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Abstract: The I3C spectra of salicylaldehyde, 5-methoxysalicylaldehyde, 2-hydroxy- and 2-hydroxy-5-methoxyacetophenone, 
and methyl esters of anthranilic, salicylic, and 2-mercaptobenzoic acids, 1 -hydroxyfluorenone, 2,3-dihydro-9-hydroxy- and 
9- hydroxyphenalenone, tropolone, 1 -phenylamino-7-phenylimino- 1,3,5-cycloheptatriene, 6-hydroxypentafulvene- 1 -aldehyde, 
I-benzoyl-6-phenyl-6-hydroxypentafulvene, N,N’-diphenyl-6-aminopentafulvene-2-aldimine, and the 18-crown-6 complex 
of potassium hydrogen phthalate in chloroform, bromoform, or methylene dichloride solutions have been analyzed and the 
spin-lattice relaxation times ( T I )  of the proton-bearing carbon atoms determined. The 7‘1’s have been used to calculate the 
rotational diffusion parameters assuming that the molecules diffuse as uncoupled planar rotors. It is shown that, although the 
anisotropies of rotational diffusion correlate well with that of the moments of inertia, the J-diffusion model overestimates the 
absolute magnitudes of the former. The deuteron 7‘1’s for the deuterium-replaced hydrogen-bonded systems have been deter- 
mined and used together with the rotational diffusion parameters to evaluate the deuteron quadrupole coupling constants 
(DQCC). The DQCCs are shown to be linearly related to the squares of stretching frequencies for the corresponding X-H 
bonds. With the exception of potassium hydrogen phthalate, the last seven compounds listed above involve hydrogen bonds 
with double-well potentials and, in the cases of tropolone and its bisphenylaza analogue, exchange between the tautomers is 
shown to be slower than rotational diffusion. 

The nature of the intramolecular hydrogen bond and, 
more specifically, the potential function for the proton continue 
to attract the attention of many investigators. I n  the past 2 
decades virtually every physicochemical technique has been 
employed in such studies. Notable contributions to our un- 
derstanding of the hydrogen bond have come from investiga- 
tions involving n e ~ t r o n , ~  e l e ~ t r o n , ~  and X-ray d i f f r a ~ t i o n , ~  
infrared,’ m i c r ~ w a v e , ~  and ESCA6 spectroscopy (or X-ray 
PES), and a variety of N M R  techniques3 including measure- 
ments of hydrogen-deuterium-tritium isotope effects,’ I3C 
relaxation times,* and deuteron quadrupole coupling constants 
( DQCC).31Y.’o The values of DQCC in various hydrogen- 
bonding situations a re  particularly informative since, like 
stretching force constants, they probe the electrostatic envi- 
ronment of the deuteron in such situations. 

The majority of the determinations of DQCCs have involved 
deuteron N M R  measurements on oriented single crystals and 
have the advantage that they allow the evaluation of the field 
gradient asymmetry parameter, 7 = (qX.\. - qyY)/qz.- as well 
as  DQCC (e2QqzZ/h) .  I n  certain circumstances, associated 
studies of DQCCs near the Curie point for the ferroelectric- 
paraelectric phase t ransi t ion have provided evidence con- 
cerning the rate of exchange of the deuteron between the two 
donor sites. One disadvantage of the solid-state method is that 
it has been applicable only to molecules with very few nonex; 
changeable protons, although recent techniques for removal 
of dipolar broadening due to these protons may lift this re- 
striction. A more serious problem arises because crystal 
packing forces may dictate a particular type of intermolecular 
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hydrogen bonding rather than the intramolecular interaction 
under investigation. This is true, for example, of potassium 
hydrogen phthalate, which is not intramolecularly hydrogen 
bonded in the crystalline state. Thus solution studies offer 
definite advantages. 

There has been one investigation of the DQCC of a hydro- 
gen-bonded deuteron in solution. Egan, Gunnarsson, Bull, and 
Forsinlo have determined the value of DQCC in the enol 
tautomer of acetylacetone-3,O-dr from measurements of 
deuteron relaxation times together with certain assumptions 
regarding rotational diffusion. They showed unequivocally that 
the intramolecular hydrogen bond in this molecule involves a 
symmetric double well potential. 

We have now investigated DQCCs in systems involving in-  
tramolecular hydrogen bonds of various strengths. Because the 
molecules studied are more complex than acetylacetone, we 
have been able to use I3C relaxation times to take explicit ac- 
count of anisotropy of rotational diffusion. 

Experimental Section 
Materials. Unless otherwise stated materials were obtained from 

commercial sources. Solids were purified by recrystallization and/or 
vacuum sublimation and had melting points in agreement with the 
literature values. 

Bromoform-d. A IO% solution ( 1  0 niL) of NaOD in DzO containing 
triethylbenzylammonium chloride (0.5 g) was shaken with bromoform 
(100 g) in a separating funnel. The organic layer was removed and 
subjected to five additional treatments under the same conditions. I t  
was then washed twice with DzO ( I O  mL), dried over Linde molecular 
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Table I. Carbon-I 3 Chemical Shifts (ppm) and Proton Chemical Shifts (ppm) and Coupling Constants ( H z )  for Compounds 1-7 at  90 
M H z  

R H <' CH," 

