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(Benzoy!acetone) by Neutron Diffraction 
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The crystal structure of the enol form of 1-phenyl-l,3-butanedione, Cl0H10Oz, has been determined from 
three-dimensional, neutron-diffraction data. The structure was refined by full-matrix least-squares 
methods to an R of 0.098 (0.046 for reflexions with I>_ 2"3o-i) and wR of 0.049 (0.042) for 1184 reflexions. 
The short, intramolecular O. • • O contact is 2.489 (5) A,. The hydrogen bond is slightly asymmetric but, 
because of large thermal motion, the asymmetry is of doubtful significance. From the bond lengths in 
the enol ring, it would appear that the structure is either an average of the two possible cis enol tautomers 
or a resonance hybrid. The structure is compared with a previous X-ray analysis. 

Introduction 

1,3-Diketones or fl-diketones, (I), enolize to cis enols, 
(II) and (III). 

R CH2 R '  
\ / " \ /  

c c 
[I II 
o o 

R C H  R" 
\ /  \ /  

c c 
I II 

OH . . . .  O 

(I) ( I I )  

R C H  R '  
\ /  \ /  

c c 
II I 
O . . . .  HO 

(III) 

(R = CH3, R'= C6Hs for this study) 

Single-crystal diffraction studies show that tautomers 
(II) and (III) form a very short, intramolecular hy- 
drogen bond with an O - . . O  contact of ,,~2.4-2.5 A 
(Engebretson & Rundle, 1964; Williams, Dumke & 
Rundle, 1962; Williams, 1966; Semmingsen, 1972; 
Hollander, Templeton & Zalkin, 1973; Jones, 1976a, 
b, ¢). This bond is probably asymmetric for unique (II) 
or (III), symmetric for equal contributions of (II) and 
(III). In some of the structures, R=R' and the bond is 
usually symmetric. By varying the substituents in the 
1,3-positions, it might be possible to produce either 
(II) or (III) and hence study short, asymmetric hy- 
drogen bonds which are free of the normal ionic 
interactions observed in, say, carboxylic acids and 
their salts. 

Semmingsen (1972) studied benzoylacetone by X-ray 
diffraction and observed an asymmetric bond. For a 
variety of reasons, he excluded many reflexions. Since 
this compound seemed a good choice to study asym- 
metric hydrogen bonding, we decided to pursue the 
problem using neutron diffraction. 

Experimental and data collection 

Benzoylacetone was recrystallized from an ethanol 
solution. X-ray diffraction photographs of a small 
crystal from the batch indicated that the cell dimen- 
sions and space group were as given by Semmingsen 
(1972), viz. a=8.244, b=5.596, c=19.793 A and f l=  
111.77°; space group P21/e. The crystal selected for 
data collection was a plate of volume 16.7 mm 3. It 
was mounted so that the b* axis was slightly off-set 
from the ~0 axis of the diffractometer. 

Neutron-diffraction data were collected, at room 
temperature, on the Australian Institute of Nuclear 
Science and Engineering four-circle diffractometer, 
2TAN A, at the Australian Atomic Energy Commis- 
sion Research Reactor, HIFAR. Intensities were 
measured by a 0-20 step-scan technique (Elcombe, Cox, 
Pryor & Moore, 1971), each step being 0.01 ° in 20. 
The scan range was 2 ° in 20 and the neutron wave- 
length was 0.983 A. A hemisphere of data was collected, 
representing two equivalent sets, up to 20 65 ° . Beyond 
this angle, the number of reflexions above the ger.eral 
background was very small. Every 20 reflexions, the 
standard reflexion 004 was measured. Its intensity 
showed no systematic trends during the period of the 
data collection. 

