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Abstract: In order to assess the relative importance of electrostatic and covalent contributions to the H bond, the photoelectron
spectra of several intramolecularly H-bonded olefinic alcohols in which a conjugated diene serves as the electron donor were
obtained. If one assumes the validity of Koopmans’ theorem, these spectra indicaté that upon H-bond formation both symmet-
ric and antisymmetric occupied orbitals of the conjugated system shift to higher ionization energy by the same amount. Since
covalent contributions require interaction between like-symmetry orbitals on the olefin and O-H units, the results indicate that
such covalent interaction is negligible or exactly compensatory. Assuming that the 7-H bond is analogous in nature to the nor-
mal lone pair H bond, and using the above criterion, the H bond is best described in electrostatic terms which require little co-

valent interaction.

I. Introduction

The phenomenon of hydrogen bonding continues to be
of great experimental and theoretical interest.! A convenient
representation of the H bond in valence bond terms involves
consideration of structures such as those in 12

Y. A—H :B covalent A-H bond

Yo A~ H*----B ionic (no charge transfer)
Yo A H Bt covalent B-H bond (charge

transfer)
vd AT H™ ‘B ionic (no charge transfer)
Yve A H~ B+ covalent A-B bond (with
S charge transfer)
1

so that the total H-bond wave function () is
Y =avy + b + o + dihg + ey (1

Coulson’s calculation of the H-bond energy based on
structures ¥, Yu, and Y indicated that the bond is essentially
electrostatic, with the covalent contribution {of ) amounting
only to a few percent.?2:t Tsubomura,2 including additional
structures of ¥4 and ., found a “delocalization energy” which
is “‘of the same order of magnitude or rather larger than the
electrostatic energy” represented by ., ¥u, and y. Later
Coulson pointed out in a review?2 that the H-bond energy can
be divided into four components, electrostatic, delocalization,
dispersion, and repulsive forces all of which are important and
must be considered

In later years, molecular orbital treatments of the H-bond
augmented the earlier valence bond treatments,? and the
question of partitioning the H-bond energy into various elec-
trostatic and covalent components was again addressed.3b-ce
The approach of Morokuma3b< divides the total energy of the
H bond (E'h) into four components where E¢; + E 4 represent
energy changes (stabilizing) arising from classical Coulombic
effects, E.x represents the exchange repulsion energy (desta-
bilizing), and E represents the (stabilizing) charge transfer
energy.* For the systems studied (H,0-H,0; H,O0-OCHy;
H>0-cyclopropenone), Ees + Epq contributed the largest sta-
bilizing component, while E., with a somewhat smaller ab-
solute value was destabilizing, and E. was stabilizing, but
smaller yet.

EH=Ees+Epd+Eex+Ect (2)3be

It should be pointed out that the easily visualized valence
bond structures of 1 as well as the MO treatment used to
evaluate eq 2 require for their individual covalent or delocali-
zation components, the correct symmetry of the interacting
orbitals on the electron donor (B:) and proton donor (A-H),
while the Coulombic or electrostatic components are essentially
free from this restriction.

To date, attempts to experimentally assess the relative
amounts of electrostatic and covalent contributions to the H
bond have, to our knowledge been limited to the "*N NMR
shifts reported by Saito et al.,’ for pyridine in methanol solu-
tion. Considering structures ¥,, ¥y, and ¥, in eq 1, these
workers were able to place a value of 7 £+ 3% for the contri-
bution of ¥, in good agreement with their calculated value and
that originally reported by Coulson.?®

Recently we reported the use of UV photoelectron spec-
troscopy (PES) to determine H bond induced shifts in the
ionization energies (IP) of valence electrons intimately involved
in H-bond formation, compared with those in geometric iso-
mers in which no H bond could be formed.® The results for
amino alcohols, a-hydroxy ketones and syn- and anti-7-nor-
bornenol showed that the IP of B: became larger and the IP of
H-O became lower on H-bond formation. Subsequently, we

felt that certain bicyclic conjugated olefins in which the elec-
tron donor w-system contained orbitals of differing symmetry
oriented favorably for H-bond formation might offer a unique
model system for assessing the relative importance of elec-
trostatic and covalent contributions to the H-bond interaction.
To this end, we have prepared and determined the PE spectra
of compounds 2-14. The following represents our findings
concerning this question.

