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lntercorrelation between Structural and Spectroscopic Parameters for Five 1.3- 
Diketone Arylhydrazones Derived from Dibenzoylmethane 
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a Centro di Strutturistica Diffrattometrica and Dipartimento di Chimica, Universita di Ferrara, 
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Chemistry Department, Faculty of Science, Cairo University, Cairo, Egypt 

The crystal structures of five propane- 1,2,3-trione aryl hydrazones are reported. All molecules are chelated 
to form a six-membered n-conjugated ring via strong intramolecular N-H . 0 hydrogen bonding. 
The N 0 hydrogen bond distances are correlated with the resonance entity within the ring and 
with spectroscopic data such as v(NH)IR frequencies 6(NH) 'H NMR chemical shifts and 
A,,, UV absorption bands of charge transfer from hydrazone to carbonyl group. The structural 
and spectroscopic variations of the hydrogen bond parameters are modulated by the electronic 
properties of substituents on the aryl group in the sense that electron donating groups produce the 
strongest hydrogen bonds. The intercorrelation between N 0 hydrogen bond strength and n 
delocalization in all the structures of this class retrieved from the Cambridge Structural Database 
shows that the interplay between n: resonance and hydrogen bond magnitude, which we have 
called Resonance Assisted Hydrogen Bonding (RAHB), is a general phenomenon in the whole 
class of 1,3-diketone arylhydrazones. 

Extensive experimental and theoretical efforts have been 
devoted to understanding the reasons for the formation of the 
very strong intramolecular O - H * - * O  hydrogen bond in J3- 
diketo enol systems (Ia).' Recently, a model called RAHB 
(Resonance Assisted Hydrogen Bond) was suggested, which is 
essentially a synergistic mutual reinforcement of hydrogen 
bonding and x delocalization within the heterodienic system. 
This model has been successfully employed to interpret both 
the intra- and inter-molecular hydrogen bonds in all the 
compounds containing the P-diketo enol fragment. 

Since the introduction of the concept of RAHB, we have 
foreseen the existence of strong intramolecular hydrogen bonds 
formed by other fragments, which display similar resonance 
along the n-conjugated atomic chain, such as enaminones (Ib), 
keto-hydrazones (Ic), etc. In order to verify this prediction we 

la Ib Ic 

have undertaken crystal and spectroscopic studies on a series 
of 1,3-diketone arylhydrazones, which are known to present 
very strong intramolecular hydrogen bonds having N 0 
distances as short as 2.55 A, low V(NH)IR frequencies around 
3000 cm-l and high 6(NH) 'H NMR chemical shifts up to 
1 5 . 9 . ' ~ ~  

Previous structural and spectroscopic data collected for a 
series of i ,3-diketone arylhydrazones derived from benzoyl- 
acetone or acetylacetone have already indicated that the 
magnitude of the strong hydrogen bond formed is essentially 
determined by the degree of resonance within the heterodienic 
system modulated by the inductive effects of the aryl sub- 
stituents. In this paper the crystal structures and spectroscopic 
data for the other five compounds belonging to the same class 
but derived from dibenzoylmethane (11) are reported together 
with a survey of the crystal structures of 1,3-diketone 

arylhydrazone derivatives, retrieved from the Cambridge 
Structural Database (CSD),' with the purpose of showing 
that the RAHB model is able to interpret the hydrogen bond 
magnitude in this class of compound. 

O.-H. N Bx 
OA Ph 

II 

1 X=m-NOp 4 X = H  
2 X=p-CHa 5 X=p-OCHS 
3 X=O-OCH~ 

Experimental 
The detailed synthesis of the five 1,3-diketone arylhydrazones, 
carried out by coupling diazonium salts with dibenzoylmeth- 
ane, have been reported elsewhere.6 The compounds were 
recrystallized from mixtures of CHC13-CH30H-C2HSOH. 