Each intensity was corrected for background and 
absorption. The absorption coefficient was 1.83 (9) 
cm -1 (measured by transmission through a crystal) 
and the variation in transmission coefficients was 0"619 
to 0.818. For each reflexion, the variance, a 2, was de- 
termined from 2 2 try = cr c + 0 .2 + ( 0 " 0 3 1 )  2 where a2c is due 
to counting statistics, a ] is due to absorption errors 
(Elcombe et al., 1971) and 0-03 represents the average 
deviation in the intensity of the standard reflexion of 
3%. The intensities of equivalent reflexions were 
averaged and if the variance from the averaging proce- 
dure exceeded 2 2 o a -q-O-c, the former was substituted for 
this sum in determining a z. If the intensity of a reflex- 
ion was negative, it was set to a small positive quan- 
tity but its variance was unchanged. The average in- 
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tensities were reduced to Fo and  aVo. The total  n u m b e r  synthesis was featureless.  Coheren t  scat ter ing ampli -  
of  unique reflexions was 1184. tudes were taken  f rom the listing of  Bacon (1972). 

Structure refinement Results 

Structure  fac tors  were calculated with the C and  O 
posi t ional  pa rame te r s  o f  Semmingsen  (1972). R* was 
0.32 for  reflexions with I>2.3ai .  A Four ie r  synthesis 
showed all H a toms  except those bound  to the methyl  
C a tom.  These appea red  to be ro ta t ing  or  d isordered.  
Ref inement  o f  the k n o w n  a tomic  posi t ions with iso- 
t ropic  the rmal  pa ramete r s  caused R to fall to 0.16. 
Uni t  weight  was assigned to each reflexion and  the 
funct ion minimized was ~w(lFol -k l fc I )  z. A difference 
Four ie r  synthesis showed an a lmos t  con t inuous  r ing 
of  negative density abou t  the methyl  C a tom.  Six 
' peak '  posi t ions were apparen t .  These ' peaks '  were 
located so tha t  each H a t o m  could be described as two 
ha l f -a toms  located ~ 0 . 9  A apar t .  In subsequent  full- 
matr ix ,  least -squares  ref inement  with all recorded  da ta  
(Moore ,  1972), the ha l f -occupancy  H a toms  were given 
isotropic t empera tu re  factors ,  all o ther  a toms  aniso- 
tropic.  The weight  for  each reflexion was w=a;o z. It 
was evident tha t  the da ta  were affected by ext inct ion 
and,  in final cycles, an isotropic ext inct ion p a r a m e t e r  
was refined (Coppens  & Hami l ton ,  1970). At  con- 
vergence,  R was 0.098 (0.046 for  reflexions with 
I >  2"3o-i) and  w R t  was 0.049 (0.042). The error-of-f i t  
was 1.28. The extinction coefficient was 0.88 (5) x 10 -4 
which cor responds  to a mosaic  spread of  6.7" or  a 
mean  part icle size of  radius  0.86 x 10 -4 cm. The re- 
flexion with the most  severe ext inct ion was 204, the 
extinction fac tor  being 0.48. There  was no dependence  
of  wA 2 on Fo or  (sin 0)/2. The final difference Four ie r  

* R=YllFol--klFcll/YlFol. 
t wR= Zw(IFol--klFcl)Z/ZwlFol ". 

Final  a tomic  coord ina tes  and thermal  pa rame te r s  are 
shown in Table  1. In t e ra tomic  distances and  angles, 
including errors  due to the va r i ance -cova r i ance  mat r ix  
and  cell d imension  errors,  are listed in Table  2. Least-  
squares  planes th rough  selected a tomic  groupings  are 
t abu la ted  in Table  3. A d iag ram of  the molecule  is 
shown in Fig. 1.* 

The thermal  pa rame te r s  of  the non -hydrogen  a toms  
were fitted to a r ig id-body mot ion  model  (Schomake r  
& Trueb lood ,  1968). The results are in Table  4. 
Differences between the observed and  calculated U u 
are ~ l - 3 a .  The ma jo r  axes of  ro ta t ion  and  t rans-  

* A list of structure factors has been deposited with the 
British Library Lending Division as Supplementary Publica- 
tion No. SUP 31633 (9 pp.). Copies may be obtained through 
The Executive Secretary, International Union of Crystallog- 
raphy, 13 White Friars, Chester CH 1 1 NZ, England. 