R' 0 0 0 N S 5-OCH3 4-OC H 3  

X Ha-r CH,b OCH3 OCH3 OCH3a.d 0 0 

36.6 
19.5 
33.4 

6.97 
7.50 
7.00 
7.53 
8.39 
1 .oo 
0.46 
7.23 
1.74 
7.69 

117.1 118.0 117.2 110.3 131.3 118.1 I O O . 5  
36. I 135.3 134.3 132.0 124.7 
18.6 118.8 114.4 124.2 107.2 
30.4 129.6 131.2 130.5 114.9 132.0 

6.95 6.96 6.63 7.30 6.82 6.28 
7.44 7.42 7.35 7.30 7.04 
6.88 6.85 6.56 7.14 6.3 I 
7.71 7.81 7.88 8.00 6.90 7..51 
8.50 8.40 8.42 7.94 9.08 
1.14 I .23 1.13 1.23 2.46 
0.33 0.47 0.44 0.44 -0.30 0.7 1 
7.21 7.27 7.03 7.40 
I .69 1.80 1.70 1.51 3.07 
8.1 1 7.99 8.02 7.98 9.03 ____- 

From 360-MHz spectra. 5J4,0H = 0.4 Hz. sJ3,c~o = 0.6 Hz.  s J s , ~ ~  = 0.4 Hz.  From 60-MHz spectra. 

sieve, and then distilled (bp 143.5-145 "C (724 Torr)). The isotopic 
pur i ty  was found to be >97% by ' H  NMR. 

Methyl N-klethylanthranilate. This ester was prepared in 75% yield 
by passing anhydrous HCI through a 0.65 M solution of the corre- 
sponding acid in  methanol. The solvent was removed and the residue 
distilled (bp 73 "C (0.05 mm)). 

Methyl o-Mercaptobenzoate. This compound (bp 91 "C (0.5 mm)) 
was prepared by the same method. 

Phenylamin0-7-phenylimino-l,3,5-~ycloheptatriene (1 1). This was 
prepared by the method of Brasen, Holmquist, and Benson." Re- 
crystallization of the crude product from aqueous methanol afforded 
the pure compound as yellow crystals (mp 82-84 "C). 2,3-Dihydro- 
9-hydroxyphenalenone (9),'* 9-hydroxyphenalenone ( 12),12 6-hy- 
droxypentafulvene-1-aldehyde ( 1  3),13 I-benzoyl-6-phenyl-6-hydrox- 
ypentafulvene (14),14 and N,N'-diphenyM-aminopentafuIvene-Z- 
aldimine (15)15 were prepared by the methods described in the liter- 
ature. 

Deuteration. The liquid compounds 1-7 were shaken twice with 
DzO, dried over Linde 4 A molecular sieve, and distilled under reduced 
pressure through a Vigreux column. 

Solids were dissolved in  chloroform or ether and shaken twice with 
DzO. After removal of the solvent the products were purified by 
vacuum sublimation. I n  the cases of 6-hydroxyfulvene-I-aldehyde 
(13) and its diphenyl analogue (14), deuteration was effected by 
conversion to the  anions in alkaline DzO followed by neutralization 
with I .25 M phosphoric acidd3. 

Sample Preparation. The samples for N M R  spectroscopy were 
prepared as solutions (0.35-1.2 M )  in  chloroform containing 5% 
hexafluorobenzene and a capillary filled wi th  acetone-d6. For com- 
pounds 1-7. the solutions were degassed by four freeze-pump-thaw 
cycles. For the remaining compounds the solvent was degassed first 
and then line transferred into the NMR tube containing the acetone 
capillary and the  solid sample. 

A solution of potassium hydrogen phthalate was prepared by 
transferring degassed methylene chloride onto an equimolar mixture 
of carefully dried 18-crown-6 and the phthalate salt. The solvent was 
then removed and the residue heated overnight at 52 "C and a pressure 
of 0.001 Torr to ensure complete drying. Fresh, degassed methylene 
chloride containing hexafluorobenzene (4% v / v )  was line transferred 
onto the residue. 

NMR Spectroscopy. Unless otherwise mentioned, all spectra were 
obtained with a JEOL PS-100-FT interfaced with a Nicolet 1080 
computer and operating in the quadrature phase detection mode. The 
"C probe utilized a deuteron field frequency lock provided by capil- 
lary samples of acetoned6. The 2H probe was operated with a fluorine 
lock using hexafluorobenzene as the lock reference. All measurements 
were made a t  26 f 0.5 "C. 

The relaxation measurements were made using the standard i n -  
version-recovery sequence. The HI homogeneity of both probes is 
excellent and no correction was needed. Usually about 16 T values 
arranged in random order were used with a recovery time of 5Tl.  The 
values of T I ' S  and their precision indices were obtained by a two- 
parameter least-squares analysis of peak heights vs. T values. Occa- 

sionally one or two points were rejected on an approximate x 2  
basis. 

Infrared Spectroscopy. Spectra were obtained using a PE580 IR 
spectrophotometer and were calibrated against polystyrene. The 
measurements were made over a concentration range of 0.01 -0. I M 
in spectrograde carbon tetrachloride. 

Results 

13C Spectral Assignments. The method for determining the 
deuteron quadrupole coupling constants discussed below re- 
quires the unambiguous assignments of the I3C resonances of 
all proton-bearing carbon atoms for each molecule investi- 
gated. These assignments have been made using decoupling 
techniques, as well as the values of long-range coupling con- 
stants ( J I~c . )~ ) .  I n  many cases it is first necessary to analyze 
and assign the proton spectrum. The bases for assignments are 
now briefly summarized. 