I1. Experimental Section

The PE spectra were determined using a MacPherson Model 36
ESCA spectrometer with He(I) radiation. Samples were introduced
as vapors along with internal calibrants of Ar or Nj; the resolution
of the Ar 2P;,-2P1/; doublet was 25-35 MeV while operating.
Routine IR and PMR spectra were recorded usinig a Perkin-Elmer
421 grating infrared spectrometer and a Varian A56-60 spectrometer,
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H. OR RO. _H
R’ R’
2 R=R =H 5 R=R =H
3 R=CH;R =H 6 R=CH,;R =H
4 R=H;R =CH, 7 R=H;R' =CH,
X Y XY
8 X=OH;Y=H 10 X=OH;Y=H
9 X=H;Y=0OH 11 X=H; Y =0H
X Y

12 X=0H; Y=H
13 X =H; Y=0H
14 X = H; Y = OCH,

respectively. A Varian Associates HA-100 spectrometer was used to
determine 100-MHz spectra. All melting and boiling points are un-
corrected.

anti-T7-Benzonorbornenol and syn-7-Benzonorbornenol (2 and 5).
Reduction of 7-benzonorbornenone according to the procedure of
Tanida, Tsuji, and Ishitobi’ followed by column chromatography
(Florisil 30:1) eluted with ether-petroleum ether (1:10) yielded
anti-7-benzonorbornenol (2), mp 102.5-103.5 °C (lit.” 104-105 °C)
followed by syn-7-benzonorbornenol (5), mp 114-114.5°C (lit.7 117
°C).

anti-7-Methoxybenzonorbornene (3). Methylation of 0.50 g (3.1
X 1073 m) of 2 (prepared as above) by the procedure of Diner, Sweet,
and Brown? yielded after final workup and molecular distillation (120
°C/3.5 Torr), 0.22 g (41%) of 3; 'H NMR (CDCl3) 8 7.14 (s (br),
4H), 3.35 (s (br), 4H, CH;0 and H-C-0-), 3.25 (m, 2H), 1.88-1.14
(m, 2H), 1.21-0.98 (m, 2H); IR (CHCl;) 2975, 2940, 2890, 2825,
1460, 1358, 1338, 1298, 1288, 1100, 1010, 980 cm™!. Exact Mass
caled for Ci3H140: 174.1045; found: 174.1049. Anal. Calcd for
C12H,40: C, 82.72; H, 8.10; found: C, 82.49; H, 8.19.

syn-T7-Methoxybenzonorbornene (6). Methylation® of 0.5 g (3.1 X
1073 m) of alcohol 5 followed by the usual workup and molecular
distillation (120 °C/3.5 Torr) yielded 0.490 g (91%) of ether 5, 'H
NMR (CDCl3) 6 7.14 (m, 4H), 3.78 (t, J/ = 1.5 Hz, 1 H), 3.33 (m,
2 H), 3.21 (s, 3 H), 2.08-1.84 (m, 2 H), 1.21-1.04 (m, 2 H); IR
(CHCl,) 2980, 2940, 2880, 2830, 1455, 1360, 1320, 1275, 1140, 1115,
1090, 1080, 1004 cm~!, Exact Mass caled for C13H40: 174.1046;
found: 174.1046. Anal. caled for C;H,40: C, 82.72; H, 8.10; found:
C, 82.75; H, 8.37.

anti-4'-Methyl-7-benzonorbornenol (4). Reduction of 4’-methyl-
7-benzonorbornenone® with NaBH4 in CH3OH followed by addition
of water, and pentane extraction, yielded after removal of the solvent
the anti alcohol (4) in nearly quantitative yield, mp 94-95 °C (lit.
95-96 °C).

