
J. CHEM. SOC. PERKIN TRANS. 11 1988 1139 

Hydrogen-bonding Pathways affecting Chemical Reactivity of 
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The different behaviour of L- (+) -N-mandelyl-L- ( - )  -asparaghe, N-mandelyl-2-amino-4-pentanoic 
acid and N-mandelyl-2-aminobutanoic acid towards acylation was considered. 13C And 'H n.m.r. non- 
selective and selective relaxation rates and 'H-{'H} n.0.e.s were taken to show that L- (  +)-N-mandelyl- 
L- ( - )  -asparagine assumes, in DMSO solution, a conformation quite different from that of the 
other two amino acids. In this conformation both lone pairs of the alcoholic oxygen were shown to 
be involved in hydrogen bonding and to be shielded in a way that makes approach of the acylating 
reagent d iff icu It. 

One of us prepared' the O-acetyl derivatives of the two 
diastereoisomers of N-mandelyl-L-( - )-asparagine (la and b) in 
an endeavour to explain a case of partial racemates. Attempts to 
acetylate compounds (la and b) using acetyl chloride or acetic 
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anhydride under many different conditions were unsuccessful. 
To overcome the problem, L-( - )-asparagine was treated with 
O-acetylmandelyl chloride under controlled alkaline conditions. 
Though the synthetic goal had been reached, a wish to explain 
the failure of (la and lb )  to acetylate remained. This behaviour 
was odd when compared with numerous N-mandelylamino 
acids which could be easily acylated., 

The N-mandelylaspartic acids (2) exhibited the same 
behaviour as compounds (la and b). It was thus supposed that 
the acylating agents could not react with the hydroxy group of 
the mandeloyl moiety because it was linked through a 
bifurcated hydrogen bond in which the CONH, or COOH 
group was i n ~ o l v e d . ~ * ~  The presence of CONH, or COOH 
was regarded as essential, as N-mandelyl-2-amino-4-oxopenta- 
noic acid (3), for instance, could be easily acylated. 

Because we would establish the molecular conformation in 
solution and in view of the close relationship between reactivity 
(especially biological activity) and conformation, we were led to 
re-examine the problem. 

We dealt with the problem by n.m.r., taking advantage of 
conformation-sensitive parameters such as the H-'H intra- 

Table 2. 3C Spin-lattice relaxation rates, R,/s-', of protonated carbons 
for 0.2 mol dm-3 solutions in [2H,]DMS0 

Carbon (1) (4) (3) 
C(4') 3.45 2.54 2.77 
C(2') 1.60 1.08 1.21 
C(3') 1.61 1.12 1.24 
C(1) 3.32 1.96 2.05 
C(3) 4.59 2.18 2.12 
C(4) 8.33 3.07 3.03 
CH3 0.75 0.50 

Errors were evaluated in the range of +4-7% confidence limits of the 
exponential regression analysis. 

molecular n.0.e. and spin-lattice relaxation rates. We studied 
L-( + )-N-mandelyl-L-( - )-asparagine (1 b) and compared its 
spectral features with those of N-mandelyl-2-amimo-4-oxo- 
pentanoic acid (3) and N-mandelyl-2-aminobutanoic acid (4). 
The CH,CONH, moiety in (lb) is substituted by CH,COCH3 
and CH,CH, in (3) and (4) respectively. 

Due to the low solubility in water, dimethyl sulphoxide 
(DMSO) was chosen as the solvent for n.m.r. studies. In order to 
compare chemical reactivity and conformation features in 
solution, acylations were repeated using DMSO as solvent and 
the same difference in reactivity was found. 

Results and Discussion 
3C-Spin-Lattice Relaxation Rates.-' 3C Chemical shifts of 

the investigated compounds are reported in Table 1. The 13C 
spin-lattice relaxation rates (R,) of the three compounds are 
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Table 3. Correlation times for protonated carbons 

Carbon (1) (4) (3) 

C(2’),C(3’) 0.030 0.02 1 0.022 
(34‘) 0.160 0.118 0.129 

C(1) 0.155 0.09 1 0.095 
C(3) 0.213 0.101 0.098 
C(4) 0.194 0.07 1 0.070 
CH, 0.012 0.008 

Errors in correlation times were evaluated.in the same range of errors in 
the measured ’ 3C spin-lattice relaxation rates 
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Figure 1. anti and one of the possible gauche conformers of compounds 
(1)-(4) 

reported in Table 2; the correlation times for protonated 
carbons are summarized in Table 3. For comparative 
purposes, numbering of all structures follows that shown in 
Figure 2. 