H ( ~  C(7) 
H(4~ H ~ ~ ~ ( 8  ) 

H(9) 

0(i) H(5) 0(2) H(lO) 

Fig. 1. A diagram of the molecule showing the numbering 
system. All atoms, except the methyl H atoms, are represen- 
ted as 50%-probability thermal ellipsoids. The methyl H 
atoms are arbitrary spheres at the mid-point of the two 
half-atom positions. 

Tab le  1. Final fractional coordinates ( x  10 4) and anisotropic thermal parameters (A2X 10 3) 

In this table, and all subsequent tables, estimated standard deviations in the least significant digit(s) are shown in parentheses. 
The form of the anisotropic temperature factor is exp {-2n2(h2a*2Uxl + . . .  4-2hka*b* U12 + . . . ) } .  

x y z Uxl U22 Us3 UI, U13 U23 
0(1) - 2539 (4) 3205 (9) - 399 (2) 64 (2) 88 (3) 61 (2) - 6 (2) 0 (2) - 16 (2) 
0(2) -115  (4) 1413 (7) 639 (2) 73 (2) 61 (2) 62 (2) 6 (2) 4 (2) - 1 5  (2) 
C(1) -3680 (4) 7025 (7) -339  (2) 60 (2) 73 (2) 71 (2) 16 (2) 13 (2) 18 (2) 
C(2) -2453 (3) 5037 (8) - 1 (1) 45 (1) 64 (2) 57 (2) - 7  (1) 14 (1) 9 (2) 
C(3) - 1230 (3) 5174 (6) 719 (1) 50 (1) 57 (2) 46 (2) 2 (1) 10 (1) 2 (2) 
C(4) - 8 9  (3) 3274 (5) 1020 (1) 44 (1) 46 (2) 46 (1) - 2  (1) 13 (1) - 4  (1) 
C(5) 1215 (3) 3328 (4) 1775 (1) 42 (1) 40 (1) 48 (1) 0 (1) 18 (1) - 2  (1) 
C(6) 1262 (3) 5158 (5) 2256 (1) 54 (2) 50 (2) 51 (2) 6 (2) 15 (1) - 4  (1) 
C(7) 2492 (3) 5145 (6) 2963 (1) 54 (2) 65 (2) 52 (2) 0 (2) 11 (1) - 7  (2) 
C(8) 3695 (3) 3299 (6) 3189 (1) 54 (2) 74 (2) 47 (2) - 0  (2) 11 (1) 4 .(2) 
C(9) 3659 (4) 1463 (6) 2715 (2) 59 (2) 66 (2) 58 (2) 14 (2) 17 (1) 13 (2) 
C(10) 2419 (3) 1456 (6) 2009 (1) 57 (2) 51 (2) 53 (2) 7 (2) 20 (1) 7 (2) 
H(4) - 1200 (9) 6772 (14) 1017 (4) 101 (4) 73 (5) 77 (4) 37 (4) 5 (3) 0 (4) 
H(5) -1263 (12) 1881 (16) 43 (5) 123 (6) 102 (6) 142 (7) -31  (6) 56 (6) - 6 2  (6) 
H(6) 329 (8) 6593 (13) 2088 (3) 76 (4) 85 (5) 83 (4) 25 (4) 8 (3) -21  (4) 
H(7) 2503 (8) 6545 (15) 3331 (4) 93 (4) 106 (6) 74 (4) 8 (4) 7 (3) - 3 4  (4) 
H(8) 4676 (8) 3284 (14) 3734 (3) 80 (4) 111 (5) 59 (4) 13 (4) - 1  (3) 10 (4) 
H(9) 4606 (9) 10 (14) 2888 (4) 105 (5) 93 (5) 90 (4) 37 (5) 14 (4) 13 (4) 
It(10) 2373 (8) 28 (13) 1635 (4) 95 (4) 77 (4) 80 (4) 27 (4) 25 (3) -11  (4) 
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Table 1 (cont.) 

x y z U 

H(11) -3040 (20) 8467 (33)  -487 (9) 97 (4) 
H(12) -3532 (21) 7504 (32) -841 (9) 100 (4) 
H(21) - 3380 (23) 8706 (35) 49 (10) 114 (5) 
H(22) -4260 (21) 7709 (32) 53 (9) 100 (4) 
H(31) -4974 (21) 6512 (30)  -468 (9) 95 (4) 
H(32) -4733 (22) 6422 (30)  -789 (9) 96 (4) 

lation are nearly coincident. When the rigid-body mo- 
tion is subtracted from the H atoms, the residual mo- 
tion is large. A ' r iding mot ion '  correction (Busing & 
Levy, 1964) was applied to bond lengths which in- 
volved H. 