syn-4'-Methyl-7-benzonorbornenol (7). To a mixture of 1.95 g (0.2
equiv) of NaBHy in 70 mL of dry diglyme (bis-2-(methoxyethyl)
ether) cooled to 0 °C and containing 10.09 g (0.14 m) of 2-methyl-
2-butene was added 9.68 g of freshly distilled BF3-OFEt; complex.
After the mixture formed a solution (~15 min) 5.09 g (0.03 m) of
4’-methyl-7-benzonorbornenone® in 20 mL of dry diglyme was added
and the solution was stirred at 0° for 3 h, and then overnight at room
temperature. Workup consisted of addition of 60 mL of 3 N NaOH,
followed by 45 mL of 30% H20>, and then multiple extraction of the
mixture with ether. The combined ether extracts were dried over
MgSO; and solvent removed to yield 4.25 g (83%) of a white solid
which proved to be a mixture of syn and anti alcohols in a ratio of ~2:1.
Separation of 4 and 7 was accomplished by preparative GLPC
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(Carbowax 20 M on Chromosorb W, 60/80 mesh, 180 °C) to yield
4 followed by 7, mp 87.5-88 °C, 'H NMR (CDCl3) 6 7.26-6.90 (m,
3H),4.13(d,/ =8Hz, 1 H),3.13 (m, 2 H), 2.34 (s, 3H), 2.08-1.86
(m, 2H), 1.53 (d, / = 8 Hz, | H, exchangeable in D;0), 1.21-1.02
(m, 2 H); IR (CI,C=CCl,) 3565, 3020, 2970, 2950, 2870, 1510 (br)
1470, 1458, 1400, 1265, 1205, 1140, 730, and 665 cm™!. Exact Mass
caled for C3H40: 174.1046; found: 174.1046. Anal. caled for
C12H140: C, 82.72; H, 8.12; found: C, 82.90; H, 8.17.

anti- and syn-Bicyclo{4.2.1]non-3-en-9-ol (8 and 9). Reduction of
3 g (0.02 m) of bicyclo[4.2.1]non-3-en-9-one? using the procedure
of Diaz et al,,!%!! followed by column chromatography of the reaction
products using Florisil (30:1) with 95:5 petroleum ether-ether yielded
1.3 g of syn alcohol 9, mp 80-83 °C, 'H NMR (CDCl3) 6 5.51 (m,
2H),4.31 (t (br),J =7 Hz, 1 Hz), 2.36-2.06 (m, 5 H), 2.06-2.14 (m,
6 H); IR (CCly) 3620, 3590, 3010, 2950, 2910, 2830, 1653, 1458,
1440, 1425, 1395, 1255, 1193, 1151, 1130, 1075 (br), 990, 650 cm™ 1.
Exact Mass caled for CoH,40: 138.1047; found, 138.1040. Anal.
caled for CoH(40: C, 78.21; H, 10.21; found: C, 77.84; H, 10.22.

Further elution of the column with 90:10 petroleum ether-ether
yielded 0.6 g of a mixture of syn and anti alcohols followed by 0.8 g
of anti alcohol 8, mp 72.5-75 °C, '"H NMR (CDCl;) § 5.50 (s (br),
2H),3.93(s,1 H),2.42-1.84 (m), 1.75-1.20 (m), IR (CCl,) 3620,
3010, 2950 (br), 2910, 2830, 1653, 1458, 1440, 1427, 1360, 1332,
1280, 1178 (br), 1030, 950, 900, 855, 662 cm™!. Exact Mass calcd
for CyH40: 138.1047; found: 138.1045. Anal. calced for CoH,40: C,
78.21; H, 10.21; found: C, 77.84; H, 10.20.

anti- and syn-Blcyclo[2.2.2]oct-2-en-5-0l (10 and 11). Reduction
of 2.44 g (0.02 m) of bicyclo[2.2.2]oct-2-en-5-one!2 with 0.30 g (0.009
m) of NaBH4 in 20 mL of CH3OH stirred for 1 h followed by addition
of 100 mL of H,0, and extraction with pentane which was then dried
over MgSQy, yielded after solvent removal 2.4 g (95%) of a crystalline
mass which proved to be a 2:1 mixture of alcohols 10 and 11. Column
chromatography of the mixture over 100 g of Florisil eluted with 95:5
petroleum ether-ether yielded first the anti alcohol 10, mp 166-168.5
°C (lit.!3 175-176 °C) followed by the syn alcohol 11, mp 160-161
°C (lit.14 167.5-169 °C).

anti-Bicyclo[4.2.1]nona-2,4-dien-9-0l (12). Treatment of bicy-
clo[4.2.1]non-3-en-9-one!® with 2 equiv of N-bromosuccinimide in
CClg according to the procedure of Schuster and Kim!? followed by
treatment with Zn-HOACc yielded, after the described workup,!5 35%
of an oil which proved to be bicyclo[4.2.1]nona-2,4-dien-9-one. Exact
Mass caled. for CgH gO: 134.0732; found: 134.0732.