Carbonyl Derivatives of Benzene. The seven derivatives listed 
in Table I were investigated. The assignments of the proton 
spectra are based on complete analysis using I A O C N 3  and the 
assumption that H(6) which is ortho to the carbonyl substit- 
uent is deshielded with respect to H(3). The assignments of the 
proton-bearing carbon atoms followed from a series of sin- 
gle-frequency off-resonance decoupling (SFORD) experi- 
ments. The resonances of C(3) and C(4) of methyl o-mer- 
captobenzoate ( 5 )  could not be assigned by this technique 
owing to the near degeneracy of the absorptions of the corre- 
sponding protons. However, full analysis of the niultiplets in  
the ful ly  coupled I3C spectrum permitted unequivocal as- 
signtnents. 

The long-range couplings of the labile proton to the ring 
protons merit comment. Values of 0.6 and 0.4 H z  were found 
for ' J ~ , c H = o  and . ( J ~ , o H  in salicylaldehyde which agree well 
with previously published valuesih where both interactions 
involve a planar zigzag pathway. s J j , ~ ~  = 0.4 H z  was also 
observed for o-hydroxyacetophenone. Splittings of this type 
were absent in spectra of methyl salicylate and methyl N -  
methylanthranilate, presumably because of rapid exchange. 
In contrast, methyl o-mercaptobenzoate has L J 6 , ~ ~ ,  = 0.4 H7 
whereas L J 4 . ~ ~ j  < 0.2 Hz. On the basis of the correlations es- 
tablished by Schaefer and Parr," it would seem that the 
molecule does not have an intramolecular hydrogen bond, the 
S H  group adopting the conformation s-trans to  the ortho 
substituent. Salicylaldehyde and o-hydroxyacetophenone (and 
presumably the esters 3 and 4) have the s-cis conformation in 
keeping with the presence of reasonably strong intramolecular 
hydrogen  bond^.'^,'^ 

Compounds 8-16.'O We have previously assigned the I3C 
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spectrum of 1 -hydroxyfluorenone (8).x The aromatic region 
of the 360-MHz ‘ H  spectrum” of 2,3-dihydro-9-hydroxy- 
phenalenone (9) was ful ly  analyzed. The only ambiguity was 
the assignment to H(4) and H(6), which was resolved through 
the observation that the absorption of the former exhibited 
coupling to the 3-methylene protons which could be removed 
by selective decoupling. S F O R D  experiments then furnished 
the I3C assignments. Similar experiments lead to the I3C as- 
signments for 9-hydroxyphenalenone (12) itself, apart from 
a possible ambiguity in the assignment to H(3), H(7), and 
H(2), H(8). Distinction between these two was possible be- 
cause the absorption of C(3), but not of C(2), exhibited split- 
ting due to a three-bond coupling ( 3 J ~ 3 ~ ~ ~  = S Hz) in the gated 
fully coupled spectrum. 

The I3C resonances of tropolone (IO) have been assigned 
previously on the basis of calculated charge densities2? We 
have confirmed these results by S F O R D  experirnents using 
the results of a fully analyzed proton spectrum.23 The protons 
of the seven-membered ring of 1-phenylamino-7-phenylim- 
ino- 1,3,5-cycloheptatriene (1 1) exhibit a readily analyzed 
absorption pattern which is a t  higher fields than those of the 
phenyl rings so that the corresponding I3C resonances could 
be assigned by SFORD experiments. The I3C resonance of the 
para carbon atoms of the phenyl rings, which was included in 
the determination of the rotational diffusion parameters, was 
assigned on the basis of its intensity relative to those of the 
ortho and meta positions. 

Considerations of intensities and S F O R D  experiments lead 
to unequivocal assignments of the I3C spectrum of 6-hydrox- 
ylfulvene- I-aldehyde (13), the proton spectrum of which has 
been previously r e p ~ r t e d . ’ ~  The assignments of the analogous 
diphenyl derivative (14) and of N,i*~’-diphen41-6-aminoful- 
vene-2-aldimine (15) follow from similar arguments. S F O R D  
experiments were necessary to distinguish the resonances of 
3- and 5-carbon atoms of the five-membered ring from that of 
the para carbon atoms of the phenyl substituents. 

The  proton spectrum of the 18-crown-6 complex of potas- 
sium hydrogen phthalate was analyied and provided the basis 
of the S F O R D  experiments used for the I3C assignments. 

Determination of Deuteron Quadrupole Coupling Constants. 
All the systems studied here are assumed to undergo rotational 
diffusion as planar asymmetric rotors, a t  least as far as the 
nuclei involved in the relaxation processes investigated. For 
such systems, the relation between the deuteron spin-lattice 
relaxation time, TiO, and the quadrupole coupling constant 
with its associated asymmetry parameter, 7, is given by the 
equation derived by Huntress for a planar, uncoupled 

I / T i Q =  [3(21 + 3)/4012(21 - I ) ]  ( 1  + q2/3) 
X ( e 2 Q q J h ) 2  ( A  cosz 9 + B sin2 9) ( I )  

where ?lr is the angle which the principal electric field gradient 
subtends with one of the principal in-plane axes of rotational 
diffusion. A = [3(D, + Dz)] - ’  and E = [3(D, + DZ)]-I in 
which D,, D,, and D; are the elements of the diagonalized 
diffusion tensor. 