Table 2. Interatomic distances (]k) and angles (°) 

Distances marked with an asterisk have been corrected for 
'riding motion'. Distances in the columns marked a have been 
corrected for rigid-body motion. 

INTERATOMID DISTANCES 

C ( 2 ) - 0 ( 1 )  1 . 2 7 9 ( 5 )  1 .288  a C ( 3 ) - H ( 4 )  1 . 0 6 7 ( 8 )  1 ,076  a 
1 . 3 0 5 .  1.116. 

C ( 4 ) - 0 ( 2 )  1 . 2 8 2 ( 4 )  1 .310  0(1)-N(5] 1 . 3 1 9 ( 1 2 ]  1.322 
1.309~ 0 ( 2 ) - H ( 5 )  1.235(11) 1,238 

0 (1 ) . . . 0 (2 )  2.485(5) 2,489 C(6)-H(6) 1.075(7) 1.083 
C ( 1 ) - C ( 2 )  1 . 4 8 6 ( 4 )  1.491 1 . 1 1 9 "  

1.504e C ( 7 ) - H ( 7 )  1 . 0 6 7 ( 8 )  1 .082  
C ( 2 ) - C ( 3 )  1 . 4 0 9 ( 4 )  1 .412  1 . 1 1 8 -  
C ( 3 ) - C ( 4 )  1 . 3 9 8 ( 4 )  1 .405  C ( 8 ) - H ( 8 )  1 . 0 8 2 ( 6 )  1 .088  
C ( 4 ) - C ( 5 )  1 , 4 8 2 ( 4 )  1 .485  1 , 1 2 3 "  
C ( 5 ) - C ( 6 )  1 . 3 8 9 ( 4 )  1 .397  C ( 9 ) - H ( 9 )  1 , 0 9 1 ( 8 )  1 . 0 9 3  
C ( 6 ) - C ( 7 )  1 . 3 9 2 ( 4 )  1 .394  1 . 1 4 0 "  
C ( 7 ) - C ( 8 )  1 . 3 8 6 ( 4 )  1 .389  C (10 ) -H (10 )  1 . 0 8 0 ( 8 )  1 .090 
C ( 8 ) - C ( 9 )  1 . 3 8 4 ( 4 )  1 .393  1 . 1 2 4 "  
C(9)-C(10) 1.393(4) 1.394 C(1)-H(11) 1.063(18) 
C ( 1 0 ) - C ( 5 )  1 . 3 9 8 ( 4 )  1 .404  C ( 1 ) - H ( 1 2 )  1 . 0 7 9 ( 1 7 )  

C(1)-N(21) 1.180(21) 
C ( 1 ) - H ( 2 2 )  I . i19(17)  
C ( 1 ) - H ( 3 1 ]  1 . 0 4 1 ( 1 6 )  
C ( 1 ) - H ( 3 2 )  1 . 0 4 3 ( 1 7 )  

INTERATOMIC ANGLES 

C(1)-C(2)-C(3) 121.8(3) 
C ( 1 ) - C ( 2 ) - 0 ( 1 )  1 1 6 . 7 ( 3 )  
C ( 3 ] - C ( 2 ) - 0 ( I )  1 2 1 . 4 ( 3 )  
C(2)-C(3)-C[4) 120.4(3) 
C ( 3 ) - C ( 4 ) - C ( 5 )  1 2 2 . 5 ( 2 )  
C ( 3 ) - C ( 4 ) - 0 ( 2 )  1 2 0 . 3 ( 2 )  
C ( 5 ) - C ( 4 ) - 0 ( 2 )  1 1 7 . 2 ( 3 }  
C(4)-C(5)-C(6) 122.1(2) 