Reduction of 2.0 g (0.0149 m) of bicyclo[4.2.1]nona-2,4-dien-
9-one by the procedure of Diaz et al.!'! using 10 g of Al{(OiPr)3 and
0.1 mL of acetone in 100 mL of xylene yielded after workup!! 1.7 g
of a yellow oil which was chromatographed over Florisil (75 g) using
95:5 petroleum ether-ether. The elution yielded first the anti alcohol
(12) mixed with a small amount of syn, to give a total weight of 1.34
g (65%). Preparative GLPC (Carbowax 20 M on Chromosorb W,
60/80 mesh, 10 ft, 180 °C) of a small samnple yielded the two alcohols
with anti one (12) predominating, as a clear oil, 'H NMR (CDCl3)
6591-5.46 (m, 4 H), 4.64 (s, 1 H), 2.42-2.20 (m, 2 H), 2.38-1.90
(m, 4 H), 1.62 (s (br), 1 H, exchangeable with D,O); IR (CCls) 3620,
3025, 2940, 2875, 1455, 1435, 1375, 1210, 1085, 1030, 1000, 930, 865
and 685 cm~!. Exact Mass caled for CoH ,0: 136.0888; found;
136.0886.

syn-Bicyclo[4.2.1]nona-2,4-dien-9-0ol  (13). Reduction of
0.6 g (0.004 m) of bicyclo[4.2.]1]nona-2,4-dien-9-one (prepared as
above) with 300 mg of NaBH4 in 15 mL of CH3OH for 15 min fol-
lowed by the addition of 20 mL of H,O gave a solution which was
multiply extracted with pentane. Drying of the combined pentane
extracts over MgSQ, followed by removal of solvent yielded an oil
which was molecularly distilled at 100 °C (6 Torr) to afford 0.5 g
(82%) of exclusively syn alcohol 13, 'H NMR (CDCls) 6 6.06-5.62
(m,4H), 4.64-4.33(d of t, J/ = 12 Hz, 6 Hz, | H), 2.73 (s (br), 2 H),
2.22(d, J = 12 Hz, | H, exchangeable with D;0), 2.03-1.26 (m, 4
H); IR (CCly) 3565, 3020, 2940, 2870, 1455, 1435, 1390, 1350, 1235
(br), 1160, 1080, 1060, 880, 860 and 692 cm™!. Exact Mass calcd for
CyH;,0: 136.0888; found: 136.0884.

syn-9-Methoxybicyclo[4.2.1jnona-2,4-diene (14). Methylation® of
0.5 g (0.004 m) of syn alcohol 13 with 318 mg of NaH (57% suspen-
sion washed with dry ether to remove oil) in 20 mL of dry DME con-
taining 1 mL of CH;l yielded after workup® and molecular distillation
(100 °C/6 Torr) 0.4 g (70%) of ether 14, 'H NMR (CDCl3) 6 5.82
(m, 4 H), 4.04 (5, J = 6 Hz, | H), 3.32 (s, 3 H), 2.78 (s (br), 2 H),
2.00-1.90 (m, 4 H); IR (CHCl3) 2930 (br), 2860, 2830, 1590, 1450
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Flgure 1. The PE spectra of anti- and syn-7-benzonorbornenol (2 and §)
using nitrogen as a calibration gas.
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Figure 2. The PE spectra of anti- and syn-7-methoxybenzonorbornene
(3 and 6) using argon as an internal calibrating gas.
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Figure 3. The PE spectra of anti- and syn-4’-methyl-7-benzonorborne-
nol (4 and 7) using nitrogen as an internal calibrant.
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Flgure 4. The PE spectra of anti- and syn-bicyclo[4.2.1]non-3-en-9-0l (8

and 9) using argon as an internal calibrant.
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Figure 5. The PE spectra of anti- and syn-bicyclo[2.2.2]oct-2-en-5-of (10
and 11) using argon as an internal calibrant.

COUNTS/ SECONDS

(br), 1355,1118,1098,1012,975, and 865 cm™!. Exact Mass calcd
for C1gH140: 150.1045; found: 150.1043.

I11. Results and Discussion

The PE spectra of compounds 2-14 are presented in Figures
1-7 and the corresponding vertical ionization energies (IP) and
assignments presented in Tables I and II.

Perusal of the data reveals the following unifying feature
exhibited for each pair of anti and syn alcohols. All the syn
alcohols in which the geometry allows interaction between the
w-system and the OH bond have higher =-IP’s and lower
oxygen (nor) IP’s than the corresponding anti isomer in which
H-bonding is precluded. While the observation has been made
for a variety of systems,®16 the present olefins offer unique
symmetry characteristics which should be useful in assessing
the relative importance of electrostatic and covalent interac-
tions.

