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the first water molecule; (3) the somewhat larger charge transfer 
to Me4N+. 

One consequence of the above results is that any solvent that 
cannot participate in a solvent-to-solvent hydrogen bond, Le., 
Me2C0 and MeC1, would be expected to have a lower AED for 
the second attachment than for the first. This is in complete 
agreement with the experimental results for MezCO. 

Interaction of Me4N+ with Polyfunctional Ligands. The in- 
teraction energies of Me4N+ with ethers are shown in reactions 
8-10, Table I. The interaction with the large, polarizable n-BuzO 
is somewhat stronger than that with H,O and MeOH. While the 
triether in reaction 9 has a polarizability comparable to that of 
n-BuzO, the polydentate ligands give considerably more stable 
complexes than any of the other ligands. The strong interaction 
energies here clearly indicate multiple interactions of the ion with 
the multiple ether functions. A comparison of the n-Bu20 and 
diglyme complexes indicates 8 kcal mol-' for the second plus third 
CH6+-0 interactions in the latter. Interestingly, this is similar 
to the 10 kcal mol-' interactions assigned for two CH6+-0 in- 
teractions in the analogous complex Me,NH+~diglyme.~ Ap- 
parently the exchange of a strong vs. weak bond in the first 
interaction does not significantly affect the additional CH6+-.0 
interactions. 

The question of multiple interactions is also of interest in the 
complex of Me4N+ with the amino acid derivative CH,CONH- 
CH2COOCH3, Le., CH3CO-gly-OCH, (reaction 11, Table I). 
The geometries of the two carbonyl functions in CH,CO-gly- 
OCH, are similar to those in two adjacent amide oxygens in a 
peptide. Therefore, the complex simulates the interactions of the 
charged group in acetylcholine with two adjacent amide links in 
an unionized peptide. The experimental results show that the 
interaction, 20 kcal mol-', is substantial. However, a comparable 
interaction energy is observed with a single amide group, Le., 
dimethylacetamide (reaction 12, Table I). Molecular models 

demonstrate that, with the oxygen of one amide group of 
CH3CO-gly-OCH3 in a three-proton cavity of Me4N+, the other 
carbonyl oxygen could interact only with the same protons, whose 
charge is already delocalized in the first interaction. This may 
explain the small effects of multiple interaction for this group as 
opposed to the polyether complexes, for which the oxygen can 
interact with different groups of methyl protons. Of course, with 
larger peptides, non-neighboring amide groups could bind the ion 
in a more efficient polydentate conformation. 

Complexes of Other Quaternary Ions. Complexes of Quaternary 
Ions with ?r-Donors. With increased size of the quaternary ion, 
i.e., in Et4N+, the charge on each proton should be decreased and, 
consequently, the interaction energy with solvents should decrease. 
Indeed, the interaction energies with HzO and Me,CO are de- 
creased by 2 kcal mol-] (reactions 18 and 19, Table I) compared 
to the analogous complexes of Me4N+. 

Finally, the complex Me30+.Mez0 is comparable in stability 
to the complexes of Me4N+ with oxygen ligands. This suggests 
that there are similar charge distributions in the quaternary am- 
monium and tertiary oxonium ions. Reactions 16 and 17 show 
that the interaction of Me4N+ with the n-donor ligands benzene 
and toluene is similar to that with the oxygen and nitrogen ligands. 
Interestingly, benzene also shows an interaction energy with 
Me,NH+ comparable to regular n-donor ionic hydrogen bonds 
as will be seen in the following article in this issue. The complexes 
of Me4N+ with benzene and toluene represent a special type, 
CH6+-n, where no n-donors are involved on either side. 

Registry No. (CH,),NCH,+, 51-92-3; (C2H5),NC2H,+, 66-40-0; 
(CH3)20CH,+, 43625-65-6; H20, 7732-18-5; CH,OH, 67-56-1; (C- 
HJICO, 67-64- 1 ; (n-C4H9)20, 142-96- 1 ; CH30CH&H20CH,CH,OC- 
H,, 11 1-96-6; CH3OCH2CH20CH2CH2OCH2CH2OCH3, 11 2-49-2; 
CH,CON(CH,)z, 127-19-5; CH3CONHCH2COOCH3, 1 1  17-77-7; 
CH~NHI, 74-89-5; (CH,),N, 75-50-3; CH,CI, 74-87-3; C&, 71-43-2; 
C6H5CH,, 108-88-3; (CH3),0, 115-10-6. 
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Abstract: Unconventional strong ionic hydrogen bonds of the -XH+-n type, where the electron donor is a n-bond or an aromatic 
a-system, are formed in the clustering reactions of NH4+ and MeNH,' with C2H4 and benzene derivatives. The interaction 
energies range from 10 to 22 kcal mol-'. The experimental results and ab initio calculations on C2H4.NH4+, C6H6.NH4+, 
and C6H5F"H4+ indicate that the interaction is primarily electrostatic in nature with little a-donation into the bond. The 
most stable structure of C2H4.NH4+ is the conformer where one N-H+ bond points at the center of the double bond. For 
C6H6"H4+ and C6H5F"H4+, the lowest energy n-dimers have two NH4+ hydrogens directed toward the ring. The F-H-NH3+ 
a-complex was studied also for C6H5F"H4+. The latter complex is the more stable of the two at this level of calculation. 