Crystal data, data collection and refinement details are given 
in Table 1. All X-ray diffraction data were collected at room 
temp. on an Enraf-Nonius CAD4 diffractometer using graphite 
monochromated Mo-Ka radiation (A = 0.71069 A) with 
4 2 8  scan technique. Lattice constants were determined by 
least squares fitting of the setting angles of 25 reflections in the 
range 10 6 6 6 15". Intensities of three standard reflections 
were measured every 2 h and did not show significant variations 
for any of the five compounds investigated. All intensities were 
collected in the range 2 6 6 6 28" and corrected for Lorentz 
and polarization. Scattering factors were taken from ref. 7. The 
structures were solved by direct methods with the SIR888" 
system of programs and all other calculations were accom- 
plished by the MolEN 8b system of programs and PARST.8c All 
structures were refined by full matrix least squares, with all 
non-H atoms anisotropic and all H-atoms isotropic. H-atom 
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Table 1 Crystal data 
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Compound 1 2 3 4 5 

Formula 
M 
Space group 
C stal system 
a/ T 

?;A3 

blA 
C I A  

Z 
D,lg ~ r n - ~  
F(OO0) 
p( Mo-Ka)/cm-' 
Crystal size/mm3 
Independent reflections 
Observed reflections (No) 
R" 
RW 
P' 
NOIN, 
Max. shiftlerror 
No. of variables (N,) (last cycle) 
GOF 
Largest A F  peak/e A-3 

CZlHl a 3 0 4  CZ2Hl a 2 0 2  C2ZH18N203 c2 1 HI a 2 0 2  C Z 2 H l  8N203 
373.4 342.4 358.4 328.4 358.4 

monoclinic 
10.581(3) 12.273(2) 11.102(3) 9.799(4) 5.9 18(2) 

1 0.23 7( 2) 16.451(2) 10.548( 1) 10.301 (3) 11.174(2) 
16.459(2) 14.259(2) 15.697(5) 1 7.307(2) 9.406( 1) 
1 02.40( 2) 96.23( 1) 1 08.5 1 (2) 102.26(2) 97.56(2) 
1794.1(6) 1792.0(6) 1846.5(9) 1696.5(8) 907.8(3) 
4 4 4 4 2 
1.38 1.27 1.29 1.28 1.31 
776 720 752 688 376 
0.9 0.8 0.8 0.8 0.8 
0.17 x 0.22 x 0.43 0.26 x 0.28 x 0.52 0.26 x 0.31 x 0.38 0.14 x 0.26 x 0.43 0.13 x 0.31 x 0.45 
4307 4313 4444 4088 2255 
2034 [ I  > 3a(l)] 2339 [ I  > 2a(I)] 2232 [ I  > 3a(Z)] 1668 [I > 3a(Z)] 1814 [Z > 20(I)] 
0.044 0.042 0.042 0.038 0.034 
0.053 0.050 0.048 0.040 0.041 
0.04 0.03 0.04 0.03 0.04 
6.5 7.6 7.1 5.8 5.8 
0.02 0.03 0.01 0.01 0.01 
313 307 316 290 315 
1.6 1.8 1.5 1.4 1.4 
0.16 0.16 0.13 0.1 1 0.12 

E 1 l n  P2,ln P21h P2,ln El 
monoclinic monoclinic monoclinic monoclinic 

R = ZIAfl/XIFol. Rw = ~(AF) ' /ZW(F, )~]~ .  ' w = 4F02/[o'Fo2 + (pF02)2]. GOF = F(AF)2/(No - ZV,.)]*. 