The required values of A and B are obtained from the values 
of the spin-lattice relaxation time, TiDD, of the I3C nuclei 
which have directly bonded protons. These relaxation times, 
which are  dominated by dipole-dipole interactions, are given 
by the equation 

1 / T I  DDO’) = y ~ ~ y ~ ~ h ~  A r i j -6  cos2 qjJ I ’  
+ B r l J - h  sin2 qlj] (2)  

where rl, is the length of the internuclear vector involving the 
ith proton and the j th  carbon atom and ?lrl ,  is the angle which 

this vector subtends with the appropriate, principal in-plane 
diffusion axis. For the molecules 10-16, we assume that the 
position of the deuteron has a neglibible effect on rotational 
diffusion27 and that the principal in-plane diffusion axes are  
determined by symmetry. Only two I3C relaxation times are 
then needed to solve eq 2 for A and B .  I n  those cases where 
more than two relaxation times are  available, A and 5 have 
been found by the method of nonlinear least squares.28 Only 
the contributions of directly attached and vicinal protons have 
been included. For compounds 1-9 the principal axes are not 
uniquely determined by symmetry. I n  these cases, the substi- 
tution \ k ; j  = @ j j  + B can be made in eq 2, where 4jj is now the 
angle subtended with some arbitrarily chosen in-plane axis and 
0 is the angle through which this axis must be rotated to make 
it coincident with one of the principal in-plane axes. The 
modified equation is then solved for A, B, and 8, using the 
nonlinear least-squares method in the overdetermined cases. 

Application of eq 2 requires a knowledge of the geometries 
of the molecules studied. The skeletal geometries of the series 
1-7 were based on salicylic acid, for which both X-ray29.30.31 

R =  X -  R ‘ F  

$ H  0 _ _  
5 M3 O 

3 OCH3 0 _ _  

5 OCH3 s ._ 

_ _  

4 OCH3 NCH3 -- 

p. H 0 5-OCH3 

R‘ &I CH3 0 4-OCH1 

and neutron31 diffraction structures have been published, al- 
though the results are  little changed if standard bond lengths 
and angles are  employed. The geometry of l-hydroxyfluor- 
enone (8) was assumed to be the same as  that of f l ~ o r e n o n e ~ ~  
with a C (  1)-0 bond length of 1.37 A with the bond bisecting 
the exterior angle of the ring. Standard bond lengths and 
regular hexagonal aromatic rings were assumed to be present 
in  2,3-dihydro-9-hydroxyphenalenone (9). X-ray structures 
are  available for tropolone ( 10),33.34 9-hydroxyphenalenone 
( 12),35 6-hydroxyfulvene- 1 -aldehyde ( 13),36 N,N’-diphenyl- 
6-aminofulvene- I -aldimine ( 15),37 and potassium hydrogen 
phthalate ( 16).38 The structure of N,N’-diphenylaminotro- 
ponimine (11) was based on the known structure3y of the 
N,N’-dimethyl analogue and that of 1 -benzoyl-6-phenyl-6- 
hydroxyfulvene (14) was assumed to be similar to that of 13 
with standard geometries for the phenyl substituents. In  all 
molecules, each aromatic hydrogen atom was then located at 
the vibrationally averaged distance ( I .  107 A) from the carbon 
atom as found for benzene* and a t  a position corresponding 
to the bisection of the exterior angle involved. Justification for 
the use of a single value of rlJ throughout is provided by the 
observation that, for all overdetermined cases, eq 2 reproduces 
the individual values of TI to within their standard devia- 
tions. 

The data for the diffusion constants and the directions of 
their principal diffusion axes (where not determined by sym- 
metry) are given in Table 11. On the basis of the J-diffusion 
model of M ~ C l u n g , ~ ~  the rotational diffusion constants are  
expected to be linearly related to the reciprocals of the corre- 
sponding moments of inertia and the anisotropy parameter AJB 
should be equal to ( I , - ]  + I : - I ) / ( I ,  - I  + I : - ‘ ) .  These ratios 
are also recorded in Table I I ,  together with H’, the angle which 
diagonalizes the moments of inertia tensor. In the cases of the 
methyl esters 3-5 it has been assumed that the methyl group 
adopts the coplanar Z conformation. There is indeed a good 
correlation ( r  = 0.966) between the two anisotropies (eq 3) but 
the J-diffusion model evidently overestimates the anisotropy 
of rotational diffusion. Nevertheless, the empirical eq 3, which 
reproduces the A / B  values in Table II with a standard deviation 
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1 2 0 . 9  112 .7  

8 

1 1 9 . 1  
( 7 . 1 2 )  

( 3 . 3 0 )  ( 7 . 9 3 )  
1 3 7 . 9  

1 2 6 . 6  1 2 6 . 5  
( 7 . 3 8 )  ( 7 . 6 3 )  

1 2 3 . 9  
( 7 . 3 1 )  

?3 ”, 
1 2 3 . 6  P h - N  N - p h  1 2 3 . 6  
(para) (para) 

( 6 . 3 7 )  ( 6 . 3 7 )  
127 .9  

( 7 . 0 4 )  
1 2 1 . 9  

( 5 . 9 8 )  

10  tt _ _  

1 4 0 . 6  
( 8 . 1 2 )  

1 3 2 . 6  / 140.8 

1 2 4 . 8  ( 8 . 0 6 )  

( 8 . 1 2 )  

1 3 2 . 6  
( 8 . 0 6 )  

14  _- t! 

l X : : 8 )  0 1 3 2 . 8  ( 8 . 3 8 )  

( 7 . 5 2 )  ( 7 . 5 2 )  
1 3 0 . 2  1 3 0 . 2  

16 

of better than 4%, can probably be used together with a single 
relaxation time to provide fairly accurate estimates of DQCC 
at  least for planar molecules of the types considered here i n  
solvents which are  reasonably symmetric and inert. 