~ ( 4 ) - C ( 5 ) - C ( 1 0 1  118 .6 (21  
( 6 ) - C ( 5 ) - C ( 1 0 )  1 1 9 . 3 ( 2 )  

C ( 5 ) - C ( 6 ) - C ( 7 )  1 2 0 . 7 ( 3 )  
C ( 6 ) - C ( 7 ) - C ( 8 )  1 1 9 . 7 ( 3 )  

~ (71-C(81-C19) 120.2(2) 
(8)-C(9)-C(10) 1 2 0 . 4 ( 3 )  

C(5)-C(10)-C(9) 119,8(3) 

C ( 2 ) - C ( 3 ) - H ( 4 )  117.8(4} 
C ( 4 ) - C ( 3 ) - H ( 4 )  1 2 1 . 8 ( 4 )  
C(2}-0( I ) -H(5)  101.I(4) 
C(4)-0(2)-H(5) 103,3(4) 
0 ( 1 ) - H ( 5 ) - 0 ( 2 )  1 5 3 . 2 ( 7 )  
C ( 5 ) - C ( 6 ) - H ( 6 )  1 2 0 . 3 ( 4 )  
C ( 7 ] - C ( 6 ) - H ( 6 )  1 1 9 . 0 ( 4 )  
C ( 6 ) - C ( 7 ) - H ( 7 )  1 2 0 , ~ ( 4 )  
C ( 8 ) - C ( 7 ) - H ( 7 1  1 2 0 . 3 ( 4 )  
C ( 7 ) - C ( 8 ) - H ( 8 )  120.5(S) 
C(9)-C(8)-H(8) 119.3(5) 
C [ 8 ) - C ( 9 ) - H ( 9 }  1 2 0 . 5 ( 4 )  
C ( 1 0 ) - C ( 9 ) - H ( 9 )  I i q .1 (5 )  
C(9)'C(10)-H(10) 1 2 1 . 0 ( 4 )  
C(5)-C(10)-H(10) 119.2(4) 

Table 3. Equations of planes through selected atomic 
groupings of  the form IX+ m Y+ nZ + D = 0 

l, m and n are the direction cosines of the plane normal relative 
to orthogonal axes X, Y and Z, in/~,, along a, b and c*. D is the 
distance of the plane from the origin in A. Deviations (~), of 
relevant atoms, from the planes are shown in square brackets. 

Plane (1): C(2), C(3), C(4), O(1), 0(2) 
0.8481X+ 0.4172 Y-  0.3267Z= 0.537 
[C(2) - 0-001, C(3) 0.006, C(4) - 0.008, O(1) - 0.002, 
0(2) 0.005, C(I) 0-019, C(5) -0.006, H(4) 0.035, 
H(5) 0.040] 

Plane (2): C(5), C(6), C(7), C(8), C(9), C(10) 
0.8027X+ 0"5106 Y- 0.3078Z = 0.298 
[C(5) 0'004, C(6) 0"002, C(7) -0.005, C(8) 0.003, 
C(9) 0.002, C(10) -0.006, H(6) -0.012, H(7) 
-0.022, H(8) 0.019, H(9) 0.014, H(10) -0.012] 

Angle between the planes: (1)-(2) 6.0 ° 

Table 4. Rigid-body tensors derived from the U u 
values of  the non-hydrogen atoms 

T( × 104) 443 (24) - 24 (20) 
(/~2) 416  (21) 

L(x 104 ) 53 (5) -13  (3) 
(rad 2) 21 (3) 

S(× 10 4) 11 (12) 16 (5) 
(rad A) -13  (3) - 3  (13) 

29 (8) 18 (10) 

R.m.s. amplitudes (A) along principal axes of T 
0.223 0.211 0.200 

R.m.s. amplitudes (o) along principal axes of L 
6"9 3.0 2-1 
R.m.s. AUu=0"004 (5) 

* Fixed at this value so that Trace S = 0. 