Table 2 Selected bond distances (A), bond angles (") and torsion angles (") with esds in parentheses 

1 2 3 4 5 

1.322(3) 
1.3 13(2) 
1.482(3) 
1.225(3) 
1.40 l(2) 

1.222(3) 
1.497(3) 

119.8(2) 
120.3(2) 
124.7(2) 
1 19.9(2) 
114.9(2) 
119.6(2) 

- 15.1(3) 
4.8(3) 

179.6(2) 
- 32.8(3) 
- 161.9(2) 

18.8(3) 
18.4 

1.311(2) 
1.324(2) 
1.475(2) 
1.232(2) 
1.400(2) 
1.485(3) 
1.222(2) 

121.8( 1) 
1 19.5( 1) 
123.8(2) 
120.3(2) 
115.5(1) 
120.1(2) 

- 1 5 3 3 )  
5.6(3) 

-176.2(2) - 
- 30.6(2) 
- 166.3(2) 

14.0(2) 
13.8 

1.307(2) 
1.318(2) 
1.472(3) 
1.237(2) 
1.403(2) 
1.485(3) 
1.219(2) 

119.6(2) 
1 2 1.4(2) 
124.0(2) 
119.1(2) 
1 12.7(2) 
122.6(2) 

3.6(3) 
0.4(3) 

177.6(2) 
24.8(3) 

178.0(2) 
1.6(3) 
1.8 

1.3 16(2) 
1.310(2) 
1.470(3) 
1.229(3) 
1 .3 9 1 (2) 
1.488(3) 
1.222(2) 

119.3(2) 

125.0(2) 
1 19.2(2) 
113.1(2) 
12 1.5(2) 

12 1.1(2) 

14.7( 3) 

178.5(2) 
40.3(3) 

154.4(2) 

- 7.3(2) 

-27.1(3) 
26.4 

1.293(2) 
1.336(2) 
1.464(2) 
1.234(2) 
1.410(2) 
1.478(2) 
1.222(2) 

121.0(2) 
1 20.4( 2) 
123.4(2) 
120.4(2) 
1 14.0(2) 
122.1(2) 

8.0(3) 
0.4(3) 

18.3(3) 
- 178.8(2) 

3.1(3) 
2.2 

- 179.8(2) 

"7 = (wl  + ~2 _+ 180112. 

positions were determined from the AF synthesis carried out 
after the first cycles of isotropic refinement. 

IR spectra were recorded on a Nicolet 510P FTIR 
spectrometer from KBr pellets and 'H NMR spectra in a 
solution of CDCl, on a Gemini 300 Varian instrument. 

Results and Discussion 
A selection of bond distances, bond angles and torsion angles 
are reported in Table 2. Hydrogen bond parameters are given in 
Table 3. ORTEP' views of the molecules, projected onto the 
hydrazone plane, are shown in Fig. 1. * 

All molecules display similar configurations and conform- 
ations which can be represented as EZE, where E and 2 are 
used to describe, in order, the alignments of the free C(9)=0(2) 

and of the hydrogen bonded C(8)=0( 1) double bonds and of the 
C(l)-C(6) aryl group with respect to the C(7)=N(2) double 
bond. lo  

In this arrangement the partial charges generated by the 7c 
conjugation on the N( 1) and O( 1) atoms should be quenched by 
the formation of the hydrogen bond (IIla), by analogy to what 
occurs in the P-diketo enol system (IlIb). Owing to the presence 
of two ketonic groups, however, the total charge redistribution 
is more complex and can be interpreted in terms of the 

* Tables of bond distances and angles, thermal parameters and atom 
co-ordinates have been deposited at the Cambridge Crystallographic 
Data Centre. For details, see 'Instructions for Authors (1993),' J. Chern. 
Soc., Perkin Trans. 2, 1993, issue 1. 
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C(19) 6"' 

' C(14) 

3 
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6( 1 4) 
4 

5 

Fig. 1 ORTEP views of the molecules 1-5 showing the thermal ellipsoids at 30% probability 

contributions of the four IVa-IVd forms, where the contri- 
bution of the polar form IVb to the ground state of the molecule 
is the most important ( z  35% on average, calculated using the 
bond order concept),' ' while the contribution of the form IVc is 
smaller ( z 15%) and that of the form IVd only marginal ( z 5%). 