It is important to ascertain that the 7-H bond does not
represent a unique type of interaction such as a “r-complex”,
but is indeed a typical H bond. Experimentally, intramolecular
interaction of olefins with OH groups has been observed by IR
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Flgure 6. The PE spectra of anti- and syn-bicyclo[4.2.1]nona-2,4-dien-9-ol
(12 and 13) using argon as an internal calibrant.

Table L. Vertical Ionization Energies (IP) and Assignments for
Compounds 2-7

Ionization energy, eV
)

Compound nor*® > L
anti-7-Benzonorbornenol (2) 9.99 9.04 8.62
syn-7-Benzonorbornenol (5) 9.86 9.18 8.80

(vt =1202
+ 50 cm™1)
anti-7-Methoxybenzonorbornene 9.56 9.03 8.6l
3)
syn-7-Methoxybenzonorbornene 9.46 8.90 8.46
(6)
anti-4’-Methylbenzonorbornenol 9.95 8.87 8.31
4)
syn-4’-Methylbenzonorbornenol 9.75 9.02 8.4l
)

¢ Predominantly oxygen lone pair, antisymmetric with respect to
reflection through a mirror plane bisecting the molecule. ¢ Assigned
as predominantly aromatic, and is antisymmetric with respect to re-
flection through a mirror plane bisecting the molecule. (Strictly true
only for compounds 2, 3, 5, and 6.) ¢ Assigned as predominantly ar-
omatic and is symmetric with respect to reflection through a mirror
plane bisecting the molecule. (Strictly true only for compounds 2, 3,
5,and 6.)

spectroscopy,'” microwave spectroscopy,'® and mass spec-
trometry,'® and the interpretation of the results indicates a
rather weak association not unlike a typical H bond. Theo-
retically, relatively few calculations have been performed on
w-H-bonded systems;20 however, the results are in substantial
agreement with those for lone pair H bonds. For example, ab
initio calculations by Del Bene?% on dimers involving HF or
H,O and the = systems of ethylene, acetylene, hydrogen cya-
nide, and formaldehyde show that with the symmetrical hy-
drocarbons, a relatively weak association (<1 kcal/mol) occurs
at or near the midpoint of the C-C-7 bond. With polar 7 bonds
as the proton acceptors (i.e., HC=N or H,C=0) association
occurs preferentially at the negative end of the 7 system, but
this arrangement is not an equilibrium structure, since H-bond
formation at the lone pair is calculated to be of lower energy.20
CNDOY/2 calculations including the same systems20b< and
larger ones such as benzene-HF204f and syn-7-norborneno}2%¢
have also been performed but the method generally tends to
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Flgure 7. The PE spectrum of syn-9-methoxybicyclo[4.2.1}nona-2,4-diene
(14) using argon as an internal calibrant.

Table IL Vertical lonization Energies (IP) and Assignments for
Compounds 8-14

Ionization energy, eV

Compound noRr wé

anti-Bicyclo[4.2.1]non-3-en-9-0l  10.06 9.11

(8)
syn-Bicyclo[4.2.1]non-3-en-9-0l®  9.81 9.14

9
anti-Bicyclo[2.2.2]oct-2-en-5-01  10.00 9.14

(10)
syn-Bicyclo[2.2.2]oct-2-en-5-0l 9.94 9.25

(11)
anti-Bicyclo[4.2.1]nona-2,4-dien- 10.19 8.43

9-0l (12) (vt =1437+ 50 cm™1)
syn-Bicyclo[4.2.1]nona-2 4-dien-  9.85 8.62

9-0l (13) (vt = 1357 £ 50cm™1)
syn-9-Methoxybicyclo[4.2.1]- 9.46 8.28

nona-2,4-diene (14) (vt = 1318+ 50cm™1)
anti-7-Norbornenol¢ 10.04 9.19
syn-7-Norbornenol ¢ 9.71 9.41

@ g represents ionization from predominantly a w-symmetry orbital
located on the carbon framework. For compounds 12, 13, and 14
where in principle there are two w-bands (75 and 7, with respect to
the mirror plane bisecting the molecule) only one w-ionization is ob-
served which is assigned m5. ® Compound 9 shows both a free and
bonded OH in the infrared spectrum, and shows a shoulder on the low
energy side of m, presumably attributable to the non-H-bonded con-
former =-ionization. ¢ Reference 6.

