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Table I. Reduction Potentials of Substituted Benzyl Radicals and 
Calculated pXa Values for Substituted Toluenes 

£ red 
1/2 

substituent (V vs SCE)" 
P*a 

(X-C6H4CH3)' ApK/ 

4-OMe 
4-Me 
3-Me 
4-F 
H 
4-Cl 
3-CN 
4-CN 
4-C(O)Me 

-1.75« 
-1.62 
-1.50 
-1.50 
-1.43 (-1.45/ 
-1.40 
-1.11 
-0.77 
-0.71 

55.2 
53.8 
52.2 
52.2 
51.1 
50.8 
46.8 
41.2 
39.8 

4.1 
2.7 
1.1 
1.1 
0.0 

-0.3 
-4.3 
-9.9 (-11)» 

-11.3 

"Reduction potential of X-C6H4CH2 measured by PMV at 53 Hz 
modulation. All values have an experimental uncertainty of ±50 mV. 
6 Radicals were generated by hydrogen atom abstraction, eq 6 and 7 in 
acetonitrile/di-terf-butyl peroxide (9:1) containing TBAP (0.1 M). 
'Calculated with eq 9, uncertainty ±2 pK„ units. Absolute pKa of tol­
uene is 51 in acetonitrile and 42 in DMSO. ''Relative to toluene. 
'Radical generated by photolysis of 4-methoxyphenylacetone in aceto-
nitrile/TBAP (0.1 M). •''Reference 2e. ^Reference 2d. 

Figure 1. Hammett plot of E1Z2^ (V vs SCE) versus a' for the reduction 
of substituted toluenes. 

peroxide (9:1) solvent containing 0.1 M tetrabutylammonium 
perchlorate, TBAP) are reported in Table I. A Hammett plot, 
Figure 1, shows that they correlate with a', and the slope (770 
mV, r = 0.97) corresponds to a p value of 13. The correlation 
with <f implies that the redox potentials are dominated by the 
carbanion stability. Extended Hammet t treatment of the data 
using or" and <r'a, which reflects the substituent effect on the radical 
stability,5 does not improve the correlation. 

The linearity of the Hammet t plot suggests either that the 
measured potentials, E1I2, are close to the standard potential, E° 
(which is a thermodynamically significant value6), or that they 
are all irreversible and that the overpotentials vary monotonically 
with a'. In fact, it is easy to differentiate between these possi­
bilities. The measured E1^ value for the reduction of the benzyl 
radical is indeed close to E° since our value is within 20 mV of 
that for the reverse process, i.e., the oxidation of the benzyl anion.3e 

The linearity of the Hammett plot, therefore, implies that all of 
the £]/2 values are close to E". This conclusion is further sup­
ported by the good agreement between our calculated ApATa value 
for 4-cyanotoluene and a literature value2d (vide infra, Table I). 

The pA â values were calculated, eq 9, by combining the mea­
sured reduction potentials, eq 2, with the free energy for homolytic 
bond dissociation, eq I,7"9 and by introducing the free energies 

(5) Arnold, D. R. NATO ASI Series, Series C 1986, 189, 171. 
(6) Cauquis, G. In Organic Electrochemistry; Baizer, M. M., Lund, H., 

Eds.; Marcel Dekker: New York, 1983; pp 11-76. 
(7) Pryor, W. A.; Church, D. F.; Tang, F. Y.; Tang, R. H. In Frontiers 

of Free Radical Chemistry; Pryor, W. A., Ed.; Academic Press: New York, 
1980; pp 355-379. 

(8) Gilliom, R. D. J. MoI. Struct. (Theochem.) 1986, 138, 157. 

for reactions 3 (AG3
0 = 48.6 kcal mol"1) and 4 (E4

0 = 0.254 V 
vs SCE).1 2 The energies for the homolytic cleavages are barely 
affected by the substituents,7'8 the maximum variation being 2-3 
kcal mor1 . In fact, the contributions from the reduction potentials 
dominate the changes in acidities and ApK2 = FAE2

0/23RT. 

pKz = (AG1
0 - F(E2

0 - E4
0) - A G 3 ° ) / 2 . 3 i ? r (9) 

It is interesting to compare the pK^'s, in acetonitrile with those 
reported by Bordwell with the titration method in dimethyl sul-
foxide.2d For toluene and 4-cyanotoluene, p / i^ H ] C N - pK°MS0 is 
completely accounted for by only considering the change in 
solvation of the proton indicating that the free energy change for 
the transfer of the carbanion between the two solvents, AG tr°(R"), 
is small.40 The implication of this result is that AGlr°(R~) for all 
of the substituted benzylic carbanions is small (i.e., less than 2 
kcal mol"1). 
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(9) Pryor7 originally reported a correlation with a (p = 2.8). However, 
we have found that the BDE values for a series of substituted phenols cor­
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AG3