Conventional ionic hydrogen bonds between protonated and 
neutral n-donors -XH+-X-, ranging in strength up to 30 kcal 
mol-', have been investigated extensively.Is2 Fewer studies have 
been done on unconventional ionic bonds, Le., those where the 
atom on either side of the bonding, partially charged hydrogen 
is not an n-donor. In the preceding paper3 we observed uncon- 
ventional bonds of the CH6+-.X type ranging in strength from 

'National Bureau of Standards. 
'College of the Holy Cross. 

6 to 18 kcal mol-'. In the present paper we examine strong ionic 
hydrogen bonds where the proton is attached to an n-donor, but 
the electron donor is a n-bond or an aromatic n-system. 

While the thermochemistry of XH+.-n interactions has not been 
investigated previously, Sunner and co-workers4 have studied a 
~~ 

(1 )  Kebarle, P. Annu. Reu. Phys. Chem. 1977, 28, 445. 
(2) Meot-Ner (Mautner), M. J .  Am. Chem. Soc., in press. 
(3) Meot-Ner (Mautner), M.; Deakyne, C. A. J .  Am. Chem. Soc., pre- 

ceding paper in this issue. 
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Figure 1. van't Hoff plots for NH*-.?r complexes. Numbers refer to 
Table I. *, 0, and in reaction 1 indicate points obtained in neat C6H6 
and 1.1% and 0.1% C6H6 in cyclohexane, respectively. 

K+-a system in the clustering of K+ with benzene. The authors 
found that the attachment energy of 19.2 kcal mol-' was due 
mainly to electrostatic interactions, especially the attraction be- 
tween K+ and the benzene equatorial a(-)-ring(+)+-) quad- 
rupole. One point of interest in the present work is to compare 
the interaction of the potentially hydrogen bonding NH4+ vs. that 
of K+ with a r-donor. More broadly it is of interest whether the 
XH+-a bonds involve significant a-donation into the bond or 
whether these hydrogen bonds are due mostly to electrostatic 
interactions. 

In addition to their physical interest, XHG+wr interactions may 
also play a role in peptide conformation. Lilly5 has found evidence 
that hydrogen bonds involving a-systems and partially charged 
amide hydrogens significantly affect the conformational ther- 
mochemistry of small peptides with aromatic constituents. 

Experimental and Computational Details 
Measurements were performed with use of the NBS pulsed high 

pressure mass spectrometer and standard procedures.6 In most studies 
of the alkyl-ammonium ion-?r-donor complexes, trace amounts of the 
amine (O.Ol%) and 0.1-2% of the ligand in cyclohexane or iso-C4HI0 as 
the carrier gas were used. In some systems, such as NH4+, MeNH3+, 

was the carrier gas. In the NH4+.C6H6 system, points obtained in neat 
C6H6 and 0.1% to 18% C6H6 in c-C6HI2 all fit on the same van't Hoff 
plot (Figure 1) demonstrating that variation of the partial pressure of 
C6H6 by a factor of 10' does not affect the equilibrium constant. Sim- 
ilarly, checks were made in other equilibria to show that variation of the 
partial pressure of the ligand, usually by factors of 2-5, and of the total 
source pressure, in the range 0.2-0.8 torr, did not affect the measured 
equilibrium constant. 

Trace concentrations of amines ensured that the formation of amine 
dimer ions was not significant above ca. 380 K. At lower temperatures 
and with weak ligands (especially C2H4), (NHJ2H+ formed quickly and 
the reaction prevented accurate NH4+.donor equilibrium determinations. 

The theoretical calculations were carried out ab initio by using the 
GAUSSIAN so system of programs' on a VAX 11/780 computer. 
C2H4.NH4+, C2HSNH3+, C6H6.NH4+, and C6HSF.NH4+ were investi- 
gated. Three sets of calculations were performed. For the first set the 
structures of C2H4,' NH4+,' C6H6,* C6HSF,9 C2H4.NH4+, C6H6.NH4+, 

and Me,NH+*C6H6 and NH4+.C2H4, neat C6H6 or C2H4, respectively, 

(4) Sunner, J.; Nishizawa, K.; Kebarle, P. J .  Pfiys. Cfiem. 1981,85, 1814. 
(5) Lilly, J., personal communication. 
(6) Meat-Ner (Mautner), M.; Sieck, L. W. J .  Am. Cfiem. SOC. 1983,105, 

2956. 
(7) Binkley, J .  S.; Whiteside, R. A,; Krishnan, R.; Seeger, R.; DeFrees, 

D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A. QCPE 1981, 13, 
406. Krogh-Jespersen, K., private communication. 

(8) Whiteside, R. A.; Frisch, M. J.; Binkley, J. S.; DeFrees, D. J.; Schlegel, 
H. €3.; Raghavachari, K.; Pople, J .  A. "Carnegie-Mellon Quantum Chemistry 
Archives", Department of Chemistry, Carnegie-Mellon University, Pittsburgh, 
PA 15123. 

and C6H5F.NH4+ were optimized by using the STO-3G basis set.lo8 The 
geometries of C2H4,' NH4+,' C6H6,' and C&F9 were optimized com- 
pletely. These structures were retained in the complexes and only se- 
lected bond lengths between NH4+ and C2H4, C6H6, or C6HsF were 
varied. This approach of partially optimizing the structures of complexes 
has been utilized by many research groups." 

