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Abstract: Doubly vs. singly hydrogen-bonded arrangements in crystalline N-acylated amino acids R-CONH-CHR'-C02H 
are examined by energy calculations. The O(amide) is a significantly stronger proton acceptor than the O(carboxyl). Thus 
in one-third of the crystal structures the molecules form doubly hydrogen-bonded systems O—H-O(amide) and N—H-O(amide), 
despite the general preference for the maximum number of proton acceptor sites to participate in hydrogen bonds, dictated 
by molecular packing and conformation. The energy results are consistent with the tendency for the molecules to be interlinked 
via single hydrogen bonds O—H—O(amide) and N—H-O(carboxyl), rather than the reverse, and the total absence of the 
doubly hydrogen-bonded systems O—H—O(carboxyl) and N—H—(carboxyl). 

Introduction 

The packing characteristics of 16 N-acylated amino acids I have 
been recently classified.1 In nine of these crystal structures each 
carbonyl oxygen atom of both the amide and carboxyl groups acts 
as a hydrogen-bond acceptor to a single (N-H or 0 -H) proton 
donor. Seven of these nine crystal structures exhibit motif 1 in 
which O—H—O(amide) and N—H-O(carboxyl) bonds are 
formed. The reverse situation, in which O—H-O(carboxyl) and 
N-H-O(amide) bonds are formed, as shown in motif 2, occurs 
in the remaining two crystal structures. 

Two crystal structures contain motif 3 in which the O—H— 
O(amide) bond is formed and the N-H either does not participate 
in a hydrogen bond, as in DL-TV-chloroacetylalanine,2 or is directed 
at a proton acceptor of the R2 substituent which is "weak" relative 
to the carboxyl oxygen atom, as in TV-formyl-L-methionine3 and 
./V-acetyl-L-cysteine.4 

In the remaining five crystal structures the O(amide) atom 
participates in two hydrogen bonds while the corresponding O-
(carboxyl) atom does not participate in any, as shown in motif 
4. The reverse arrangement, 5, was not observed. The motif in 
which the O(amide) is doubly hydrogen-bonded at the expense 
of O(carboxyl) is not confined to N-acylated amino acids; it was 
also observed in the crystal structure of jec-butylphthalamide5 

(H). 
These results appear to be not totally in keeping with the 

principle that the maximum number of proton acceptor sites will 
participate in hydrogen bonds, recently put forward by Etter in 
a study on amides and carboxylic acids.6 It is surprising that 
this principle does not apply more fully to the crystal structures 
of N-acylated amino acids, because those motifs which contain 
singly hydrogen-bonded systems (i.e., 1 and 2) impose fewer 
constraints on both molecular packing and conformation than the 
doubly hydrogen-bonded motif 4. To form the latter, it is nec­
essary that the molecules be arranged such that both N—H-O-
(amide) and O—H-O(amide) hydrogen-bond distances are 
satisfied, that the distance between the two hydrogen atom bound 
to the same acceptor be not less than 2.3 A (the minimum observed 
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value), and that the interlinked molecules make reasonable con­
tacts with each other. Thus there appears to be distinct advantages 
to the hydrogen-bonding arrangment of 4 vis-a-vis those of 1 or 
2. 

These experimental results indicate that the O(amide) atom 
is a stronger proton acceptor than O(carboxyl). This tendency 
was corroborated by energy calculations in an extensive study on 
amides7 and carboxylic acids,8 where the Coulomb potential energy 
surfaces about the O(amide) and O(carboxyl) atoms were com­
pared. According to the arguments presented above, we expect 
a general decrease in stability of the hydrogen-bonding motifs 4, 
1, 2, and 5. To put this deduction on a firmer basis, we calculated 
the "hydrogen-bonding energies" of these motifs as they appear 
in their crystal structures. 