IIIa IIIb 

Because the two adjacent C(7)=N(2) and N(2)-N(1) bonds 
are involved in all the three polar forms IVb-d, a more proper 
description of global delocalization within the N( 1 tN(2)= 
C(7)-C(8)=0(1) conjugated chain is obtained by an empirical 
parameter A derived from the changes of the C(7)=N(2) and 
N( 1)-N(2) experimental bond distances with respect to the 

standard ones [d(C=N) = 1.279 and d(N-N) = 1.401 A in 
planar  system^].'^ The parameter A is defined as A = (1 + 
q/Q)/2, where q is the difference d[N( l)-N(2)] - dm(2)=C(7)] 
between the actual distances and Q is the same difference 
between the standard values, i.e. 0.122 A. A is calculated to be 
0.484 for a complete 7c delocalization, while for a system with 
pure double and single bonds, it assumes the values of 1 or 0.029 
for the E N - N  and C-N=N situations, respectively. Table 4 
reports the N(1) 0(1) contact distances, the resonance 
parameters A as well as the 'H NMR chemical shifts,b(H), the IR 
stretching frequencies, v(NH), Amax of the UV absorption band 
for the charge transfer (CT) from the hydrazone to the carbonyl 
group, and the Hammett constants, a(X),I3 for the phenyl 
substituent X in 11. To stress the unusual features of these 
hydrogen bonds, it can be observed that the N(1) 0(1) 
lengths [2.565(2)-2.612(3) A] are much shorter than the average 
value of 2.755 A calculated from a statistical analysis over 152 
intramolecular N-H 0 hydrogen bonds.I4 On the other 
hand, the experimental values of v(NH) andb(NH) (in the ranges 
of 2999-3 166 cm-' and 13.28-1 3.97, respectively) are rather 
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TaMe 3 Hydrogen bond parameters (A and ") with esds in parentheses 

1 0.89(2) 2.61 2(3) 1.94(2) 131(2) 
2 0.97(1) 2.575(2) 1.77(2) 138( 1) 
3 0.89(2) 2.567(2) 1.88(2) 132(2) 
4 0.91(2) 2.609(3) 1.95(2) 128(2) 
5 0.91(2) 2.565(2) 1.84(2) 135(2) 

Table 4 Summary of crystal and spectroscopic data for compounds 1-5 ordered for increasing N 0 distances 

Compound d(N O)/A X Aa ob v(N-H) '/cm-' S(N-H) A,,, e/nm 

5 2.565(2) p-OMe 0.32 -0.28 3058 13.97 41 8 
3 2.567(2) o-OMe 0.46 -0.28 3059 13.74 418 

4 2.609( 3) H 0.52 0 3160 13.60 382 
1 2.612(3) m-NOz 0.54 0.71 3166 13 d 385 

2 2.575(2) p-Me 0.45 -0.17 2999 13.75 402 

r f  0.82 0.82 0.88 -0.86 -0.97 

As defined in the text. Hammett constants from ref. 13. ' Measured as KBr pellets. Measured in CDCl,. Measured in ethanol.6 Correlation 
coefficients for the linear regressions of the various parameters us. d(N 0). 

0 A 0 A 
IVa IVb 

I V C  IVd 

different, for example, from the values of 3285-3385 cm-' and 
10.7-1 1.5 found in some arylhydrazones which form reason- 
ably strong intramolecular hydrogen bonds C2.6 1 < 
d(N 0) < 2.64 A] with an o-nitro group on the phenyl ring 
(V). 