Since the 3-21G basislob has been shown to yield more accurate re- 
action energies and relative molecular energies than the STO-3G basis, 
for the second set of calculations the total energies of all of the above 
species were obtained at the 3-21G level by using the STO-3G optimized 
geometries, i.e., 3-21G//STO-3G computations were performed. In  
order to check the accuracy of the 3-21G//STO-3G calculations, for the 
third set of computations C2H4' and NH4+' were completely optimized 
and C2H4.NH4+ was partially optimized at the 3-21G level. Only cal- 
culations of the third type, Le., 3-21G//3-21G, were carried out for 

Geometry optimizations were done by the force relaxation method.I2 
Reported bond lengths represent convergence to 0.001 8, and bond angles 
to 0 . l0 .  

Results and Discussion 
1. The Thermochemistry of Condensation vs. Clustering Re- 

actions. In principle, attachment of onium ions to unsaturated 
hydrocarbons could yield either noncovalently bonded cluster ions 
or covalent condensation products. The thermochemistry can be 
obtained or estimated from ion and neutral heat-of-formation 
data.', The condensation reaction for NH4+ + C2H4 is strongly 
exothermic. 

CzHsNHg+. 

NH4+ + C2H4 -+ NHcC2H4 
AH"(expt1) = -10 kcal mo1-l 

AH" = -26 kcal mol-l NH4+ + C2H4 - C2H5NH3+ 

Similar results on the thermochemistry are obtained by ab initio 
calculations (see below). 

Experimentally, in a system of trace NH3 in C2H4 at  tem- 
peratures above -320 K we observed the irreversible buildup of 
m / z  46 (Le., probably C2H5NH3+) and its clusters with NH,. 
However, a t  -290 K and below the relative intensities of m/z 
18 (NH4+) and of the adduct ion at  m / z  46 appeared to reach 
a constant ratio, suggesting reversible clustering. This observation 
is tentative, however, since both ions reacted further under these 
conditions to form higher clusters with NH,. From these ob- 
servations we conclude tentatively that NH4' condenses with C2H4 
to form C2H,NH,+ as the thermochemistry suggests. But the 
condensation proceeds only at elevated temperatures and thus 
seems to involve an activation energy, which would be expected 
considering the requisite electronic rearrangement. Irreversible 
condensation was also observed in the reaction of CH3NH3+ with 

In contrast, the thermochemistry of onium ion-aromatic hy- 
C2H4. 

drocarbon systems favors noncovalent c l~s te r ing . '~  
NH4+ + C6H6 --+ NH4+*CbH, 

AH"(expt1) = -19.3 kcal mol-' 

NH4+ + C6H, - c-C6H7NH3+ AH" = 8 kcal mol-' 

The condensation reaction is unfavorable since it eliminates the 
aromatic stabilization of benzene. In agreement with the ther- 
mochemistry, the association reactions of onium ions with aromatic 

(9) Von Nagy-Felsobuki, E.; Topson, R. D.; Pollack, S.; Taft, R. W. 
THEOCHEM 1982, 5, 255. 

(10) (a) Hehre, W. J.; Stewart, R. F.; Pople, J. A. J .  Cfiem. Pfiys. 1969, 
SI, 2657. (b) Binkley, J. S.; Pople, J. A,; Hehre, W. J .  J .  Am. Cfiem. Soc. 
1980, 102, 939. 

(1 1) Kollman, P. A. "Hydrogen Bonding and Donor-Acceptor Interac- 
tions, Applications of Electronic Structure Theory"; Schaefer, H. F., 111, Ed.; 
Plenum Press: New York, 1977; pp 109-152. 

(12) (a) Pulay, P. Mol. Pfiys. 1969, 17, 197. (b) Schlegel, H. B.; Wolfe, 
S.; Bernardi, F. J .  Cfiem. Pfiys. 1975, 63, 3632. 

(13) Lias, S. G.; Liebman, J. F.; Levin, R. D. J .  Phys. Cfiem. ReJ Datu, 
in press. 

(14) For the thermochemistry of the condensation reaction we estimate 

C6HlZ) = 33 kcal mol-'; PA(c-C,H,NH2) = PA(c-C,HIINH2) + PA- 
(CH2CHCH2NH2) - PA(n-C,H7NH,) = 218 kcal mol-I. 

AHnr(C-C6H7NH2) = AHof(c-C6H,,NH2) + LiHof( 1,3-~-C6H,) - AH0f(c- 



476 J .  Am. Chem. Soc.. Vol. 107, No. 2, 1985 

ligands were reversible under all conditions, suggesting clustering 
rather than condensation. 

2. Complexes of Onium Ions with ?r-Donors. The ammonium 
ion forms a strong complex with benzene. The interaction may 
involve charge transfer between the ion and the x-system or, 
alternatively, only electrostatic forces may be significant. 

The K+.C6H6 complex may be a model for the electrostatic 
factors in NH4+*C6&, since the ionic radii are similar (1.33 and 
1.43 A, respectively). Sunner et aL4 found that K+ is positioned 
axially (analogous to l),  aligned with the benzene quadrupole, 
which results from the a(-) and carbon nuclear charges (+) 
system. They also found that the main electrostatic factors are 

ion +: 

Deakyne and Meot-Ner 

0- 
1 

the ion-quadrupole, ion-induced dipole, dispersion, and electronic 
repulsion energies leading to the interaction energy E = AHoD 
= 19.2 kcal mol-'. The NH4+*C6& interaction energy is similar 
which suggests that this complex is bound by similar forces. It 
is interesting that the homogeneous charge distribution of K+ vs. 
the tetrahedral, localized fractional charges of NH4+ does not seem 
to make a significant difference. Indeed, this also applies to higher 
clusters of NH4+.nL, where L is C6H6 or polar ligands, as will 
be shown elsewhere. 