0 = 80 + 23a* kcal mol"1 in the calculation of pKa (eq 9) where AG3
0 

= 80 for toluene. 
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A major, current activity in bioorganic chemistry is the de­
velopment of synthetic receptors' that selectively bind neutral 
organic molecules in organic solvents2 or water.3 Rebek has 
actively studied a class of hosts that feature a binding cleft with 
convergent functional groups.2a Both binding and catalysis have 
been demonstrated for I.4,5 In particular, this host is postulated 
to sequester pyrazine 2 via the "two-point binding" shown below.4 

However, it is not obvious that the ratio of observed4 ATa's of only 
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12 for pyrazine over pyridine (3) in chloroform is consistent with 
the loss of an N - H O hydrogen bond. As summarized here, the 
structural question and binding characteristics of 1 have now been 
pursued through fluid simulations. The results illustrate the 
benefits of complementary experimental and theoretical studies 
of molecular recognition. 

Monte Carlo statistical mechanics simulations were carried out 
to compute the structures and relative free energy of binding 
(AAG) for 1:2 and 1:3 in chloroform. Statistical perturbation 
theory6 was used to compute AG for the mutations 2 —• 3 and 
1:2—1:3 which give AAG = AG3 - AG2 = AGb - AG11 from the 

1 + 2 
AS 

1 + 3 
•I I 

1:2 

1:3 

thermodynamic cycle. Similar calculations have been performed 
previously for enzyme-substrate complexes.7'8 The geometrical 
parameters for 1 were adopted from an X-ray structure9 and are 
nearly the same as ones obtained from prior MM2 calculations10 

with MacroModel.11 The sampling for 1 included the six torsional 
degrees of freedom about the C - N ( C = O ) 2 , C-COOH, and 
C-OH bonds, while the remaining internal degrees of freedom 
were kept fixed. This approximation follows from the rigidity of 
1 and the observed binding which is not strong enough to provide 
expectations of substantial shifts from the average structure. The 
requisite torsional potential functions were derived from MM2 
calculations. Experimental structures were used for 2, 3, and the 
CHCl3 molecules and were kept fixed.12 The simulations were 
carried out in the NPT ensemble at 25 0C and 1 atm for the 
complexes plus 250 or 380 chloroform molecules in a periodic box. 
Each mutation was performed as in previous studies13 over a series 

(6) Zwanzig, R. W. J. Chem. Phys. 1954, 22, 1420. 
(7) Wong, C. F.; McCammon, J. A. J. Am. Chem. Soc. 1986,108, 3830. 
(8) Bash, P. A.; Singh, U. C; Brown, F. K.; Langridge, R.; Kollman, P. 

A. Science 1987, 235, 574. Rao, S. N.; Singh, U. C; Bash, P. A.; Kollman, 
P. A. Nature 1987, 328, 551. 

(9) Rebek, J., Jr.; Parris, K., to be published. Gratitude is expressed for 
receipt of these results prior to publication. 

(10) Burkert, U.; Allinger, N. L. Molecular Mechanics, ACS Monograph 
177; American Chemical Society: Washington, DC, 1982. 

(11) Still, W. C. MacroModel. Version 1.5; Columbia University: New 
York, 1987. 

(12) Cradock, S.; Liescheski, P. B.; Rankin, D. W. H.; Robertson, H. E. 
J. Am. Chem. Soc. 1988, 110, 2758. Sorensen, G. O.; Mohler, L.; Rastrup-
Andersen, N. J. MoI. Struct. 1974, 20, 119. Jen, M.; Lide, D. R„ Jr. J. Chem. 
Phys. 1962, 36, 2525. 

(13) Jorgensen, W. L.; Ravimohan, C. J. Chem. Phys. 1985, 83, 3050. 
Jorgensen, W. L.; Briggs, J. M.; Gao, J. J. Am. Chem. Soc. 1987, 109, 6857. 
Jorgensen, W. L.; Briggs, J. M. J. Am. Chem. Soc, submitted for publication. 