Results and Discussion 
The "hydrogen-bonding" energy was calculated using a 6-9 

Lennard-Jones potential and an electrostatic term.7'8 The latter 
included interactions between atomic monopole (i.e., atomic 
charges), dipole, and quadrupole moments placed at the atomic 
positions, derived from experimental electron density distributions 
according to a method proposed by Hirshfeld.9 6, 7, and 8 were 
used as models to represent 4, 1, and 2, respectively; i.e., the 
acceptor molecules were modeled by formamide and formic acid 
and the hydrogen-bonding donor groups were represented by O-H 
and N-H. The donor-acceptor geometry was taken from each 
of the various crystal structures examined. 

The hypothetical motif 5 was represented by planar models 9 
and 10, where the O — H - O = C and N - H - O = C angles (de­
fined as 9 in Table I) are 60°. In this way we estimated 
"hydrogen-bonding energies", neglecting other interactions which 
would be specific for the particular molecule and crystal structure. 
The results of these calculations are given in Table I together with 
additional relevant information on the various observed motifs. 
Entries 1-6 correspond to motif 1, 7-11 correspond to motif 4, 
12 and 13 to motif 2, and 14 and 15 to motifs 9 and 10, re­
spectively. 

The following conclusions may be drawn from this analysis, 
(a) The doubly hydrogen-bonded amide 6 is more stable than the 
singly hydrogen-bonded 7 and 8 by the average values of 2.1 and 
3.2 kcal/mol, respectively. This result is in accord with the fact 
that as much as one-third of the crystal structures of the N-

(7) Berkovitch-Yellin, Z.; Leiserowitz, L. J. Am. Chem. Soc. 1980, 102, 
7677. 

(8) Berkovitch-Yellin, Z.; Leiserowitz, L. J. Am. Chem. Soc. 1982, 104, 
4052. 

(9) Hirshfeld, F. L. Theor. Chim. Acta 1977, 44, 129. 
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Table I. Observed and Model Hydogen-Bonding Motifs, N - O and O—O Distances D (A), 0° and 0 6 Angles (deg), and Calculated "Hydrogen-Bonding Energies" Ec (kcal/mol) 

motif motif 

1 7 
1 7 

D 

3.04 
3.03 

NH-O(carboxyl) 

6 <t> 

6 2 
13 17 

e . 
- 1 . 8 
- 1 . 9 

D 

2.56 
2.64 

OH-O(amide) 

e <t> 

59 1 
36 20 

e2 

-5 .1 
-4 .9 

NH-O(amide) OH-O(carboxyl) 