As may be expected from electrostatic considerations, AHoD 
decreases as the fractional charge decreases, in going from NH4+ 
to MeNH,+ and Me3NH+, and increases with increasing polar- 
izability of the ligand, in going from C6H6 to 1,3,5-(CH3),C6H3. 
However, this does not prove the electrostatic nature of the bond, 
since the same trend would be expected also for H+-.a charge 
delocalization energies. The weak interaction energies when 
ethylene, cyclohexene, and cyclohexane replace C6H6 as the ligand 
are also consistent with either electrostatic ion-quadrupole or 
NH+-.a delocalization considerations. 

A somewhat more complex but revealing effect is observed with 
the fluorinated benzene ligands. With regard to NH+-.a charge 
transfer, we note that the ionization potentials of C6HSF and 
1,4-C6H4F2 are similar to that of C6H6, and the NH+-.a inter- 
actions should be comparable in C6H6 vs. the fluorinated species. 
In contrast, electrostatic interactions should be weakened, since 
the dipole in C6HsF and the F-ring-F quadrupole in 1,4-C6H4F2 
induce positive charge toward the center of the ring making 1 less 
stable. Experimentally, fluorination substantially destabilizes the 
complexes, again suggesting the electrostatic forces predominate 
(reaction 1 vs. reactions 3 and 4, Table I). 

Indeed, with fluorinated benzenes the structure of the complex 
may be reoriented due to the partial negative charge on the fluorine 
atoms (4). Mor of NH4+-C6H5F, is similar in magnitude to that 

2 

of the analogous complex MeNH,+-MeF (1 1.8 kcal mol-1).2 
Similar considerations may apply also to MeNH,+.pyrrole, where 
both the axial a-complex and the equatorial MeNH,+--NC,H, 
analogue of 2 are possible. Ab initio results on the stabilities of 
the benzene complexes will be presented below. 

3. Ab Initio Calculations: NH4+.C2H4. Additional support for 
the predominantly electrostatic nature of the XH+..-a complexes 
is provided by ab initio calculations. Two conformations of the 
NH4+-C2H4 complex were investigated. The conformers differ 

Table I. Thermochemistry of Dissociation of Complexes of Onium 
Ions AH' with *-Donors 

AH' B AHOD' A S o D a  A G O D  (T)" 

1. NH4+ C6H6 19.3 23.3 
2. c-C6H I 2  <9' (20) 12.8 (317) 
3. C6HSF 14.4 18.0 
4. 1,4-C,H,FZ 13' (20) 5.1 (395) 

6. C2H4 lob (20) 3.7 (294) 
7. CHINHI' C6H6 18.8 25.1 
8. c-C6H10 11.6 16.9 
9. pyrrole 18.6 21.0 

10. (CH,),NH' C,H, 15.9 27.7 

5. I , ~ , ~ - ( C H S ) ~ C ~ H ~  21.8 21.2 

11. C2H;OH2+ CiH, 21' (25) 8.7 (491) 
' AHo. AGO in kcal mol-', ASo in cal mol-' K-I, T in K. Error es- 

timates: AHo fl kcal mol-l; ASo f 2  cal mol-[ K-I. 'Obtained from 
AGO measured at  one temperature and hso as estimated from analo- 
gous reactions. 

in the orientation of the hydrogens of the NH4+ group with respect 
to the double bond of C2H4. In conformation 3a one of the 
hydrogens points directly at the double bond, the others point away 
from it. In conformation 3b two hydrogens are astride of the 
double bond and two are directed away from it. For both com- 
plexes the NH4+ nitrogen was positioned above the double bond 
midway between the two carbons and the distance between the 
nitrogen and the double bond (RX+) was optimized at  the 
STO-3G and 3-21G basis set levels. The geometries of NH4+ and 
C2H4 are from ref 8. 

H 

A: 
HH 

3a 3b 

In order to compare the stabilization energies of the a-complexes 
with those of the covalently bonded protonated ethylamine, the 
structure of C2HSNH3+ was completely optimized. The geome- 
trical parameters are given in the drawing below. 

"06 ' 
H H  

- - 8 .  

Hf-=k 1098' --? H 
109 4'\H - -H/;O8 2' 

STO-3G//STO-3G, 3-21G//STO-3G, and 3-21G//3-21G 
total energies of NH4+, C2H4, C2H5NH3+(3-21G//3-21G only), 
conformer 3a, and conformer 3b and stabilization energies of 
C2HSNH,+(3-21G//3-21G only), 3a, and 3b are give in Table 
11. The table includes STO-3G and 3-21G optimized X-N bond 
distances also. A comparison of the data presented in Table I1 
shows the following. (1) In general the 3-21G stabilization en- 
ergies are closer to the experimental values than the STO-3G 
energies are and the optimized 3-21G X-N bond lengths are longer 
by 0.3 8, (3a) and 0.1 8, (3b). The former observation agrees with 
that of Binkley et aI.lob from their work on hydrogenation reac- 
tions. (2) The 3-21G//STO-3G and 3-21G//3-21G total energies, 
stabilization energies, and relative energies are very similar, in- 
dicating that the 3-21G//3-21G results for these complexes are 
reproduced quite well by the 3-21G//STO-3G calculations. The 
maximum difference in the two sets of energies is about 3 kcal 
and corresponds to the 0.3-A variation in X-N bond length. (3) 
3a, Le., the conformer with the hydrogen pointing directly at the 
C2H4 double bond, is the more stable complex. However, 3a is 
approximately 21 kcal less stable than C2H5NH3+. The latter 
result is in reasonable agreement with the experimental value. 