It is known4q5 that 13C R, values are almost exclusively 
determined by dipolar interactions with directly bonded or 
nearby protons, thus allowing suitable delineation of the 
molecular dynamics. The motional features of aromatic carbons 
were first considered since they have fewer degrees of freedom if 
compared with side-chain carbons. The relaxation rate of the 
para carbon atom is in every case faster than those of the other 
aromatic carbons, suggesting that C( l’)-C(4’) is always the 
main rotation axis of the benzene ring. The relaxation rates of 
C(2’) and C(3’) are very similar such that an anisotropic model 
consisting of rotational reorientation around the main 
molecular axis with some degree of internal motions could be 
applied in every case6 [equation (1) with A = 0.25(3cos28 - 
1)2, B = 3(sin28cos28), and C = 0.75(sin48)]. 

In equation (l), z, is the main rotational correlation time, zG 
is the correlation time for librational motions of the aromatic 
ring, rCH is the length of the C-H bond, n is the number of 
protons attached to the carbon under consideration, and 8 is the 
angle between the main rotation axis and the C-H vector. 

The main correlation time, z,, can be calculated by 
considering R ,  of C(4’): since the C-H vector lies on the main 
axis (in this case), equation (2) can be applied. This holds for a 

pure dipole-dipole relaxation mechanisms within the ‘extreme 
narrowing’ r e g i ~ n . ~  As all protonated carbons exhibit maximum 

H 

Figure 2. Projection of the Dreiding model of the ‘most probable’ 
conformation of compound (1) in C2H,]DMS0 solution. Dashed lines 
are hydrogen bond pathways. The numbering system is that used 
throughout the text 

l3C-( ‘H} n.O.e.s, equation (2) was used to extract zc values and 
T, values were then obtained by applying equation (1). All 
correlation times are summarized in Table 3. Since the 
investigated molecules are quite flexible, the n.m.r. results must 
be interpreted as an effective weighted average among several 
instantaneous situations. 

Consistent values of z, and T, are found for (3) and (4), 
suggesting very similar dynamics for the benzene rings in these 
compounds. In (l), on the other hand, both ring motions are 
governed by significantly greater correlation times yielding 
evidence of slowed motional dynamics for the aromatic moiety. 
This first conclusion is somewhat surprising if it is considered 
that the same molecular network is found in the near 
neighbourhood of the aromatic ring. 

The correlation times of side-chain carbons, calculated by 
equation (2), ratify the conclusion that the molecular dynamics 
of (1) are quite different from those in both (3) and (4). In these 
last compounds increase in motional freedom can be noticed 
when going to side-chain carbons [correlation times as fast as 
0.095 and 0.091 ns are calculated for C(l) in (3) and (4) 
respectively compared with 0.129 and 0.1 18 ns respectively for 
the main rotational motion]; the correlation times for C(3) 
(0.098 and 0.101 ns respectively) do not show any further 
increase in motional freedom, which is however achieved by the 
methylene groups (0.070 and 0.071 ns are the respective 
correlation times). The fact that terminal methyls have slower 
relaxation rates than those of methylenes is a direct proof of 
segmental m ~ t i o n . ~  It is therefore evident that (3) and (4) 
display common dynamic features in solution, thus suggesting 
that the two compounds are very likely to assume average 
conformations very similar to each other. 

All correlation times of protonated carbons of (l), if 
compared with those in (3) or (4), are somewhat longer and are 
therefore consistent with the slowing down of motional 
dynamics. The main rotational correlation time of the benzene 
ring is so close to that of C(l) (0.160 and 0.155 ns respectively) 
that it might be appropriate to consider C(4’)-C( 1) as the main 
rotational axis. Furthermore, on going to C(3), the correlation 
time is consistent with loss of motional freedom in striking 
contrast with the situation in both (3) and (4). Finally the 
correlation time of methylene carbon (0.194 ns) is very close to 
that of C(3)  (0.213 ns), thus excluding the occurrence of 
segmental motion. 