(3) 
The extraction of DQCC from eq 1 requires, in  addition to 

A and B ,  a knowledge of the asymmetry parameter, 7, and the 
direction of the principal field gradient a t  the deuteron ( q z z ) .  
For the relatively weak hydrogen bonds found in compounds 
1-11 the asymmetry parameter has been presumed to be less 
than 0.1 and its neglect in the calculation of DQCC is therefore 
less than 0.3%. This assumption is supported by the results of 
a b  initio MO ~ a l c u l a t i o n s ~ ~  for various hydrogen-bond 
geometries of the enol of malondialdehyde. These same cal- 
culations indicate that much stronger hydrogen bonds may be 
associated with appreciable asymmetry parameters and much 
smaller DQCCs. Using the MO calculation of the enol of 

( I ~ y - ’  + I z - l ) / ( I y - l  + f = - I )  = 1.9(A/B) - 1.0 

malondialdehyde as a guide, it may be concluded that q for 12 
is less than 0.25, which would still only introduce an error of 
<2%. For the remaining compounds (13-16), the contribution 
of the asymmetry parameter could be significant (for 77 = 1 ,  
DQCC calculated by eq 1 is reduced by 13.4% from the value 
for q = 0) and we shall return to this problem in the Discussion 
section. 

The choice of the direction of the principal field gradient 
requires careful consideration. For the weaker hydrogen bonds 
(1-ll), the direction is essentially that of the X-D bond and 
it is then only necessary to know the C-X-D bond angle in 
order to calculate the angle \k used in eq I .  Indeed, even for 
methyl salicylate, which has the largest anisotropy of rotational 
diffusion of the compounds in this group, an error of IOo in this 
angle would only result in a 4% error in DQCC. The problem 
is more severe for very strong hydrogen bonds and the MO 
calculations for the symmetric (C2L ) geometry of the enol of 
malondialdehyde find the principal field gradient to be per- 
pendicular to the molecular plane. 

The angles between 4:- and the principal axis of rotational 
diffusion are recorded together with T I Q  and DQCC in Table 
111. The angles in compounds 1-4, 6 ,  and 7 are based on the 
neutron diffraction structure of salicylic acid.31 In the case of 
5 ,  a similar geometry was adopted except that the other planar, 
nonbonded conformation of the S-H group was assumed (see 
above). The position of the deuteron in 1 -hydroxyfluorenone 
has been previously determined from I3C relaxation timess and 
that for the aminotroponimine (11) from ‘ IC and “N relax- 
ation times.42 The X-ray data for 9 - h y d r o ~ y p h e n a l e n o n e ~ ~  
does not allow an accurate position of the hydrogen-bonded 
proton; the angles for this compound, as well as for its 2,3- 
dihydro derivative (9), are assumed to be the same as in 5,8-  
dihydroxy- 1 , 4 - n a p h t h o q ~ i n o n e . ~ ~  The X-ray diffraction 
structures for t r o p ~ l o n e ~ ~  and N,N’-diphenyl-6-aminopen- 
tafulvene- 1 -aldimine ( 1q3’ provide sufficiently accurate po- 
sitions for the bridging proton. The neutron diffraction 
structure was used for 6-hydroxyfulvene- 1 -aldehyde (13) and, 
by analogy, for its diphenyl derivative (14). The principal field 
gradient axis for the hydrogen phthalate ion has been assumed 
to be collinear with the 0 - D -  - -0 bridge since this is what was 
found by Chiba44 for the deuterium maleate ion in crystalline 
potassium hydrogen maleate. 

The two methoxy derivatives 6 and 7 present a special 
problem in that, while the methoxyl group is probably coplanar 
with the aromatic ring,j5 i t  can still populate two conforma- 
tions. Since the relaxation times are not linearly related to A 
and B in eq 2, solution of eq 1 requires data for a t  least seven 
protonated carbon atoms in order to evaluate A ,  E ,  and 8 for 
each conformation and their relative populations. I n  the case 
of 6,  a reasonable approximation is available through the as- 
sumption that the C(4)-H(4) internuclear vector is parallel 
to that of the 0 - H .  DQCC (kHz) is then given by eq 445 in 
which r C H  is again the vibrationally averaged C-H bond 
length. 

This approximation is also valid for compounds 1-4, and in- 
deed the values of DQCC so calculated agree within f 1 % with 
those given in Table 111.  

Equation 4 cannot be applied to 7. We have calculated 
DQCC using anisotropies based on eq 3 and the assumption 
that the conformations are equally populated. This leads to a 
value of 184 kHz. The difficulty of dealing with this quite 
simple molecule demonstrates that the methods described 
above are  not readily applicable to flexible systems except in  
those fortunate instances for which the approximation em- 
bodied i n  eq 4 can be made. 
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Table 11. Anisotropies of Rotational Diffusion (from I3C T I  Data) and of Moments of Inertia 

( U x ) - !  + 
compd A ,  XIO-ll s B ,  XIO-I I  s 8, deg A/B (([))-I + ( I : ) - ! )  O', deg 

