent 4 4s_ el 85.06

with this conclusion. 62005 3447
In 1,5cD and 1,5tD the contributions from paths passing -40.45 1 85.96

through the peripheral seven-bond chains are included in the
nonchain entry in Table 6. They can be estimated to be about
—3 mH for 1,5¢D and-2 mH for 1,5tD by subtraction of the
direct and LP Rydberg contributions (rows-2) from the 1,5t (180%) V(SE, 105 H cutoff) =-12.18 mh  V(KT) = -9.41 mh
nonchain total. Thus, as expected, the contributions from those

two longer chains are much smaller than those from the central,

trans five-bond chains. %
The results in Table 6 indicate that for bcO the theidive-

bond chains do not contribute equally to the coupling because

of dependence on orientation. For bcO (90,90), the upper chain

(A) contributes—5.54 mH, whereas the lower chains (B and
C) each contribute-0.75 mH. For the bcO (0,0) conformer, ; 4 (570

-4.90 mh[1) 237 mh {1] -1.11 mh [2)

-3.58 mh [1] -1.77 mh [1] -0.78 mh [1]

V(SE, 10 H cutoff) =-15.03 mh V(KT) =-12.43 mh

the two lower bridges (B and C in Figure 7) make contributions 636.98

of —3.54 mH each (see Table 5), whereas the upper bridge B8 T s 7134 3180 B2

contribution is near zero (0.24 mH) because of symmetry. The ' 7134

3.54 mH coupling for each lower bridge in bcO (0,0) is m %

consistent with the bcO (90,90) result on the basis of a cosine -4.33 mh [2] 1.69 mh [2] 074 mh [4]
relation, that is, (5.10 mH)X [cos(30)]2 = 3.82 mH. The

average of the contributions from the paths through the three _

cis five-bond chains in bcO (90,90) and bcO (0,0) is 2.50 mH Koy o | o e ot
based on SE analysis. Thuss = Y/strans consistent with the O rydverg

eXpefimema! conclusions. From diagonalization, the ‘average Figure 8. Most important paths and total coupling for electron transfer
contribution is smaller-1.14 mH, but may be a reflection of  in species having five-bond paths from SE calculation using neutral
the smaller KT coupling compared to the SE coupling. Also, triplet orbitals with convergence to 1®hartrees. All results are from

note that the KT coupling in bcO is about one-half of the 3-21G calculations. Underlined numbers are diagonal matrix elements;
coupling in 1,4C. other numbers are off-diagonal matrix elements.

The most important pathways between the donor and acceptor8). This is expected because of the favorable interaction with
in bcO, 1,5tD, 1,5cD, and 1,4C are shown for anion coupling the D/A orbitals. The contributions for the first two paths in
in Figure 8. In the case of bcO, results for three orientations the A branch of bcO (90,90) are similar to those of ¢heCsH 12
of the CH groups are shown: (0,0), (90,90), and (380). fragment derived from it, although they are larger (absolute
The coupling contributions shown in Figure 8 for the first two value) and the ordering is reversed, that is, the most important
paths in 1,5¢D are similar to those of ttrans C¢H;, fragment path is the two-step path instead of the one-step path. The NBO
in Figure 4 derived from it, in that they are large and of the matrix elements in Figures 4 and 8 indicate that this is due to

same sign as well as being through ttrans chain. The larger off-diagonal interaction elements as well as smaller
coupling contributions for the first two paths in 1,4C are also denominatorsH;, i.e., the difference in diagonal elements).
similar to those of thgaucheCgH1, fragment derived from it 3. Additivity of Couplings. The 1,4-cyclohexane spacer

in that they are large and of opposite signs as well as being can be viewed as two partly overlapping five-bond chains, each
through a singlggauchefive-bond chain. The most important  of which contributes a through-bond coupling. Can such a
paths in bcO (90,90) are through the top bridge (A in Figure spacer be considered as the additive sum of two hydrocarbon
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A2, mh A/2, mh
paths thru two ths through three-bond

three-bond chains 2 X 601 Py rougn fheebont 5 58

non-chain 0.59 non-chain -0.08

cross-tatk -4.30 CH (shown dashed) paths 5.05

total coupling -15.73 total coupling -0.60

Figure 9. Decomposition of coupling in 1,4C and tlgauchefive-
bond fragment from the SE calculation using 3-21G, neutral triplet
orbitals with SE analysis convergence to10artrees. See text for a
description of the nonchain, chain, cross talk, and CH contributions.