The great difference in dynamic behaviour in solution 
between (1) and (3) or (4) is a surprising event if the closeness of 
the chemical structures of the three compounds is considered, 
especially for (1) and (3) where the only difference is a methyl in 
place of an amino group. We therefore conclude that the 
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Table 4. 'H N.m.r. parameters for 0.2 mol dm-3 solutions in ['H,]DMSO 
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Table 5. Mono-selective (4') and doubly selective (Rinds) spin-lattice 
relaxation rates (s-I) for selected protons of0.2 mol dm-3 (I), (3), and (4) 
in ['H,]DMSO 

Relaxation rate (1) (4) (3) 
R"C(1)HI 1.29 1.16 1.18 
Rds[C(l)H,O(l)H] 1.51 1.21 1.22 
RS"(l)HI 5.03 2.80 
Rds[N( l)H,C(3)H] 5.05 3.06 
R"O(1)HI 25.77 19.68 18.52 

Errors were evaluated in the range +2-5% confidence limits of the 
exponential regression analysis. 

significant change in dynamic features very likely arises from 
some relevant change in the preferred average conformation. 

'H-Selective Spin-Lattice Relaxation Rates.--'H Chemical 
shifts and coupling constants are summarized in Table 4. 
Monoselective (R,") and doubly selective (Rinds) spin-lattice 
relaxation rates of some protons of 1, 3, and 4 are reported in 
Table 5. 

The measurement of H non-selective (Rins), monoselective 
(It,"), and doubly selective (Rind") spin-lattice relaxation rates 
has been suggested as a suitable aid to conformational studies in 
solution.'-'* In the limit of 100% contribution from the 'H-'H 
dipoledipole relaxation mechanisms expressions (3)-(5) can 

RY = C pi j  + C oij (3) 
i #  j i # j  

R: = C pij 
i f  j 

(4) 

Rind" = C pij + Gin ( 5 )  
i # j  

be given8-'* where pi j  and oij are the direct- and cross- 
relaxation rates respectively for any proton pair [equations (6) 
and (7)] where rij is the interproton distance, 0 is the proton 

+ L} (6) 
' j  10 h2yH4i rij6 1 + 32c (0TJ2 + 1 + (20T,)2 

6.5, p . .  = -~ 

- L} (3.. = -~ (7) 

Larmor frequency, and z, is the motional correlation time. It is 
evident from equations (4) and ( 5 )  that equation (8) holds which, 

Table 6. Selected proton-proton intramolecular distances (A) for (1) 
and (4) 

Proton pair (1) (4) 
C( l)H-O( l)H 2.44 2.79 
C( l)H-N( l)H 2.70 2.69 
C( 3)H-N( l)H 2.62 2.24 
O( 1)H-N( l)H 2.98 
N(2)H-C( l)H 2.85 
N( 2)H-C( 3)H 3.74 

Because of the dependence upon l/r6, large errors (_+ 5%) in proton 
spin-lattice relaxation rates and in motional correlation times yield 
relatively small errors ( f 2 4 % )  in the distances. 

Rinds - R." = (3. In = -- 

in the limit of extreme narrowing region, reduces to (9). Then 

(9) 

measuring doubly selective and monoselective proton spin- 
lattice relaxation rates allows determination of proton-proton 
distances if z, is known from other sources. 

The [C( l)H-O(l)H] was calculated by measuring RCC(1)H- 
O(1)HldS and R[C(l)H]" for the three compounds; then the 
three C(1)H-O(1)H distances could be calculated by using the 
correlation time from 13C relaxation data in equation (9) (Table 
6). The calculated distances correspond to a gauche conformer 
in the case of (1) (2.44 A) and to an anti or nearly anti conformer 
in the case of (4) (2.79 A) and (3) (2.88 A) (see Figure 1). 

Distances calculated from selective proton spin-lattice 
relaxation rates are more accurate than those calculated from 
homonuclear Overhauser enhancements and thus the C( 1)H- 
O(1)H distances have a key role in quantitative analysis of 
n.0.e.s. Every calculated distance must, of course, be 
considered as a weighted average among several possible 
geometries in solution. 