1 0.768 f 0.001 0.567 f 0.001 -16.0 f 0.2" 1.35 f 0.00 1.69 -19.9 
2 I .057 f 0.005 0.8 15 f 0.004 3.7 f 0.1" 1.30 f 0.01 1.52 0.6 
3 1.193 f 0.002 0.746 f 0.002 6.1 f 0.2" 1.60 f 0.01 1.99 9.7 
4 1.776 f 0.072 1.509 f 0.093 44.9 f 15.8" 1.18 f 0.09 1.49 26.0 
5 1.538 f 0.034 1.285 f 0.035 21.9 f 5.5" 1.20 f 0.04 1.47 13.5 
8 1.561 f 0.036 2.063 f 0.042 5.0 f 3.96 0.76 f 0.02 0.49 0.0 
9 1.790 f 0.123 1.664 f 0.123 c 1.08 f 0.11 1.30 -0.3d 

10 0.810 f 0.013 0.622 f 0.009 e 1.30 f 0.03 1.40 e 
11  3.742 f 0.204 4.861 f 0.108 e 0.77 f 0.05 0.46 e 
12 4.326 f 0.069 3.760 f 0.044 e 1.15 f 0.02 1.32 e 
13 0.576 f 0.013 0.479 f 0.007 e 1.20 f 0.03 1.54 e 
14 3.314 f 0.209 5.022 f 0.113 e 0.66 f 0.04 0.25 e 
15 4.363 f 0.163 4.419 f 0.133 e 0.99 f 0.05 0.81 e 
16 3.271 2.774 e 1.18 1.10 e 

" Relative to axis through C(l) ,  C(4). Relative to axis through carboxyl group. Assumed to be CzC Relative to axis through C( la ) ,  
C(6). eC2L. 

Table 111. Deuteron Spin-Lattice Relaxation Times and 
Quadrupole Coupling Constants for Some Intramolecularly 
Hydrogen Bonded Systems in CHCIx a t  26 OC 

compd T I . %  -\ksLZ, deg DOCC, kHze  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12c 
13 
14 
15 
16d 

0.230 f 0.001 
0.184 f 0.003 
0.133 f 0.001 
0.097 f 0.00 I 
0.299 f 0.002 
0.139 f 0.001 
0. I04 f 0.002 
0.072 f 0.000 
0.1 I2 f 0.004 
0.203 f 0.001 
0.038 f 0.001 
0.090 f 0.001 
0.9 13 f 0.030 
0.131 f 0.002 
0.096 f 0.001 
0.476 f 0.026 

-6.1 
13.6 
16.0 
54.8 

a 
a 

60.4 
76.0 
46.2 
46.2 
76.0 
82.8 
82.8 
74.4 
90.0 

-88.2 

196 f 0.4 
I86 f 2 
206 f 1 
209 f 5 
133 f 2 
201b 
184" 
221 f 3 
190 f 7 
216 f 1 
203 f 3 
141 f 1 
I24 f 2 
1 0 2 f  1 
I27 f 2 
72 f 2 

See text. Calculated with eq 4. In  CDBr3. In  CHlC12. e The 
errors are the propagated errors in the measurements of the *H and 
I3C relaxation times and do not, of course, include the uncertainties 
in the choices of direction of qZ2. 

Discussion 
The quadrupole coupling constant of deuterium in hydro- 

gen-bonding situations is expected to provide a t  least a quali- 
tative indication of the strength of "hydrogen bond", since, as 
the deuteron moves toward positions midway between the 
acceptor and donor atoms, the electric field gradient is reduced. 
Approximate linear relations between DQCC and the length 
of the bond H -  - -0 in 0 - H -  - -0 systems have been found by 
Soda and Chiba4' and more recently by Hunt and M a ~ k a y . ~ *  
The  latter workers, using values determined by double reso- 
nance NMR experiments on solids, established the relation 

DQCC (kHz) = 328 - 643/R3 ( 5 )  
where R is the distance 0- - - H  in A. The value (328 kHz) in 
the absence of hydrogen bonding is in reasonably close 
agreement with that of 318.6 f 2.4 kHz found4y by beam 
maser experiments for gaseous HDO. Equation 5 predicts 
DQCC = 0 at  about R = 1.25 A. This equation, which is 
double valued in R,  is clearly invalid for the more symmetrical 
situations, Le., for really strong hydrogen bonds. Ab initio MO 
c a l c ~ l a t i o n s ~ ~  for the enol tautomer of malondialdehyde lead 
to a value of 56 kHz (7 = 0.33) for the hypothetical symmet- 
rical hydrogen bond with the principal component qzz being 

Table IV. Comparison of O H  Stretching Frequencies and 
Deuteron Quadrupole Coupling Constants for Intramolecularly 
Hydrogen Bonded Phenols 

compd U O H ,  cm-I DQCC, kHz 

8 3404 221 f 3  
6 3202 201" 
3 3196 206 f 1 
1 3185 196 f 4 
9 3055 I90 f 7 
7 3055 184" 
2 3026 I86 f 2 

" See text. 

out of plane. Similarly, a calculated value of 52 (7 = 0.24)50 
and an observed one of 56 kHz (7 = 0.53)44 are obtained for 
potassium hydrogen maleate which, by analogy with the 
neutron diffraction structure of potassium chloromaleate, is 
believed to have a symmetric hydrogen bond.51 Thus, we be- 
lieve that values in the range 50-60 kHz are  evidence for a 
symmetric bond. It must be realized, of course, that, because 
of the difference in zero-point energies for hydrogen and 
deuterium bonds, it is possible for the former to involve a 
symmetric single well potential even though that of the latter 
may correspond to a symmetric double well. Nevertheless, the 
DQCCs clearly provide a useful criterion of the strengths of 
intramolecular hydrogen bonds. 

Unsymmetrical Systems. Compounds 1-9 constitute systems 
in which only one tautomer is present and, with the possible 
exception of methyl o-mercaptobenzoate, involve highly un- 
symmetrical hydrogen bonds of modest strength. Their 
DQCCs nevertheless exhibit significant variations. 