overestimate the H-bond energy and predict different
geometries for the polar 7-H bond than the ab initio technique.
[t seems evident that the computational results can best be
analyzed in terms of a #—H bond which is in nature similar to,
but weaker than, a normal lone pair H bond. The weakness of
the H-bond interaction in these systems may reflect the ab-
sence of localized charge regions within the proton accep-
tor,20a

Our approach to the problem of distinguishing electrostatic
from delocalization (covalent) effects involved the assumption
that the former effect depends heavily on the internuclear
distance between the interacting components but is indepen-
dent of their orbital symmetry,?!22 while the latter effect relies
both upon internuclear separation and orbital symmetry. Thus
we measured the influence of the H bond on the ionization
energies of orbitals of differing symmetry within a conjugated
= system. Figure 8 illustrates the expected shifts for compound
5 in the absence of inductive or electrostatic effects.

The two highest aromatic orbitals of both 2 and § are sym-
metric (S) and antisymmetric (A) relative to a plane bisecting
the molecule. According to Murrell, perturbation arguments
indicate that ground-state stabilization of the electron donor

Brown, Marcinko | PES of H-Bonded Alcohols



6504

®
7 A .
’ 7 s
Ar HO / //
ii% gi‘& / /
/
i —H‘—(\ 1
S ~
e
HO \ \ "
£ Ta -'H'—c\;~—H'—\ %
\\‘H‘ - ‘\‘:“H‘ Na
A A
\\ \\ )
\ \
R

Flgure 8. A correlation diagram for syn-7-benzonorbornenol (4) illus-
trating the expected interaction between the two highest occupied ring
orbitals (ref 23) and the localized H-O orbitals assuming symmetry re-
quirements and no inductive effects. (4 has been included, and while of
the correct symmetry to interact with wa, such interactions in related
systems appear to be small or non-existent, see ref 23, 24 and text.)

occurs via interaction with higher energy unoccupied orbitals
of like symmetry on the proton donor. If this is appreciable,
then the OH o* orbital (S) can only interact with 7g, lowering
it in energy, while w4 (except for inductive and /or electrostatic
effects) remains unperturbed by the hydroxyl group. Such
inductive effects should operate simultaneously on both 7g and
ma.2! The net effect is that the separation between 7 and 7g
should diminish when the H bond is permitted (i.e., in passing
from 2 to 5).24 The data of Table I clearly show that the sep-
aration between wa and s (assuming the validity of Koop-
mans’ theorem)26 remains constant at 0.41 + 0.02 eV in both
2 and § and suggest that orbital interactions such as illustrated
in Figure 8 are negligible. It is interesting to note that na
(oxygen) and wa apparently do not show different interaction
in passing from the anti to syn alcohol since such should raise
the energy of wa in the latter, contrary to what is ob-
served.?

As a further probe for the existence of an important sym-
metry related component in the m-H bond the 4'-methyl-
benzonorbornenols (4 and 7) were investigated. The 4-methyl
group destroys the local symmetry characteristics of w5 and
ws, and yet the separation between the two highest aromatic
orbitals remains constant at 0.56 £ 0.1 ¢V for both 4 and 7.
This observation also argues against differing orbital inter-
actions in the two isomers, although the identical stabilization
of ma and 7 in 7 is consistent with an increased electrostatic
interaction between the ring and hydroxyl.

In order to test the consequences of the different orientations
of the oxygen in the absence of H bonding the methyl ethers
3 and 6 were studied. Although no such interaction as that il-
lustrated in Figure 8 is possible, switching from anti-3 to syn-6
reveals a decrease in IP of both 74 and s, but their separation
remains a constant 0.43 £+ 0.02 eV. Destabilization of both
orbitals is consistent with different field effects in the syn and
anti isomers and argues against an interaction between n4 and
m in the former since such would be expected to bring 74 and
ws closer together in 6.24