chains? The coupling between two €groups attached at
angles (0,0) to 1,4C is-15.73 mH as calculated by the SE
pathway method (or-12.42 mH from Koopmans’ theorem)
using neutral tripleg orbitals and 3-21G basis (see Table 5). If
a “one-armed” cyclohexane is created by removal of two carbons
(Figure 9) so the two Chigroups are attached to a four-carbon
chain having the same conformation as in cyclohexane, the
coupling is —0.60 mH (0.18 from KT). Given the known
dominance of through-bond interactions, we might expect that
1,4C with two chains might produce twice as much coupling
as the single (ChJ4 chain, but instead the 1,4C produces 26
times (69 times from KT) as much! This result indicates that
the coupling through two (Chl, chains is not twice that through
one. Such nonadditivity can also be seen in calculations of
Liang and Newtort? Why? The pathway method will be

employed to delineate the reasons for this apparent failure of

additivity and to show that the concept of additivity is valid,

but that TB couplings can behave in unexpected ways due to

important effects of nonbonded interactions.
The decomposition of the coupling for 1,4C by thie initio
pathways method is illustrated in Figure 9. The SE pathways
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The measured electron and hole transfer rates of the four
compounds with five-bond chains are all approximately the same
despite the different conformations of the chain. Because bcO
has three five-bond chains, 1,4C has two, and 1,5tD and 1,5cD
have one, the results follow the approximate additive relation-
ship: 1ltranschain= 2 gauchechains= 3 (or 4) cis chains,
that is,gauche= Y,trans cis = Y3(or Y,)trans This relation-
ship holds for both electron transfer in anions and hole transfer
in cations. Thus, these compounds appear to obeyréms
rule set forth by Hoffmann and are qualitatively con-
sistent with observations and calculations of Paddon-Row and
co-workerst?

The superiority otranschains in transmission of electronic
coupling is due to constructive (ittans) and destructive (in
cis andgauché@ interference between two principal pathways,
one of which has little angle dependence and one of which has
strong angle dependence. This picture is fwminitio pathway
calculations on anions of five-bond hydrocarbon chains.

Theoretical calculations of the hole and electron transfer
couplings in model molecules having g#bnor/acceptor groups
are in fair agreement with the trends found from experimentally
measured rates. They agree to within a factor of 2, with the
exception of hole transfer in bcO. In this case, theory and
experiment are in sharp disagreement. The reason may be due
to the sensitivity of the calculations to the structure.

The SE analysis of the five-bonai§, gauche andtrans)
fragments and the full spacers reveals that the theoretical
couplings for 1,5cD, 1,4C, and bcO are approximately consistent
with the relationshipgauche= /,trans cis = Y,trans found
experimentally. Cross talk between chains and direct interac-
tions are found to be more important in the case of bcO and
1,4C spacers, so that the total coupling is not just the sum of
contributions from the separate chains in these cases.

analysis on the complete structure (Table 5) indicates that the Cross talk between thgauchechains of 1,4C and theis

paths through each bridge contribtit6.0 mH (—12.0 mH total)

to the total coupling 0f~15.73 mH. Pathways that include hops
between the two bridges of the ring (cross talk) add another
—4.3 mH to the coupling. The coupling through a five-bond
gauchechain fragment is only-0.6 mH, but the SE analysis
shows that it is that small because of a 5.0 mH contribution
from the C-H bonds introduced when the dangling bonds were
capped by the hydrogens illustrated on the right in Figure 9.
The coupling through thgauchechain without those €H
bonds, which are not present in the full 1,4C spacer; 30
mH. Once those €H bonds are accounted for, it is seen that
the twogauchechains contribute a coupling of about 11.2 mH,
which differs from the total for 1,4C by approximately thd.3

mH cross talk between the two chains and the 0.6 mH direct
interaction. Those two contributions, particularly the substantial
contribution from cross talk, mean that the total is not just the
sum of contributions from the twgauchechains. Both the
large contributions from the capping-® bonds and the cross
talk are predominantly nonbonded interactions. These findings
contribute further to the picture developed earlier when the
pathway method showét*>that most through-bond interactions
arise from paths that skip bonds. The message is similar here
Through-bond couplings are ironically developed largely through
nonbonded interactions.

5. Conclusions
The following conclusions can be drawn from this study of

chains of bcCenhanceshe coupling between the donor and
acceptor in contrast to its deleterious effect in the case of
cyclobutyf® and norbornyl-basé#ispacers. This opposite effect
of cross talk may account for the fact that the distance
dependence of electronic couplings through cyclohexyl-based
spacers is only slightly steeper than that throwghtrans
norbornyl spacers, despite the substantial superiorigfl-¢fans
conformation.

Transalkyl chains, (CH),, have couplings similar to rigid
molecules ¢is andtrans 1,5D) containingranschains with the
same conformation. This is not true fgaucheandcis alkyls
in which the couplings are strongly influenced by interactions
through the G-H bonds used to tie off dangling bonds left when
other chains were removed from 1,4C or bcO. When coupling
through a carbon chain is poor, as in tiigchain from bcO or
thegauchechain from 1,4C, the nonbonded interactions of CHs
make an important contribution to the total coupling.
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