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Introduction 
Linear solvation energy relationships based upon the use 

of 'solvatochromic parameters" have resulted from an 
extensive effort to separate and identify certain solvent 
properties and to quantitatively determine their effects on 
various experimentally observed quantities (e.g., rate 
constants, equilibrium constants, and IR, NMR, ESR, and 
UV/vis absorption maxima and inten~ities).'-~ These 
relationships have been used successfully to correlate a 
large number of solute/solvent and biological properties!*' 
including some in supercritical solutions."1° Two of the 
solvatochromic parameters, designated as a and 0, have 
been interpreted as providing measures of a solvent's 
ability to donate or to accept a proton in solute-solvent 
hydrogen b ~ n d i n g . ~  

We have recently demonstrated that the calculated 
electrostatic potential minima in several families of hy- 
drogen-bond-accepting solvents (primary amines, azines, 
alkyl ethers and molecules containing double-bonded ox- 
ygens), treated separately, correlate well with the corre- 
sponding hydrogen-bond-acceptor parameters &ll This 
confirms that the electrostatic potential created in the 
space around a gas-phase molecule is a key factor in de- 
termining its ability to accept a proton in a solute-to- 
solvent hydrogen bond and provides a practical means for 
predicting unknown fl  values. In this work, we have ex- 
tended our analysis to explore the possibility of relation- 
ships between the calculated electrostatic potential and 
the hydrogen-bond-donating parameter a. 

Methods and Procedure 
The electrostatic potential V(r) created in the space around 

a molecule by its nuclei and electrons is expressed rigorously by 
eq 1: 

Z A  is the charge on nucleus A, located a t  RA; p(r) is the electronic 
density function of the molecule, which we obtain from an ab initio 
self-consistent-field molecular orbital (SCF-MO) wave function. 
V(r) has emerged over the past two decades as an effective 
analytical tool in interpreting and predicting the reactive behavior 
of molecu1es.la-l6 An important feature of the electrostatic po- 
tential is that  it is a real physical property, which can be de- 
termined both experimentally, by diffraction methods, as well 
as c~mputationally.'~ 

The first term on the right side of eq 1 represents the con- 
tribution of the nuclei, which is positive; the second term brings 
in the effect of the electrons, which is negative. The sign of V(r) 
in any particular region depends, therefore, upon whether the 
effects of the nuclei or electrons are dominant there. An ap- 
proaching electrophile (including a proton donor in a hydrogen 
bond) will initially be attracted to those regions in which V(r) 
is negative, and in particular to the points where V(r) has its most 
negative values, Vmin (the local minima). 

While the Vmin are generally indicative of sites favorable for 
electrophilic attack, local maxima in the positive regions are not 
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Table I. Hydrogen-Bond-Donating Parameters a0 and 
Calculated Surface Electrostatic Potential Maxima, Vs-, 

for Some Molecules Containing -OH Groups 
hydrogen- bond- 

donating parametef VS-, 
m o 1 e c u 1 e a (kcal /mol) 

F,CCH(OH)CFS 1.96 
F,CCH,OH 1.51 
Hi0 
CH3COOH 
CHqOH 

1.17 
1.12 
0.93 

HO~H,CH,OH 0.90 
CHSCHZOH 0.83 
CH3CHzCHpCHZOH 0.79 
CH,CH,CHZOH 0.78 
CH,CH(OH)CH3 0.76 
(CHJ3COH 0.68 

49.6 
48.6 
38.0 
39.0 
37.3 
37.1 
35.6 
34.6 
35.6 
35.0 
31.4 

a The hydrogen-bond-donating parameters a are taken from ref 
5. 

Table 11. Hydrogen-Bond-Donating Parameters aa and 
Calculated Surface Electrostatic Potential Maxima, VS-, 

for Some Molecules in which Alkyl Groups Are the 
Hydrogen Donors 

hydrogen- bond- 
donating parametef VS- 

molecule a (kcal/ mol) 
~ 

CHSNOZ 0.22 32.9 
CH3CN 0.19 27.4 
CH&(O)CH3 0.08 17.3 
C H3CHzC (0) CH3 0.06 18.4 

The hydrogen-bond-donating parameters a are taken from ref 
5. 

normally indicative of sites reactive toward nucleophiles. It has 
been shown that V(r) has maxima only a t  the positions of the 
nuclei." These reflect the magnitudes of the nuclear charges 
and therefore cannot be assumed to indicate relative affinities 
for nucleophiles. Nevertheless, it  has proven to be possible to 
use the electrostatic potential to interpret and predict nucleophilic 
processes, although by procedures that are less straightforward 
than for electrophilic ones.1g24 A particularly useful approach 
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Figure 1. Calculated electrostatic potential on the molecular 
surface of ethanol. The hydroxyl group is facing the viewer. Four 
ranges of V(r) are depicted, in kcal/mol. In order of increasingly 
dark shading, these ranges are: V(r) < 0; 0 < V(r) < 20; 20 < 
V(r) < 34; 34 < V(r). 

m 

involves examining V( r )  on the three-dimensional ground-state 
molecular surface, appropriately 

In earlier studies of hydrogen-bonding interactions, regions of 
negative electrostatic potential have been used successfully to 
identify hydrogen-bond-acceptor sites.*'* Quite recently, as has 
already been mentioned, we have demonstrated that the elec- 
trostatic potential minima associated with the nitrogens in primary 
amines and azines and the oxygens in alkyl ethers, and molecules 
containing double-bonded oxygens, taken separately, correlate 
well with the hydrogen-bond-acceptor parameter 8." 