Charge distributions from Mulliken population analysis15 are 
given in Figure 2 for the monomers, dimers, and C2H5NH3+. Only 

(15) Mulliken, R. S. J .  Chem. Phys. 1955, 23, 1833. 
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calculations on C2H2.HF and C2H4.HF, Kollman et al." have 
shown that the most favorable line of approach of the hydro- 
gen-bonded proton is along the center of the A-bond. Second, the 
charge transfer from C2H4 to NH4+ is greater for 3a than for 3b. 
Third, the overlap between the ethylene carbons and the hydro- 
gen(s) directed toward the double bond is much larger for 3a than 
for 3b (0.0618 vs. 0.0109). This result is due to the shorter distance 
between the ethylene carbons and the pertinent NH4 hydrogen(s) 
(2.328 8, vs. 2.956 A), the more extensive mixing of the NH4+ 
and C2H4 atomic orbitals, and the larger charge transfer in 3a. 

the electron donor, 
C2H,, molecular orbitals (MO's) are all stabilized in 3a and 3b 
and the proton donor, NH4+, MO's are all destabilized in the 
complexes. For both conformers the electron pair donor shifts 
dominate the electron pair acceptor shifts. The increases and 
decreases in the MO energies and, therefore, the average absolute 
value of the energy changes are larger for 3a than for 3b. This 
is also indicative of the stronger interaction between NH4+ and 
C2H4 in the former complex." 

4. Ab Initio Calculations: NH4+.C6H6 and NH4+.C6HsF. Four 
conformations of C&.NH.,+ were investigated. For each 
C6H6.NH4+ conformer considered, the analogous C6HSF.NH4+ 
complex was examined also. In addition to the above complexes 
for C6H5F.NH4+, where NH4+ interacts with the *-system, the 
dimer (2) with NH4+ interacting with the fluorine was studied. 
Three conformations of C6H6"H4+ and C6H5F.NH4+ have the 
nitrogen atom on the c6 axis. They differ from each other with 
respect to the number of hydrogens, one (4a), two (4b), or three 
(4c), directed toward the benzene ring. The fourth conformer 
(4d) has the nitrogen positioned above the center of one of the 
C-C bonds. On the basis of the C2H4.NH4+ results (section 3), 

As in other donor-acceptor 

Table 11. Structures, Total Energies ( E T ) ,  and Stabilization Energies 
( A E )  of NH&H, Complexes 

molecule calculational level ETa -AEb RX+' 
NHI+ STO-3G//STO-3Gd -55.86885 

3-21G//ST0-3G 
3-2 1 G//3-2 1 Gd 

C2H4 STO-3G//STO-3Gd 
3-21G//STO-3G 
3-2 1 G//3-21 Gd 

3-2 1 G//STO-3G 
3-21G//3-21G 

3-2 1G//STO-3G 
3-2 1G/3-21 G 

C2H4-NH4+, 3a STO-3G//STO-3G 

C*H,.NH,+, 3b STO-3G//STO-3G 

-56.23232 
-56.23386 
-77.07395 
-77.60069 
-77.60099 

-132.95736 9.14 2.969 
-133.84724 8.93 2.969 
-133.85224 10.91 3.255 
-132.94736 2.86 3.257 
-133.84340 6.52 3.257 
-133.84564 6.77 3.348 

C2H,NH,+ 3-21G)/3-21G -133.88511 31.54 
"Energies in atomic units. *Energies in kcal. 'Bond lengths in A. 

RX-N is the distance between the NH4+ nitrogen and the center of the 
C-C double bond. dReference 8. 

H-.- H0.455 H H 0.460 

' d 0 . 8 7 8  H c ~ / o . 9 0 z  
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=H H -.. i H 
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\H0,24, 0 . 2 5 4 ~ 0  bH0 .254  

0 313 

0.249 H 0 446 

Figure 2. Atomic charges from population analysis for NH4+, C2H,, 
NH,+.C2H4, and C2H5NH3+. 

the 3-21G//3-21G atomic charges have been included in the 
figure, since analysis of all three sets of charge distributions leads 
to the same conclusions. The results support the suggestion that 
the stabilization of the dimers arises primarily from electrostatic 
effects. The figure shows that there is little charge transfer from 
ethylene to NH4+ in either complex and that forming the com- 
plexes produces a moderate amount of charge redistribution within 
C2H4. Overall the ethylene carbons gain negative charge in the 
complexes, whereas the ethylene hydrogens lose negative charge. 
However, examination of the electron density in the individual 
atomic orbitals of the carbon atoms shows that the carbon A- 

orbitals lose electron density in the dimers as expected. The net 
gain of electron density on the carbons is due to the transfer of 
electrons from the ethylene hydrogens to the C2, and CZp, atomic 
orbitals, Le., the p orbitals in the plane of the ethylene molecule 
perpendicular to the C = C  bond. The charge transferred to NH4+ 
is distributed such that each atom in NH4+.gains negative charge 
upon complex formation, with the exception of the nitrogen in 
3b. Most of the charge density is transferred to the hydrogens 
that point away from the double bond. Except for the hydrogen(s) 
directed toward the C=C bond, these charge changes are char- 
acteristic of hydrogen-bonded complexes." The observed gain 
in negative charge on the hydrogen(s) that interact(s) with the 
double bond is unusual in stable hydrogen-bonded complexes.l's16 