Figure 1. A typical structure for the complex of 1 with pyrazine in 
chloroform from the Monte Carlo simulations. Some of the nearby 
chloroform molecules are shown with hydrogens implicit. The corre­
sponding complex with pyridine has the guest tipped up more on average. 
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Figure 2. A typical structure for the complex of pyrazine with a model 
host consisting of two acetic acid molecules with a fixed O H - O H sepa­
ration of 8.4 A. 

of three or four separate simulations. 2 was originally oriented 
for the two point binding. Each simulation then involved 
equilibration for at least 5 X 105 configurations followed by 
averaging for 2.0 X 106 or 2.5 X 106 configurations. Interactions 
were included between molecules with any interatomic distance 
below ca. 11 A. The OPLS potential functions14 were used to 
describe the intermolecular interactions, and all calculations were 
performed with the BOSS program. 

Simulations were run for 1 with the acid groups both in a syn, 
as in the crystal,9 and anti orientation. The dihedral angles of 
1 sampled 30°-60° ranges in the simulations with the largest 
variations for the acid hydrogens. The key energetic results are 
AG11 = 0.34 ± 0.04 kcal/mol, and for both syn and anti 1, AGb 

= 1.5 ± 0.1 kcal/mol. Combination gives binding preferences 
of 1.2 ± 0.1 kcal/mol for pyrazine which compare well with the 
observed 1.45 kcal/mol. However, the computed structure for 
1:2 in chloroform does not show the two point binding. There 
is one strong N - H 0 hydrogen bond with an average length of 2.4 
A (syn) or 2.3 A (anti), but the other N - H 0 distance averages 
4.2 A (syn) and 3.8 A (anti). The latter interaction does provide 
some electrostatic stabilization that can account for the small 
preference for binding pyrazine. A typical structure for the 
anti-l:2 complex is shown in Figure 1. The guest floats above 
the acids groups; the cleft is too small for two point binding, which 
is also disfavored on entropic grounds. The averge OH—Ou 
separation of 7-8 A in 1 needs to expand to ca. 8.4 and 9.2 A 
for the syn and anti forms for optimal two point binding according 
to model calculations. This notion was pursued by analogous 
simulations for the 2 -*• 3 mutation in a cleft formed by two acetic 
acid molecules. They were oriented syn and fixed to be coplanar 
with an O H — O H separation of 8.4 A. The two point binding was 
found to be maintained for 2 (Figure 2). The computed AAG 

(14) Jorgensen, W. L. 
1657. 
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of 3.6 ± 0.1 kcal/mol translates to a A"a ratio of 405. This is not 
the maximal value but indicates the range expected for true two 
point binding.15 

Supplementary Material Available: Details on the OPLS pa­
rameters for 1, 2, 3, and chloroform are provided (5 pages). 
Ordering information is given on any current masthead page. 

(15) Gratitude is expressed to the National Institutes of Health for support 
of this work. 
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Since the first report of compounds containing a molecular 
dihydrogen (IJ2-H2) ligand,1 the number of TJ2-H2 complexes has 
increased rapidly; in fact, two reviews on this subject have appeared 
recently.2 Consequently, many of the previously assigned high-
valent metal polyhydrides have been reformulated as lower-valent 
metal dihydrogen complexes.2 For example, RuH4(PPh3)3

3 is now 
considered to be RuH2(H2) (PPh3)^

43,13 In order to make chemical 
and structural comparisons between metal hydrides containing 
monodentate phosphines and those containing chelating poly-
dentate phosphines, we have synthesized several ruthenium hydride 
compounds that contain chelating triphosphine ligands, one of 
which is RuH2(H2)(Cytpp), Cyttp = PhP[CH2CH2CH2P(C-
C6Hn)2]2 , which is the first reported example of a molecular 
dihydrogen complex containing a chelating triphosphine. 

Metathesis reactions of RuCl2(CyUp)5 with excess NaH in THF 
under a dihydrogen atmosphere at 40-50 0C overnight (ca. 10 
hours) yield RuH4(CyUp). On the basis of proton and 31P(1H) 
NMR evidence6 and the chemical reactions described below, the 
compound is best formulated as the ruthenium dihydrogen complex 
c«-mer-RuH2(H2)(Cyttp).6 At room temperature, its 1H NMR 
spectrum in the hydride region (Figure 1) shows a broad resonance 
at ca. -8.2 ppm (o)1//2 = 40 Hz). Integration of the hydride 
resonance shows that the number of hydrogen atoms per ruthenium 
ranges from approximately 3.2 to 3.6. Since the compound is 

* Author to whom correspondence should be addressed at the Department 
of Chemistry, University of Toronto, Toronto, Canada M5S IAl. 