--25 (16) 
- 1  (15) 
487 (15) 
48 (8) 

- 28 (4) 
111 (15) 

- 14 (6) 
17 (5) 

- - 8 *  

D i s c u s s i o n  

Compar&on with X-ray analys& 
A half-normal  probabi l i ty  plot (Abrahams & Keve, 

1971; Hamil ton  & Abrahams,  1972), compar ing our 
coordinates with Semmingsen 's  (1972), denoted S, has 
zero intercept and a slope of  2.2. This indicates that 
the pooled estimated s tandard deviations are too 
small by this factor. Individual differences as high 
as 6cr were observed. Compar ison of bond lengths, 
corrected for thermal  motion,  also shows significant 
differences. S did find significant differences in the two 
C - C  and two C - O  bond lengths in the enol ring but  
was not convinced the differences were real because 
of  large thermal  motion.  This study shows there are 
no differences in these bond lengths, suggesting an 
equal contr ibut ion of (II) and (III) to the structure. 
For  equal contributions,  one may  have expected large 
thermal mot ion along the C - O  bonds and H(5) to 
be disordered. Neither effect could be detected but 
could have been masked by the overall large thermal 
motion. If  these effects have not been masked,  the 
structure can be described as a true resonance hybr id  
of the two cis enol tautomers with complete electron 
delocalization. This is probably the better description. 
In the phenyl ring, each of  our C - C  bond lengths is 
greater than the corresponding value of  S, our average 
C - C  distance being 1-395 A, S's 1.387 A cf. 1-397 A 
for benzene (Stoicheff, 1954; Langseth & Stoicheff, 
1956). The molecule is not planar,  the dihedral  angle 
between the phenyl and enol rings being 6 °. 

The hydrogen bond 
The hydrogen bond is asymmetric.  O(1)-H(5), 

1.322 (12) A, is larger than O(2)-H(5), 1.238 (I 1) A. In 
solution studies, it has been shown that the direction 
of  enolization is towards the phenyl ring because of 
the stability of  the c innamoyl  system, C 6 H s - C = C - C = O  

(Lowe & Ferguson, 1965). The O. • • O contact is 2.489 
(5) A, consistent with the distance found in other 
fl-diketones. When,  for the enol H atom, the contri- 
butions from the rigid-body model were subtracted 

A C 32B - 13" 
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from the thermal parameters derived from the least- 
squares refinement (Sequeira, Berkebile & Hamilton, 
1967; Schlemper, Hamilton & La Placa, 1971), the 
resultant U values were non-positive definite. The 
values obtained suggest the residual motion is approx- 
imately isotropic with r.m.s, amplitude of vibration 
of .~0.2-0"3 A. This is much greater than the differ- 
ence in O - H  bond lengths. Inspection of the shorter 
non-bonded contacts of O(1) and 0(2) in Table 5 shows 
that the distance between 0(2) atoms, related by a 
centre of symmetry at the origin, is only 3.047 ,~. 
Such asymmetry of environment of the O atoms might 
contribute to the asymmetry of the hydrogen bond. 
Thus H(5) could best be described as vibrating in a 
large potential well which is slightly asymmetric. 

Table 5. Shorter non-bonded contacts (A) to O(1) 
and 0(2) 

O(1)- • .C(3) 2.345 
C(1) 2.356 
C(4) 2.786 
C(8 l) 3.424 
C(4 I~) 3"473 
C(3 li) 3.512 
O(2 iii) 3"530 
C(I l') 3"597 
C(5 ii) 3"817 
O(2 Ii) 3"854 

Symmetry code 
Superscript 

None x, y, z 
(ii) - -x ,  l - - y ,  - -z  
(iv) x, - - l+y,  z 

0(2)-- -C(3) 2-325 
C(5) 2.362 
C(10) 2"742 
C(2) 2.761 
O(2 m) 3"047 
C(2 u) 3.466 
C(I") 3"505 
O(1 ui) 3.530 
C(3 ~v) 3.629 
C(6) 3.657 
C(1 Iv) 3.767 

(i) - 1 +x, ½-y, - ½ + z  
(iii) - x ,  -y ,  - z  

For  the duration of this work, the author had tenure 
of an Australian Institute of Nuclear Science and 
Engineering Research Fellowship. 
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