NH4+ polarizes the electron density on CzH4 more extensively 
in 3a than in 3b, which partially accounts for the lower energy 
of 3a. The difference in polarization is not obvious from the atomic 
charges, however, since the bigger charge gains in the C2, (0.041 
e vs. 0.026 e) and C2, (0.049 e vs. 0.036 e) orbitals on 3a are 
compensated for by the smaller charge loss in the C, orbitals on 
3b (-0.041 e vs. -0.013 e). Other reasons 3a is more stable than 
3b include the following. First, from their electrostatic potential 

(16) Del Bene, J .  E.; Marchese, F. T. J ,  Chem. Phys. 1973, 58, 926. 

4b 4b' 

only :he case where one hydrogen points directly at the C-C bond 
was considered here. Although the C-C bonds in C6HSF.NH4+ 
are not all equivalent, the energies of the three possible 4d' com- 
plexes are within 1 kcal of each other. Thus, only the data for 
the most stable complex (NH4+ interacting with C,-C3 or c5&) 
will be reported. 

For dimers 4a-d and 4a'-d' the distance between the nitrogen 
and the center of the ring or C-C bond was optimized. 
It was found to make no difference in the total energy whether 
the hydrogens interacting with the ring in 4b and 4c point toward 
the carbons or between them. For complex 2 the hydrogen bond 
was assumed to be linear and only the distance between the 
fluorine and hydrogen-bonded proton was optimized. The 
geometry of C6H5F is from ref 9. The structures of NH4+ and 
C6H6 are from ref 8. 

Table I11 tabulates the STO-3G total energies, stabilization 
energies, and optimum X-N bond distances as well as the 3- 
21G//STO-3G total energies and stabilization energies of the 
complexes. The total energies of NH4+, C&, and C6HsF are 
included also for reference. The table shows that the most stable 
C6H6"H4+ and C6HsF.NH4+ dimers differ for the STO-3G (4d 
and 4d') and 3-21G//STO-3G (4b and 4b') calculations. Since 
the 3-21G basis set has been found to yield more reliable relative 
molecular energies than the STO-3G basis,lob the 3-21G//STO- 
3G results will be used in this article. However, based on the 
comparison of 3-21G//3-21G and 3-21G//STO-3G data given 
in the preceding section, the total energies of the complexes are 
sufficiently close that the relative energies could be reordered after 
optimization at the 3-21G level or higher levels. The close 
agreement among the total energies of the various conformers of 

(17) Kollman, P.; McKelvey, J.; Johansson, A.; Rothenberg, S. J .  Am. 

(18) Kollman, P. A.; Allen, L. C. J .  Am. Chem. SOC. 1970, 92, 6101. 
Chem. SOC. 1975, 97, 955. 
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Table 111. Structures, Total Energies (ET), and Stabilization 
Energies ( A E )  of C6H6.NHa* and C6HsF.NH.,+ 

molecule calculational level ETa -AEb RX_Nc 
NH4' STO-3G//STO-3Gd -55.86885 

3-21G//STO-3G -56.23232 
C6H6 STO-3G//STO-3Gd -227.891 36 

3-2 1 G//STO-3G -229.4 1896 
C6H5F STO-3G//STO-3Ge -325.351 11 

3-21G//STO-3G -327.74265 
4a STO-3G//STO-3G -283.771 17 6.88 3.104 

3-21G//STO-3G -285.67545 15.17 3.104 
4b STO-3G//STO-3G -283.77212 7.48 2.911 

3-21G//STO-3G -285.67719 16.26 2.911 
4c STO-3G//STO-3G -283.76946 5.81 2.992 

3-21G//STO-3G -285.67464 14.66 2.992 
4d STO-3G//STO-3G -283.77547 9.58 2.981 

3-21G//STO-3G -285.67393 14.21 2.981 
4a' STO-3G//STO-3G -381.22732 4.62 3.151 

3-21G//STO-3G -383.99249 11.00 3.151 
4b' STO-3G//STO-3G -381.22816 5.15 2.948 

3-21G//STO-3G -383.99305 11.35 2.948 
4c' STO-3G//STO-3G -381.22564 3.56 3.061 

3-21G//STO-3G -383.99149 10.37 3.061 
4d' STO-3G//STO-3G -381.23179 7.43 3.004 

3-21G//STO-3G -383.99141 10.32 3.004 
2 STO-3G//STO-3G -381.25111 19.55 2.442 

3-21G//STO-3G -384.00166 16.75 2.442 
"Energies in atomic units. bEnergies in kcal. 'Bond lengths in A. 

RX+ is the distance between the nitrogen and the center of the ring, 
the center of a C-C bond, or the fluorine. dReference 8. 'Reference 
9. 