+ Deceased December 7, 1988. 
(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Wasser-
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(2) (a) Kubas, G. J. Ace Chem. Res. 1988, 21, 120. (b) Crabtree, R. H.; 

Hamilton, D. G. Adv. Organomet. Chem. 1988, 28, 299. 
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1661. 
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(6) The 31P NMR spectrum of RuH2(H2)(CyUp) showed a triplet at 28.3 
ppm for the central phosphorus atom and a doublet (J?P = 31 Hz) at 52.4 
ppm for the two terminal phosphorus atoms at room temperature in toluene-d8. 
The 31P NMR data indicate a structure in which the triphosphine Cyttp is 
bonded meridional around ruthenium. The meridional arrangement of Cyttp 
is confirmed by its 13C NMR spectrum; i.e., virtual triplets for the ipso carbon 
of the cyclohexyl groups were observed at ca. 6 39.5.7 

diamagnetic, we are formulating it as RuH4(CyUp). Low inte­
gration values for hydride resonances have been reported previously 
for similar compounds of monophosphines; for example, the 
number of hydrides observed for RuH4[P(p-tolyl)3]3 was 3.0-3.2, 
based on integration of the proton NMR spectrum.3c It is tempting 
to attribute the low integration value to partial dissociation of 
dihydrogen in solution, as was done for RuH4[P(p-tolyl)3]3.3c 

Dissociation of the )j2-H2 ligand in solution would explain the rapid 
reactions with D2 and other small molecules; however, solid 
RuH4(CyUp) appears stable to loss of H2 for a few hours at 0.1 
Torr. 

The broad hydride resonance of RuH2(?;2-H2)(Cyttp) at ca. -8.2 
ppm is separated into two broad signals when the temperature 
is lowered below 240 K; one signal is at ca. -6.5 ppm and the other 
is at ca. -9.5 ppm with an intensity ratio of ca. 1:1. In contrast 
to the two peaks observed for our RuH4(CyUp) complex, both 
RuH4(PPh3)3

4a and RuH4(PCy3)/8 show only one resonance in 
the hydride region. To confirm the presence of the nonclassical 
hydride Ru(H2) unit, we have used the T1 criterion reported by 
Crabtree4 and others.8 The T1 value was measured by the in­
verse-recovery method. At room temperature in toluene-rf8, the 
Tx value for the broad hydride resonance signal is 38 ms; it 
decreases to 18 ms at 260 K. At 230 K, the T1 for the resonance 
at -6.5 ppm is 16 ms, while that for the -9.5 ppm resonance is 
18 ms. As the temperature is decreased further, the T1 values 
for both resonances increased, but at a different rate, as shown 
in Figure 1. All the T1 values observed for our RUH 2 ( JJ 2 -H 2 ) -
(Cyttp) are in the range for molecular dihydrogen complexes 
(usually < 100 ms). Considering that the molecule is highly 
fluxional and that the T1 value for the -9.5 ppm resonance in­
creased much faster than that at -6.5 ppm, we suggest that the 
actual T1 values for the -9.5 ppm resonance probably are much 
larger than the measured ones.9 The resonance at -9.5 ppm is, 
therefore, assigned to classical Ru-H bonds, while that at -6.5 
ppm is assigned to the nonclassical Ru(H2). The behavior of these 
two resonances is very similar to that observed for [IrH(H2)-
(bq)(PPh3)2]+.4b 

The line widths of the hydride resonances changed with tem­
perature; for example, at 303 K the O)1̂ 2 is ca. 40 Hz and ca. 260 
Hz at 250 K. Below 240 K, the line widths of the two resonances 
changed in a different manner. The line width for the resonance 
at <5 -9.5 decreased as the temperature was lowered,10 whereas, 
the line width for the resonance at & -6.5 first decreased, and then 
it increased.10 The line width behavior is consistent with several 
other M(H2) complexes.8b,c 

Several factors have been suggested to be responsible for the 
broad lines (small T2) observed for M(r;2-H2) signals, such as 
exchange of free and coordinated H2, molecular motion (e.g., 
rotation) of the H2 ligand, and dipolar interaction between the 
two hydrogen atoms of >;2-H2.

8c The values of T2 decrease 
monotonically with increasing TC and approach a limiting value 
that is characteristic of a completely rigid solid. As the tem­
perature is lowered, the molecular motions, including rotation of 
the ?)2-H2 ligand, are slowed and TC increases', thus T2 is smaller 
at lower temperatures. The slowing rotation of the ?;2-H2 ligands 
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(10) The -9.5 ppm resonance had the following line widths: at 230 K, wl/2 
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