0 

I 

NT 
V 

The last line of Table 4 reports the values of the correlation 
coefficients, r,  for the dependence of the different parameters 
on the N(l) 0(1) hydrogen bond distance. They are in 
agreement with those already calculated in a previous paper 
for similar compounds. The correlation of the Hammett 
constant a(X) with the d(N 0) distance (r  = 0.82) (and, 
in turn, with all other parameters) suggests that the electronic 
properties of the X-substituent can modulate the structural and 
spectroscopic parameters related to the hydrogen bond. These 
electronic effects can be considered essentially inductive in 
nature owing to the lack of shortening of the C(5)-N(1) bond 
distances and of quinoid character of the C( 1)-C(6) phenyl ring, 
in spite of the planarity of the arylhydrazone moiety [the 
dihedral angles z between the hydrazone and phenyl groups 
are in the range 1.8-26.4' (Table 2)]. The fact that electron 
withdrawing substituents tend to lengthen the N( 1) O( 1) 

hydrogen bond distance, to decrease 6(NH) and A,,,, and 
to increase V(NH) may be explained because they increase the 
positive charge on N( 1) by a mechanism which is coming into 
conflict with the synergystic RAHB process (IIIa). Opposite 
effects are produced by electron donating groups. A similar 
modulation of the hydrogen bond properties by an X sub- 
stituent occurs in 1,2-naphthoquinone arylhydrazones (VIa) 
which are in tautomeric equilibrium with 1 -arylazo-2-naphthols 
(Mb). In general, the 'hydrazo' form VIa is preferred with 
respect to the 'azo' form VIb; l 7  however, in the case of the 
dimethylamino derivative (R = NMe,), the form VIb becomes 
more stable probably because the strongly electron donating 
group, [a,(Hammett) = -0.633 makes the hydrogen bond 
so strong that the proton can be intramolecularly transferred 
from nitrogen to oxygen shifting the equilibrium towards the 
'azo' tautomer, which is accordingly that observed in the 
solid state. * 

R R 

VIa VIb 

The influence of the electronic properties of X on the 
conjugated heterodienic keto-hydrazo moiety has been well 
established by previous studies6 which have proved a strict 
correlation between a(X) and UV A,,, for CT between the 
hydrazone and the keto group in a large series of 1,3-diketone 
arylhydrazones. The negative sign of the A,,, us. o(X) 
correlation indicates that a lower energy is required for this CT 
transition, in agreement with the observed shortening of the 
hydrogen bonding and increased n delocalization. 

In order to show that the interplay between n resonance and 
hydrogen bond strengthening (what we have called RAHB) is a 
general phenomenon in the whole class of 1,3-diketone aryl- 
hydrazones, a systematic search of CSD structural data for 
these compounds was carried out. The search was limited to the 
situation where the heteroconjugated keto-hydrazone moiety 
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2.67 - 

-5 

Table 5 Structural data retrieved from Cambridge Structural Database (CSD) 
arylhydrazones divided into groups according to VII 

and available IR spectroscopic data for 1,3-diketone 

REFCODE" m ( 1 )  O(l)I/A A v(NH)/cm-' m ( 3 )  0(2)]/8 Ref. 

2.70: 

VIIa 
hl  
h2A 
h2B 
<h2> 
h3 
h4 
h5 
h6 
NPHDZC 
MENDND 10 
ECPHOP 
ECPHOP 
BERNUH 
BERPAP 

VIIb 
NCPAAAO1 
QQQEKPlO 
CEWGOA 
CEWGUG 
QQQAZG2 1 
QQQUGO2 
QQQMGO3 
DANDIF 
FOVNOT 
DIFFON 
QQQELA03 
DIPVUT 
DUXXID 
FUCTUS 
FUCTOM 

2.60 

2.55 2 

-. 

2.581(2) 
2.55 1 (5) 
2.59 1 ( 5 )  

< 2.571 > 
2.559(3) 
2.56 1 (3) 
2.598( 3) 
2.600(2) 
2.57(1) 
2.70( 1) 
2.68(2) 
2.58(2) 
2.559(5) 
2.64(1) 

2.59 l(2) 
2.60( 1) 
2.564(8) 
2.576(3) 
2.605(8) 
2.596(5) 
2.596( 3) 
2.610(3) 
2.572(3) 
2.590(4) 
2.567(3) 
2.557(6) 
2.593(3) 
2.597(3) 
2.562(3) 