4 and 4' indicates that the orientation of NH4+ above the ring 
does not make a significant difference in the stability of the 
complexes. This supports the suggestion that similar forces are 
involved in the interactions between K+ and C6H6 and NH4+ and 

The data given in Table 111 also demonstrate that (1) again 
the 3-21G//STO-3G stabilization energies are in better accord 
with the experimental values than the STO-3G energies are, (2) 
the stabilization energies of the a-complexes are uniformly lower 
than the AHoD values, (3) the 3-21G//STO-3G relative stabi- 
lization energies of the C6H,*NH4+ complexes compared to the 
analogous C6HSF.NH4+ complexes (i.e., 4b vs. 4b') are in excellent 
agreement with the experimental difference of -5 kcal, and (4) 
complex 2 is calculated to be the most stable C6H5F.NH4+ dimer 
but its computed stabilization energy is too high. Other researchers 
have also obtained overestimated stabilization energies for F-H-A 
dimers studied by using split-valence basis sets."," 

Figure 3 displays the 3-21G//STO-3G atomic charges from 
population analysisI5 for NH4+, C6H6, C6H5F, 2,4a-d, and 4a'd'. 
The amount of charge transferred from C6H6 to NH4+ is 0.033, 
0.066, 0.047, and 0.057 e for 4a, 4b, 4c, and 4d, respectively. The 
amount of charge transferred from C6HsF to NH4+ decreases 
slightly for each corresponding complex. It is 0.032,0.058,0.041, 
and 0.05 1 e for 4a', 4b', 4c', and 4d', respectively. For complex 
2, 0.089 e is donated to NH,+. The additional electron density 
is distributed primarily to the nitrogen and to the hydrogens 
directed away from the ring. 

Charge is also redistributed within C6H6 and C6H5F, from the 
ring hydrogens to the CZs and C2p, orbitals. One measure of this 
polarization is the total gain in u-electron density on the carbons. 
The gross carbon u-electron density increases by 0.225, 0.218, 
0.211, and 0.201 e for 4a, 4b, 4c, and 4d, respectively. The gains 
for 4a', 4b', 4c', and 4d'are 0.197, 0.190, 0.176, and 0.173 e, 
respectively, again showing a slight drop. 

The charge density is polarized much less in the proton donor, 
NH4+, upon a-complex formation. In fact, only complexes 4a, 
4a', 4d, and 4d' exhibit a gain in positive charge on the hydro- 
gen-bonded proton. For 4b and 4b' there is no change in electron 
density on the hydrogens interacting with the ring, and for 4c and 
4c' these hydrogens become more negatively charged. As stated 
previously, the latter result is unusual for stable hydrogen-bonded 
dimers.",'6 

C6H6. 
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Figure 3. Atomic charges from population analysis for NH,', C6H6, 
C6H,F, 2, 4a-d, and 4a'-d'. 

All of the charge redistributions obtained for 2 are characteristic 
of hydrogen-bonded complexes. The hydrogen-bonded proton, 
carbons (except C,), and C6H5F hydrogens lose electrons. The 
nitrogen, remaining NH4+ hydrogens, C,, and F gain electrons. 

The stabilities of the C6H6*NH4+ dimers fall in the order 4b 
> 4a > 4c > 4d, although the energies of 4a, 4c, and 4d are very 
close. Comparing the actual order of stabilities to the orders 
predicted by the charge-transfer data, polarization data, MO 
energy shifts, and X-N distances leads to some interesting results. 
On the basis of the X-N distances and the amount of charge 
transfer, the expected ranking would be 4b > 4d > 4c > 4a. The 
arrangement from most stable to least stable on the basis of 
polarization would be 4a > 4b > 4c > 4d. The average absolute 
values of the MO energy shifts of the donor and acceptor orbitals 
lead to the same predicted order as the X-N distances and 
charge-transfer data, 4b (0.1315 au) > 4d (0.1274 au) > 4c 
(0.1247 au) = 4a (0.1244 au). Apparently electrostatic and 
exchange repulsion effects play an important role in determining 
the relative stabilization energies of these a-complexes as well as 
in their overall stabilization energie~.".'~ Note, however, that 4b 
is positioned first in four out of the five categories. The low relative 
stability of 4d can be explained by the observation of Kollman 
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et on C6H,*HF that the electrostatic potential is most negative 
along the c6 axis. Of course, since the differences in the above 
data are generally quite small, the trends could change after 
reoptimization at the 3-21G or higher basis set level. Nevertheless, 
these trends do seem to follow the patterns found for other do- 
nor-acceptor complexes.".l9 

Identical rankings are obtained for 4a'-d' in each of the 
aforementioned categories.20 Thus, the same conclusions apply 
to the C6H5F-NH4+ a-dimers. Of course, the calculations predict 
that 2 is the most stable C6H5F.NH4+ complex. However, since 
the computed total energies of the a-dimers are uniformly too low 
and the computed total energy of 2 is too high, it is probable that 
the deviations in their energies are smaller than the values found 
in this work. Consequently, more accurate calculations are re- 
quired to distinguish between them, although the results of other 
researchers would suggest that 2 is the lowest energy form of 
C6H5F*NH4+.l'*I9 

(19) Yamabe, S.; Morokuma, K. J .  Am.  Chem. SOC. 1975, 97, 4458. 
(20) The average absolute values of the MO energy changes for the 

C6HSF.NH,+ a-dimers are 4a', 0.1226; 4b', 0.1295; 4c', 0.1236; 4d', 0.1258. 