D B D •P 

9 
10 

11 
12 

13 

14 
15 

TV-acetylglycine12 

2-chlorodibromocinnamoyl-
DL-alanine1 

•S-nitioso-A'-acetyl-DL-
penicillamine13 

Wans-cinnamoyl-L-alanine1 

iV-acetyl-L-tryptophan14 

A'-acetyl-L-norvaline15 

hippuric acid16 

frans-cinnamoyl-DL-alanine1 

A'-acety 1-L-valine' 
2-chloro-r/ww-cinnamoyl-DL-

alanine' 
A'-acetyl-DL-valine' 
2-chloro-frans-cinnamoyl-L-

alanine1 

dibromocinnamoyl-L-
alanine1 

model 
model 
av energy values 

2.97 17 18 -1 .8 2.56 55 24 -5.0 

1 
1 
1 
4 
4 
4 
4 

4 
2 

7 
7 
7 
6 
6 
6 
6 

6 
8 

2.93 
3.11 
2.95 

- 2 7 
2 

15 

25 
29 
38 

-0 .6 
- 1 . 5 
- 1 . 5 

2.61 
2.58 
2.55 
2.68 
2.60 
2.70 
2.64 

2.63 

- 3 2 
34 
38 
- 9 
49 

- 1 0 
- 1 4 

46 

21 
45 

5 
42 
14 
31 
31 

20 

-3 .4 
- 5 . 0 
- 2 . 4 
- 4 . 7 
- 4 . 8 
- 4 . 9 
-4 .4 

-3 .4 

3.01 
3.04 
3.02 
2.89 

3.17 
2.99 

40 
- 1 5 

39 
33 

- 1 6 
- 1 4 

53 
33 
35 
47 

4 
4 

- 2 . 3 
- 4 . 4 
- 3 . 8 
- 4 . 3 

- 4 . 9 
-3 .5 

2.99 

9 
0 

2.94 
2.94 

- 6 0 
60 

0 
0 

-1 .4 
- 2 . 7 
-1 .52 -4 .36 

20 -4.4 

-3.95 

2.63 

2.66 

-59 

-62 19 

-1.0 

1.0 

-6.9 
-6.8 

-6.8 

-4.0 
-6.5 
-3.9 
6.8 

-8.5 
-8.2 
-8.2 

-7.8 
-4.5 

-5.4 

2.65 
2.65 

60 
- 6 0 

0 
0 

-1 .9 
- 1 . 3 
-1 .3 

- 3 . 3 
- 4 . 0 

1 e is the angle between the X-H vector (X=N or O) and the C=O direction in the > C = 0 plane. The positive direction is shown in i. ° <j> is the dihedral angle between the X-H vector and the > C = 0 

plane. c For the singly hydrogen-bonded motifs 7 and 8 E comprises two contributions each denoted by e,- which is the energy of interaction between the proton donor and the hydrogen-bonded model 
molecule (formamide or formic acid). Thus for motifs 7 and 8,E = ^1 + e2 andE =e3 + e„ respectively. For the doubly hydrogen-bonded motif 6, E = e2 +e3 + the interaction energy between the 
two donor groups (N-H and O-H) bound to the same acceptor. 
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acylated amino acids I exhibit the doubly hydrogen-bonded motif 
4 despite the constraints imposed by 4 on molecular conformation 
and packing. 

It is noteworthy that in crystal structures containing the 
chain-like molecules HO2C-X-CONH2 (X = CH2CH2, C H = 
CH, C H = C H C H = C H ) 1 0 and in binary complexes between 
(primary and secondary) amides and carboxylic acids,11 there is 
a far stronger tendency for the O(amide) to be doubly hydro­
gen-bonded and for the O(carboxyl) to be singly hydrogen-bonded 
than the reverse. 

(b) Motif 7 is more stable than 8 which is in keeping with the 
fact that the singly hydrogen-bonded motif 1 [i.e., O—H-O-
(amide) and N—H—O(carboxyl)] is the most prevalent and that 
the singly hydrogen-bonded 2 [i.e., O—H—O(carboxyl) and 
N—H—O(amide)] occurs in only two of the observed crystal 
structures. 

(c) The hydrogen-bonding energies of 9 and 10 (Table I) 
demonstrate why the hypothetical 5, in which the carboxyl oxygen 
atom participates in two hydrogen bonds, does not occur. 

(d) The average energies of the individual hydrogen-bond 
contributions (i.e., C1, e2, e3, e4 in Table I) reflect the observed 
preference for an O—H—O(amide) bond rather than the other 
three possibilities [i.e., OH—O(carboxyl), NH-O(amide), and 
NH-O(carboxyl)], in those crystal structures, represented by 3, 

(10) Leiserowitz, L., Acta Crystallogr., Sect. B 1976, 32, 775. 
(11) Leiserowitz, L.; Nader F. Acta Crystallogr., Sect. B 1977, 33, 2719. 
(12) Mackay M. F. Cryst. Struct. Commun. 1975, 4, 225. 
(13) Carnahan, G. E.; Lenhert, P. G.; Ravichandran, R. Acta Crystallogr., 

Sect. B 1978, 34, 2645. 
(14) Yamane, T.; Andou, T.; Ashida, T. Acta Crystallogr., Sect. B 1977, 

33, 1650. 
(15) Lovas, Gy.; Kalman, A.; Argay, Gy. Acta Crystallogr., Sect. B 1974, 

30, 2882. 
(16) Ringertz, H. Acta Crystallogr., Sect. B 1971, 27, 285. 