0.41 
0.41 
0.44 

c 0.42 > 
0.39 
0.40 
0.56 
0.48 
0.48 
0.76 
0.64 
0.47 
0.46 
0.64 

0.58 
0.57 
0.46 
0.50 
0.54 
0.51 
0.56 
0.65 
0.51 
0.52 
0.54 
0.46 
0.56 
0.57 
0.50 

3057 
3002 
3108 

3058 
3067 
31 17 
3117 
3130 
3200 
3228 

3140 
3164 

- 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 

- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

2.666(2) 

2.650(8) 
2.684(3) 
2.664(8) 
2.66 1 ( 5 )  
2.656(3) 
2.659(4) 
2.642(3) 
2.662(4) 
2.66 1 (2) 
2.692(6) 
2.654(3) 
2.657(3) 
2.666(3) 

2.64( 1) 

1 
1 
1 
1 
1 
1 
1 
1 

16 
16 
19 
19 
20 
20 

21 
22 
23 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

~ _ _ _ ~ ~ ~  ~ ~ ~ 

" Codes according to CSD except those indicated as hl-h6 which refer to the structures reported in the previous paper.' < > Average values. 

2.72, i 2.75 

A 

0 

0 

0 

2 . 5 2 ~ a 1 1 a 1 a a a 1 , 1 1 1 a , 1 1 a a , 1 1 1 a a l a 1 , ~  
0.20 0.40 0.60 0.80 

A 
Fig. 2 Scatter plot of the bond distance d(N*-*O)  0s. resonance 
parameter A: 0, the present compounds; 0, compounds VIIa; A, 
compounds VIIb (from Table 5).  Linear regression r = 0.82. 

was not part of a ring, thereby avoiding intramolecular 
constraints. The molecules found were classified as shown in 
VIIa and VIIb. Compounds of group VIIa include the structures 
described by us in the present and in a previous paper.' In 
compounds VIIb, the 1,3-diketo fragment is substituted by a 3- 
oxopropanamide moiety, and a further intramolecular hydro- 
gen bond between the amidic N(3)-H and O(2) is observed. The 
relevant parameters are summarized in Table 5. Fig. 2 reports 
the scatter plot A us. d (No. 0). The intercorrelation 

-5 

t 
9 
D 

a 

0 

0 

go 

0 

0 

0 

0 
0 

~ . ~ ~ ~ ~ I ~ , , I ~ ~ I ~ I ~ I ~ I ~ I I ~ ~ ~ I ~ I I I I I I ~ ~ ~ ~ I I I I I ~  

2900 3000 31 00 3200 3300 
v (NH)/cm-' 

Fig. 3 Scatter plot of the bond distance d(N 0) us. IR stretching 
frequency v(NH): 0, the present compounds; 0, compounds VIIa 
(from Table 5).  Linear regression r = 0.80. 

between these two quantities clearly shows a dependence of the 
N( 1) O( 1) hydrogen bond strength on the n: delocalization 
in agreement with the RAHB model. Strictly similar indications 
can be obtained from the correlation between N( 1) O( 1) 
and the available values of v(NH) (Fig.3), confirming that the 
IR stretching frequencies are, in general, quite good indicators 
of the hydrogen bond magnitude. 

The importance of conjugation in determining the intra- 
molecular hydrogen bond strength is, on the other hand, further 



2228 J. CHEM. soc. PERKIN TRANS. 2 1993 

VIIa VIIb 

illustrated by comparing N( 1) O( 1) with N(3) O(2) 
distances in compounds VIIb. The N( 1) and O( 1) atoms belong 
to a heteroconjugated system and their distances average to 
2.585(17) A; they are systematically shorter than the 
N(3) O(2) distances [average value of 2.661(14) A]. These 
larger values are not justifiable in terms of intramolecular 
constraints but only in terms of a lack of conjugation within 
the intramolecularly six-membered N(3)-C@)-C(7)-C(9)=0(2) 
hydrogen bonded system. 
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