The decrease in AE observed for the C6H5F.NH4+ a-complexes 
compared to the C6H6*NH4+ complexes can be accounted for as 
follows. The highest occupied molecular orbitals in C6H6 are a 
pair of degenerate a-orbitals. Substituting a hydrogen with a 
fluorine stabilizes these MO's by 0.00496 and 0.0182 au, re- 
spectively. This makes the a-electrons on C6H5F more tightly 
bound than those on C6H6 (primarily due to the second energy 
lowering) and leads to weaker electrostatic, polarization, and 
charge-transfer interactions for C6H5F.I7 The diminutions in the 
latter two interactions were noted above. 

If C6H5F.NH4+ is a-complex, the reduced availability of the 
a-electrons explains the smaller M O D  value for C6H5F.NH4+ than 
for C&"H4+. In contrast, if C6H5F-NH4+ is a u-complex, more 
accurate calculations are needed to explain the smaller A H O D .  
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Abstract: The kinetics of NADH oxidation by 7 o-benzoquinones and 14 p-benzoquinones were studied by using buffered 
aqueous solutions and UV/vis spectroscopy. For each quinone the rate law was first order in NADH and first order in quinone. 
The rate constants varied from 0.0745 to 9220 M-' s-'. Variation of the pH from 6 to 8 gave no change in rate. The use 
of 4-D- and 4,4-D2-NADH revealed kinetic isotope effects. The dideuterio data gave k H / k D  in the range 1.6-3.1 for p-quinones 
and 4.2 for 3,5-di-tert-butyl-o-quinone. When p-quinones were used, the log k was a linear function of Eo for the qui- 
none/hydroquinone monoanion (Q/QH-) couple with a slope of 16.9 V-'. o-Quinones reacted about 100 times more rapidly, 
but the same linear relationship with a slope of 16.4 V-' was observed. Comparisons to data for one-electron-transfer reactions 
indicate that such mechanisms are not involved. A hydride-transfer mechanism accommodates all the data, and rate-limiting 
hydrogen atom transfer followed by electron transfer cannot be ruled out. 

The mechanisms by which the coenzyme NADH is oxidized 
to NAD' by chemical oxidants stand at a curious intersection of 
several scientific frontiers. These mechanisms are obviously in- 
teresting to enzymologists and biochemists.] In addition they 
provide an instructive case with regard to the currently fashionable 
investigation of the intercession of single-electron transfer in 
organic reactions.2 Indeed, previous work has provided some 
mechanistic controver~y.~ Finally studies of NADH electro- 
chemistry4 have indicated a need for further mechanistic un- 
derstanding, including a careful treatment of the classical one- 
electron vs. two-electron dichotomy. 

(1) (a) Kill, R. J.; Widdowson, D. A. "Bioorganic Chemistry"; Academic 
Press: New York, 1978; Vol. IV, Chapter 8. (b) Creighton, D. J.; Sigmas, 
D. S. "Bioorganic Chemistry"; Academic Press: New York, 1978; Vol. IV, 
Chapter 14. 

(2) Eberson, L. Ado. Phys. Org. Chem. 1982, 18, 79. 
(3) (a) Steffans, J. J.; Chipman, D. M. J. Am. Chem. Soc. 1971, 93, 6694. 

(b) Chipman, D. M.; Yaniv, R.; van Eikeren, P. J .  Am. Chem. Soc. 1980,102, 
3244. (c) Ohno, A.; Shio, T.; Yamamoto, H.; Oka, S. J .  Am. Chem. SOC. 
1981,103, 2045. (d) Ohno, A.; Yamamoto, H.; Oka, S. J .  Am.  Chem. SOC. 
1981, 103, 2041. (e) Powell, M. F.; Bruice, T. C. J .  Am. Chem. SOC. 1982, 
104, 5834. (f) Powell, M. F.; Bruice, T. C. J .  Am.  Chem. SOC. 1983, 105, 
7 139. 

(4) (a) Moiroux, J.; Elving, P. J. J .  Am. Chem. SOC. 1980, 102, 6533. (b) 
Blankespoor, R.; Miller, L. L. J .  Electroanal. Chem., in press. 

In this paper we elucidate the chemistry of benzoquinones with 
NADH. These reactions were of interest to us because of previous 

NADH NAD+ 

electrochemical studies which showed that o-quinones were ef- 
ficient mediators for the electrooxidation of NADH,5 Le., the 
quinone catalyzed the electrooxidation as shown in Figure 1. Our 
long-term goal has been to design a chemically modified electrode 
which would use a surface-attached quinone-type mediator to 
effectively catalyze NADH oxidation at potentials near the 
NADH/NAD+ E o  (-310 mV, NHE). We reasoned that a 

( 5 )  (a) Tse, D. C.-S.; Kuwana, T. Anal. Chem. 1978, 50, 1315. (b) 
Jaegfeldt, H.; Torstensson, A. B. C.; Gorton, L. G. 0.; Johansson, G. Anal. 
Chem. 1981,53, 1979. (c) Ueda, C.; Tse, D. C.-S.; Kuwana, T. Anal. Chem. 
1982, 54,850.  (d) Jaegfeldt, H.; Kuwana, T.; Johansson, G. J. Am. Chem. 
SOC. 1983, 105, 1805. (e) Degrand, C.; Miller, L. L. J .  Am. Chem. SOC. 1980, 
102. 5218. 
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