However, in exploring the possibility of a relationship between 
V(r) and the hydrogen-bond-donating parameter CY, we have 
focused on the regions of positive V(r) on a three-dimensional 
surface encompassing the molecule. Using STO-3G-optimized 
structures computed using GAUSSIAN we have calculated V(r) 
a t  the STO-5G level on surfaces defined by the 0.002 electron/ 
bohr? contour of the STO-5G electronic density p ( d n  for the 
fifteen molecules listed in Tables I and 11. The STO-5G basis 
set has been found to be reliable for properties related to the 
electronic density, such as V(r).l*16 It has been shown, for a group 
of diatomic molecules and for methane, that the 0.002 elec- 
trons/ bohr3 contour gives physically meaningful molecular di- 
mensions and encompasses a t  least 95% of the electronic 

The molecules for which we have carried out computations were 
selected because of the availability of their a  value^.^ The most 
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Figure 2. Correlation between VS- and a for the group of 
molecules containing OH groups listed in Table I. The least- 
squares equation of the line is a = -1.466 + O.O653Vs-, with 
a correlation coefficient of 0.96. 
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Figure 3. Correlation between VS- and a for the molecules 
listed in Table 11. The least-squares equation of the line is CY = 
-0.111 + O.O104Vs-, with a correlation coefficient of 0.98. 

positive values of V(r) found on the surfaces in the vicinities of 
hydrogens that could be donated in hydrogen bonds have been 
tabulated in Tables I and 11; these are designated as Vs-. 

Results 
Figure 1 shows the surface electrostatic potential of 

ethanol and illustrates our approach of obtaining the most 
positive value of V(r) on a well-defined molecular surface. 
The Vsmx of ethanol, 35.6 kcal/mol, is within the range 
of V(r) shown in darkest shading and is associated with 
the hydroxyl hydrogen. 

Our computed Vs- values for 11 molecules containing 
OH groups and for four others in which alkyl groups are 
the hydrogen donors are listed in Tables I and 11, re- 
spectively. Within each group of molecules, the general 
tendency is for Vs- to decrease with diminishing a. 
Linear relationships between a and V for the molecules 
in Tables I and I1 are presented i n z u r e s  2 and 3; the 
correlation coefficients are 0.96 and 0.98, respectively. 

Summary and Conclusion 
We have demonstrated that good correlations exist be- 

tween the solvatochromic hydrogen-bond-donating pa- 
rameter a and Vsmmar. Our results confirm that the cal- 
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culated electrostatic potential of a gas-phase molecule can 
be quantitatively related to its ability in solution to donate 
a proton in a solvent-to-solute hydrogen bond, and thus 
provide a predictive capability for determining unknown 
(Y values. The fact that the two groups of molecules must 
be treated separately is indicative of roles played by other 
factors. 
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Introduction 
Polycyclic aromatic hydrocarbons (PAH) and their 

methyl congeners are important environmental contami- 
nants.' Cyclopenta[cd]pyrene (CPP) is an active muta- 
gen2 and carcinogen? identified as a major extractable 
component of particulates from gasoline, kerosine, and coal 
combustion,"-6 and its co-occurrence with methylated 
isomers is suggested in GCMS analyses.' Although the 
effects of methylation on the biological activity of a num- 
ber of PAH have been extensively investigated? nothing 
is known about the methyl-CPP isomers. Structure-ac- 
tivity studies in progress require CPP and its methyl iso- 
mers in quantity, and we report here a convenient, large- 
scale synthesis of CPP (la) and its 6-methyl (lb) and 
&methyl (IC) isomers. 

la. R = H. Rl  = H 
Ib. R =Me, R, = H 

IC. R = H, RI = Me 
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Results and  Discussion 
Cyclopenta[cd]pyrene. Although synthesis of cyclo- 

penta[cd]pyrene has been the focus of considerable at- 
tention, no route reported to date is readily applicable to 
large-scale synthesis. In particular, most strategiesg require 
formation of the cyclopenta ring by Lewis acid catalyzed 
cyclization of 4-pyrenylacetic acid. This reaction is 
characterized by yields that are inconsistent and tend to 
decrease with increasing reaction scale. In seeking an 
alternative route, we wished to avoid this cyclization, since 
facile decarbonylation of 4-pyrenylacetic acid to a benzylic 
carbonium ion under acid conditions may account for the 
difficulty in optimizing this step. Key to the strategy 
(Scheme I) was cyclopenta ring formation via acid-cata- 
lyzed cyclization of (1,2,3,6,7,8-hexahydropyrenyl)acetic 
acid (5b), readily accessible from the commercially 
available starting compound 1,2,3,6,7,&hexahydropyrene 
(2). Oxidation of 2 with CrOJO or sodium dichromate" 
in benzenelacetic acid gave the l-oxo intermediate 3 in 
yields of 40% and 37%, respectively. Compound 3 was 
condensed with the Wittig reagent12 triethyl phosphono- 
acetate to give the olefinic ester 4 in 60% yield, which was 
hydrogenated over Pt02 to yield quantitatively the cor- 
responding hexahydropyrenyl acetate 5a, from which the 
desired acid 5b was obtained in 93% yield by basic hy- 
drolysis. 

The single-step oxidation of 2 with CrV1 represents a 
considerable improvement over the reported13 synthesis 
of 3 via a multistep route starting with naphthalene, An 
important advantage of oxidation by CrOs in Scheme I is 
that unreacted starting material can be conveniently re- 
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