A direct relation between the field gradient qri (and hence 
DQCC) and the force constant for the stretching vibration has 
been established for diatomic molecules.52 Chiba44 and Blinc 
and Hadi iy  have shown that, for hydrogen bonds of the type 
0 - H -  - -0, there is a good correlation between the square of 
the 0 - H  stretching frequency and the DQCC of the deuterium 
analogue. These studies involved investigation of crystalline 
materials and, except for very strong hydrogen bonds, both the 
square of vOHj3  and DQCC54 were shown to depend on the 
0- - -0 internuclear distance. We have determined VOH for 
compounds 1-3 and 6-9 (Table IV)  and there is the expected 
linear correlation of DQCC with U O H ~  (DQCC = (1.4 X 
1 0 - 5 ) v ~ , 2  + 57; r = 0.973). 

The value of DQCC for methyl N-methylanthranilate is 
nearly the same as for methyl salicylate. This probably indi- 
cates a weaker hydrogen bond in the former since for equal 
strengths the DQCCs would be expected to parallel the values 
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Figure 1. 

found for gaseous NH2D (282 f 12 ~ H Z ) ~ ~  and H D O  (318.6 
f 2.4 ~ H z ) . ~ ~  

The value found for methyl o-mercaptobenzoate is smaller 
than that found in H D S  (154.7 f 1.6 ~ H z ) ~ ~  or thiophenol-S-d 
(146 f 3 ~ H Z ) . ~ ~  As discussed above, long-range proton- 
proton coupling constant data are consistent with the absence 
of intramolecular hydrogen bonding in this molecule. Whether 
the small decrease in the DQCC relative to thiophenol is due 
to some population of the H-bonded conformation for 5 or 
whether it merely reflects a change in ionicity of the SH bond 
due to the electron-withdrawing effect of the ortho carbonyl 
group cannot be ascertained from the present study. 

Potentially Symmetric Hydrogen Bonded Systems. Each of 
the molecules 10-16 exhibits IH and I3C NMR spectra which 
are  consistent with either CzL symmetry or with existence of 
rapidly equilibrating C, tautomers. The latter situation poses 
a special problem with respect to the calculation of the DQCC 
from 2H relaxation data because of the way in which the 
components of the electric field gradient tensor average when 
the chemical exchange is comparable to or faster than rota- 
tional diffusion. This problem has been treated by Wenner- 
~ t r o m , ~ ~  who has shown that, if the asymmetry parameter is 
assumed to be zero, then in the limit of fast exchange (relative 
to rotational diffusion) eq 1 must be replaced by 

1/7Q = [3(21+ 3)/4012(21 - l ) ] ( e 2 q Z J h ) 2  
(6) 

where p is the angle defined in Figure 1 .  Thus, in the absence 
of prior knowledge concerning the rate of exchange, two values 
of DQCC must be considered5* and these a re  presented in 
Table V. 

Tropolone (IO) is of particular interest. X-ray photoelectron 
spectroscopy (X-ray PES) has shown6a that in the gas phase 
this molecule is unsymmetrical, the two oxygen atoms differing 
by 2.3 eV in their Is binding energies. In the solid state, tro- 
polone has C, symmetry and the hydroxylic protons are  im- 
plicated in bifurcated hydrogen bonding involving both intra- 
and intermolecular interactions.37 Both the magnitude and the 
anisotropy of rotational diffusion leave no doubt that tropolone 
is monomeric in solution and presumably has a geometry 
similar to that found in the crystalline state. Of the two values 
calculated for DQCC, that corresponding to the fast exchange 
is unacceptable, being some 1 10 kHz greater than found for 
gaseous water. We therefore conclude that the rate of intra- 
molecular deuteron exchange in tropolone-0-d is less than 10Io 
s-l, the approximate rate of rotational diffusion under our 
experimental conditions. The DQCC for the slow exchange 
limit is approximately the same as observed for compounds 1-3 
and 6-9, thus establishing the asymmetry of the hydrogen bond 
in this molecule in solution. 

A similar situation exists for 1 -phenylamino-7-phenylim- 
ino-l,3,5-cycloheptatriene (1 1). The X-ray diffraction struc- 
ture of the analogous N,N'-dimethyl compound has been re- 
ported by Goldstein and T r ~ e b l o o d . ~ ~  It is consistent with CzL 
molecular symmetry, although the possibility of statistical 
disordering resulting from random distribution of the two in- 
dividual C, tautomers was acknowledged. Location of the 
exchangeable proton from studies42 of I3C and 15N spin-lattice 
relaxation times has shown that the C, geometry prevails in 

X ( A  cos2 \k + B sin2 \k) (2 + 3 cos2 p - 1)/4 

Table V. Effect of Rapid Chemical Exchange on Deuteron 
Quadrupole Coupling Constants Calculated from Deuteron Spin- 
Lattice Relaxation Times for Some Potentially Symmetric 
Intramolecularly Hydrogen Bonded Systems 

DQCC(siow), DQCC(fast), 
compd A deg kHz kHz 

10 95.9 216 426 
11 100.7 203 386 
12 144.8 140 161 
13 172.7 124 125 
14 112.1 I02 103 
15 169.8 127 128 
16 180.0 72 12 

- 

solution. As with tropolone, the value of DQCC calculated for 
the fast exchange limit is clearly far too high, being about 100 
kHz greater than that for gaseous NH2D,5s so that exchange 
must be slow on the rotational diffusion time scale. The value 
calculated for slow exchange clearly confirms that the deute- 
rium bridge involves a symmetric double well potential. 