Introduction 
In fluid solution transition metal complexes often quench 

electronically excited states with high efficiency, and the two most 
prevalent quenching mechanisms have been shown to involve 
electron1,2 and energy transfer.3 Variations in ligand structure 

(1) N. Sutin and C. Creutz, Pure Appl. Chem., 52, 2717 (1980). 

which contain only one active proton donor per molecule (i.e., e2 

< eA, e3, C1). In this respect it is noteworthy that the O—H-O-
(amide) bond appears to be shorter, by up to 0.1 A, than the 
O—H—O(carboxyl) bond. Furthermore, the O-H bond is a 
stronger proton donor than the N-H bond, as is evident from the 
O—H-O and N - H - O distances, i.e., 2.6 vs. 2.9 A. 

(e) The interaction energy between the two proton donors in 
the doubly hydrogen-bonded motif 6 is positive and was calculated 
to be about 0.4 kcal/mol; i.e., the two donor groups repel each 
other. Consequently, for amide or carboxylic acid molecules 
containing hydrogen-bonding groups of a single kind (i.e., amide 
or acid, but not both), the tendency should be for each acceptor 
oxygen atom to be singly hydrogen-bonded, which is in accord 
with the principle proposed by Etter.6 On the other hand, for 
molecules which contain both amide and carboxyl groups, this 
principle is not all prevailing. 

These calculations were carried out using a very simplified 
model which focused on the H-bonding groups in an isolated 
region, neglecting the residues and overall molecular packing. 
Nevertheless, these results are useful for the interpretation of the 
systematic features in a wide variety of crystal structures con­
taining amides and carboxylic groups or a mixture thereof, as will 
be examined in a forthcoming paper. 
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as well as in the electronic configuration of the central metal atoms 
affect the quenching efficiencies by both these mechanisms. Many 
studies have been carried out to establish the parameters deter-

(2) V. Balzani, F. Bolletta, F. Scandola, and R. Ballardinin, Pure Appl. 
Chem., 51, 299 (1979). 

(3) F. Wilkinson, Pure Appl. Chem., 41, 661 (1975). 

Quenching of Triplet States of Organic Compounds by 
Chromium(III) Tris(hexafluoroacetylacetonate) in Benzene 
Solution as a Result of Energy and Electron Transfer 
Frank Wilkinson* and Chris Tsiamis 

Contribution from the Department of Chemistry, University of Technology, Loughborough, 
Leicestershire, England. Received June 2, 1982 

Abstract: Rate constants for quenching of the triplet states of 13 organic compounds by chromium(III) tris(hexafluoro-
acetylacetonate), Cr(hfac)3, in benzene solution have been measured using the technique of laser flash photolysis. Cr(hfac)3 
is shown to be a very efficient triplet quencher, and even triplets with energies much lower than the lowest excited state of 
Cr(hfac)3 give relatively high quenching constants, i.e., ~6 X 10s dm3 mol"1 s"1. For five of the organic triplet donors a limiting 
quenching constant of 8.2 X 109 dm3 mol"1 s"1 was observed. Spin-spin combinations are considered and the results interpreted 
in terms of quenching involving a combination of energy and electron transfer. It is proposed that quenching by electron transfer 
in benzene solution involves transfer to Cr(hfac)3 (which is a much better electron acceptor than Cr(acac)3, for which this 
type of quenching is negligible), followed by rapid reverse transfer (&bt > 10s s"1) to yield ground-state species. In the exciplex 
D+-Q", formed by electron transfer, Q" = [Cr(hfac)3]~ which is likely to be a high-spin Cr(II) complex, and therefore electron 
transfer via spin combinations which produce doublet states is likely to be prohibited energetically. The values obtained for 
the transmission coefficients and "intrinsic barriers" for both energy and electron transfer to Cr(hfac)3 from these organic 
donors are similar to values reported for these parameters for analogous systems where either only energy or only electron 
transfer occurred. Finally it is suggested that where, as in the case of /3-carotene, in this work it is not possible to measure 
the one-electron oxidation potential directly, the sensitivity of the rate constant dependence on AGe

el can be used as a method 
to obtain a good estimate for .EY)0'. Thus E0* for fl-carotene is estimated to be 0.35 ± 0.03 V (vs. SCE). 
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