A further test for the relative importance of electrostatic and
conjugative contributions to the H bond can be envisioned
using the anti- and syn-bicyclo(4.2.1]nona-2,4-dien-9-ols (12
and 13, respectively). Figure 9 shows the expected symmetry
allowed interactions between the localized HO o*-orbital (S)
and the butadiene ws which should serve to increase the sep-
aration between wg and 74 in syn-13 relative to that observed
in the anti isomer (12). For 13 an additional possibility of in-
teraction exists between wg and the occupied o5 OH bond
which if important may destablize rs. Unfortunately, g is
buried under the ¢ envelope for both 12 and 13 and hence we
can say nothing about the wg-mA separation. However, it is to
be noted that 74 in 13 is stabilized by ~0.20 eV relative to that
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Figure 9. A correlation diagram for syn-bicyclo[4.2.1}nona-2,4-dien-9-ol
(13) assuming symmetry permitted interactions in the absence of inductive
and electrostatic effects. (The HOMO is w4, predominantly located on
the carbon framework, while the next occupied orbital is n, localized on
the oxygen.)

in 12 which can only result from symmetry independent elec-
trostatic or inductive effects in the syn isomer. The possibility
of a dominant destabilization between 74 and na (OR) can be
eliminated since such should serve to destabilize 75 in 13 rel-
ative to that in 12, By way of reference, w4 in the non-H-
bonding syn-9-methoxybicyclo{4.2.1]nona-2,4-diene (14) is
easier to ionize than its counterpart in 12 or 13 by 0.16 and 0.35
eV, respectively.

We feel that the above results are most compatible with an
H bond which is predominantly electrostatic in nature.22:® In
each of the syn alcohols an intramolecular H bond could be
demonstrated by conventional IR techniques which showed
a concentration independent bonded OH stretch at 3575 £ 15
cm™!. Two of these, syn-bicyclo[2.2.2]oct-2-en-5-0l (11) and
syn-bicyclof4.2.1]non-3-en-9-0l (9), show the presence of both
a free and bonded OH stretch at high dilution attesting to the
weakness of the H bond, while each of the other syn alcohols
shows only a bonded OH stretch. The PE data for each syn
alcohol show the = ionization energies are higher, and OH
ionization energies lower than those of the anti isomers, but
separation of the shifts into electrostatic and covalent contri-
butions can only be possible for the conjugated systems.

IV. Conclusions

Several possibilities consistent with the above observations
should be considered. While we prefer the first two rationali-
zations on the basis of their simplicity, we do not have evidence
which allows unambiguous differentiation between all possi-
bilities.

I. Within experimental accuracy, symmetry dependent
(covalent) contributions to the H bond are of minimal im-
portance in these systems. We judge the accuracy in deter-
mining the peak positions to be £0.02 eV over several deter-
minations; symmetry-dependent shifts of this magnitude would
not be detectable. This does not mean that charge transfer
(which relies upon symmetry correct interactions) is nonex-
istent in all cases. Mulliken population analyses of several
H-bonded systems324-27 show small but significant charge
transfer from the electron donor to proton donor fragments
which must result from orbital interaction, but apparently such
need not be large.

2. It has been calculated that upon H-bond formation all
orbitals localized on the electron donor are stabilized while
those on the proton donor are destabilized regardless of their
symmetry.?® This finding is suggested to be a consequence of
decreased and increased electron-electron repulsion, respec-
tively, and is predicted to be a general finding for electron
donor-acceptor complexes.?® Experimental support for this
comes from changes in the N5 and Qg binding energies which
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increase and decrease, respectively, on H-bond formation in
cyclic 1,2-amino alcohols.??

3. Symmetry dependent interactions may be occurring, but
they are exactly compensatory. In other words, for the above
models, s may be stabilized by the ¢*~OH interattion but
exactly destabilized by additional mixing with lower lying filled
orbitals (a-OH). While this is roughly equivalent to setting £ cx
+ E. = 0inéq 2, we view this as an unlikely fortuitous évent
to be occurring in both § and 7.

4. Very recently, Morokumia has reported a detailed ehergy
decomiposition study of the origin of the H bond,3® using so-
phisticated ab initio techniques for a variety of dimeric species.
As a general rule, the calculations show tHat behind electro-
statics, charge transfer (CT) is usually the second largest at-
tractive force, and is particuldrly important for the stabilization
of weaker H bonds.3? However, for the water dimer it is cal-
culated that the CT interaction causes al/ the orbitals of the
electron donor to decrease and those of the proton donor to
increase in energy regardless of their symmetry. Thus a par-
adox exists in comparing the theoretical with our experimental
results inasmuch as we have assumed that the CT phenomenon
is symmetry dependent. We speculate that it is possible that
CT may occur only between symmetry correct orbitals which
thereby alters the local electron distributions leading to the
obsérved and calculated orbital energies.?! Further study is
required to test the above.
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