DQCC calculated for 9-hydroxyphenalenone undergoing 
slow exchange is similar to that found for the enol of acetyl- 
acetonelo in which the hydrogen bond presumably has a similar 
geometry. The X-ray PES results6a for both compounds and 
for the enol of malondialdehyde indicate that the hydrogen 
bond involves a double well potential. This conclusion is sub- 
stantiated by microwave studies in the case of malondialde- 
hydeS and hydrogen-deuterium-tritium chemical shift isotope 
effect in the case of acetylacetone.' An X-ray diffraction study 
is consistent with a CzC structure for 9-hydroxyphenalenone 
but, as with the N,N'-dimethyl analogue of compound 11, this 
could be due to disordering through rapid proton transfer.3s 
The geometries of these systems are  such that there is only a 
small difference between the values of DQCC calculated on 
the basis of fast and slow exchange. In their microwave spec- 
troscopic study of malondialdehyde, Rowe, Duerst, and Wil- 
sons observed a low vibrational frequency (16 f 14 cm-l) 
which they assigned to proton tunnelling between the two 
tautomers. Fluder and de la Vegas9 have calculated the reac- 
tion profile for this exchange using the 4-31G basis set and 
found a barrier of 8.5 kcal mol-' and an exchange rate of 0.8 
X 10" s-l. Although this rate will be slower for deuterium, 
it is clear that, in the absence of further experiments, it is not 
possible to decide on the relative rates of exchange and rota- 
tional diffusion and consequently between the two values for 
9-hydroxyphenalenone given in Table IV. 

The remaining systems in Table IV have geometries such 
that the deuteron relaxation times, and the values of DQCC 
calculated therefrom, are  unaffected by the exchange pro- 
cess. 

6-Hydroxyfulvene- 1 -aldehyde (13) has been extensively 
studied. Both neutron diffracti01-1~~ and X-ray PES6 indicate 
the existence of a symmetric double well potential and the in- 
frared spectrum has also been interpreted as supporting the 
C, structure.24 On the other hand, the microwave 
is consistent with either Czb symmetry or with a pair of C, 
tautomers undergoing equilibration at  a rate of 2 X 1012 s-l. 
The  DQCC in Table 1V shows that the deuteron bond is 
asymmetric, although the value is significantly lower than that 
found in 9-hydroxyphenalenone, suggesting that the double 
well profile is flatter in the former. It is noteworthy that DQCC 
for the 1,6-diphenyl derivative (14) is some 20 kHz lower than 
found for the parent compound (13). 

The X-ray structure of N,N'-diphenyl-6-aminopentaful- 
vene-2-aldimine ( 1 q 3 '  exhibits an interesting distortion rel- 
ative to 13. In  the latter the 0 - H -  - -0' distance is 2.51 A36 
compared to 2.79 A for the analogous N-H- - -"separation 
in 15. The compound 15 is nearly planar and this results in a 
close approach (2.40 A) of ortho hydrogen atoms of the phenyl 
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substituents. Evidently the increase in the N-H- - -N’ distances 
occurs so as to allow greater planarity of the whole system. In 
any event, there is a significant increase in DQCC for this 
system as a result of the lengthening of the internuclear dis- 
tance between the two nitrogen atoms. The hydrogen bond is 
nevertheless substantially stronger than that in the amino- 
troponimine (1 1) in which the internuclear separation in the 
N,N’-dimethyl analogue is 2.51 h;. This is because the hy- 
drogen bond in 15 is much more nearly linear. There is abun- 
dant  evidence that the linear arrangement is to be pre- 
ferred.61 

Potassium deuterium phthalate was examined as its 18- 
crown-6 complex in order to minimize contributions of the 
counterion to the field gradient tensor for the deuteron. The 
X-ray structure for the uncomplexed salt reveals inter- rather 
than intramolecular hydrogen bonding, although the closely 
related chloromaleate ion possesses a strong symmetric in- 
tramolecular hydrogen bond.5’ The evidence7 based on pro- 
ton-deuteron-tritium chemical shift isotope effects is, however, 
convincing for the existence of a symmetric hydrogen bond in 
solution. Certainly the value of DQCC is consistent with this 
interpretation. Actually, the value of 72 kHz in Table IV as- 
sumes 77 = 0. If the value of 77 = 0.53 found for potassium 
maleate44 is included, DQCC is reduced to 69 kHz. 

Conclusion 
The combined use of I3C and *H spin-lattice relaxation 

times provides a convenient means of determining quadrupole 
coupling constants of intramolecularly “hydrogen bonded” 
deuterons in planar molecules in the liquid phase. 

In  systems of the type X-D- - -Y, the strength of the “hy- 
drogen bond” is related to the position of the deuteron relative 
to X and Y which, in turn, controls the magnitude of the qua- 
drupole coupling constant. Thus, values of this coupling con- 
stant provide a qualitative criterion of the strengths of hy- 
drogen bonds in series in which X and Y are held constant. The 
compounds surveyed in this paper are  seen to provide series in 
which the hydrogen bonds vary from weak (highly unsym- 
metrical) to very strong (symmetrical) hydrogen bonds. 

The relation between deuteron quadrupole coupling con- 
stants and deuteron spin-lattice relaxation times offers the 
exciting prospect of studying certain intramolecular deuteron 
transfers which might have rates comparable to that of rota- 
tional diffusion. 
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