Moreover, proton relaxation rates can also be used for 
qualitative inferences. It is worth noting that the monoselective 
relaxation rates of the hydroxylic proton are close to each other 
in (3) and (4) whereas that in (1) is quite faster. Inspection of 
equation (4) suggests that a faster selective relaxation rate could 
be due either to a longer correlation time or to a larger number 
of proton-proton pairwise interactions contributing to the 
relaxation pathway or both (evidence for a longer correlation 
time was reached from I3C n.m.r. data). Comparison of RiS of 
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0 
Table 7. 'H-('H) N.0.e.s in 0.2 mol dm-3 solutions in ['HJDMSO 

Observed 
H 

Irradiated (1) (4) 
N(1)H 0.027 

O('lH (C(1)H 0.115 0.151 
C(1)H N(1)H 0.049 0.023 

N(1)H 0.058 0.068 

C(1)H 0.063 0.186 
0.069 

C(1)H 0.045 
N(2)H (C(3)H 0.007 

Errors in the n.0.e.s were evaluated at 10%. 

the N(1)H proton yields the same evidence, once again 
demonstrating the pecularity of compound (1). 

'H-{ 'HI Nuclear Overhauser Enhancement Data.-The 
origin of 'H-{ 'H} n.0.e.s has been extensively investigated." 
The fractional n.0.e. of an observed spin d when spin s is 
saturated is given by equation (10) ' ' where equation (1 1) 
applies. 

The term pd* represents the contribution from relaxation 
mechanisms other than the dipolar proton-proton interaction 
and can be usually neglected in cases where the dipolar 
interaction with nitrogen is not important.' ' Equation (10) 
holds under the assumption of negligible intermolecular dipolar 
interactions and for loosely coupled spin 3 systems. 

Inspection of n.0.e. data, reported in Table 7, immediately 
shows that more proton-proton dipolar interactions can be 
measured in (1) than in (4) (in agreement with proton spin- 
lattice relaxation rate analysis). The two fC(l)H(N,H) and 
fC(3)H(N2H) n.O.e.s, measured in (l), are particularly relevant: 
the much larger value of the former n.0.e. indicates that the 
N(2) amide group is nearer to C(1)H than to C(3)H. These 
findings can only be explained by extensive bending of the side 
chain towards the ring. 

It must be stressed that the relative distance is not the only 
parameter affecting the n.0.e. Cross-correlation and/or cross- 
saturation terms, as in equation (lo), can make quantitative 
analysis a complicated matter,' ' especially in cases where the 
loose coupling approximation breaks down. In one case only is 
quantitative analysis feasible, namely when pre-saturation of 
two different protons, s and m, produces n.0.e. at the same 
proton d. Then from equation (10) relationship (12) can be 
drawn, provided cross-saturation terms are negligible. 

By applying equation (12) and the key distances obtained 
from proton spin-lattice relaxation rates [C( l)H-O( l)H 2.44 
and 2.80 8, for (1) and (4), respectively], it was possible to 
calculate several interproton distances, as reported in Table 6. 

The set of interproton distances in (l), coupled with 
consideration of the pecular chemical reactivity of this 
compound, can be accounted for by only one conformation, 
depicted in Figure 2 as a projection of the Dreiding model. This 

fl 

R = COOH 

Figure 3. View of (1) showing involvement of the two lone pairs of the 
alcoholic oxygen in the hydrogen bonding network 

conformation allows the possible formation of three intra- 
molecular hydrogen bonds (i) between the carboxylic proton 
and the amide CO(NH) oxygen, (ii) between the NH proton 
and the alcoholic oxygen, and (iii) between the alcoholic oxygen 
and one of the protons of the amide NH, group. According to 
the literature for multicentre hydrogen bonds,12 we may think 
of the last two as a bifurcated hydrogen bond (even if in a 'true' 
bifurcated hydrogen bond both hydrogens belong to the same 
atom).12 These hydrogen bond pathways are shown in Figure 2. 
It is evident that these hydrogen bonds form a network of 
interactions which play a major and decisive role in stabilizing 
this conformation: the simultaneous presence of both kinds of 
hydrogen bonds provides the basis for different chemical 
behaviour as a result of the diverse preferred conformation in 
solution. 

The conformation of (1) agrees with 13C spin-lattice 
relaxation rates: a 'closed' structure is suitably related with 
severely restricted internal motions [if compared with 'open' 
structures as in (3) and (4)]; it also agrees with the gauche 
conformation of the CH(0H) fragment as calculated from 'H 
spin-lattice relaxation rates: in one of the gauche conformers 
only the two lone pairs of the alcoholic oxygen are properly 
oriented for both hydrogen bonds (in the anti conformer one of 
the two lone pairs cannot at all be involved in intramolecular 
hydrogen bonds) (see Figure 3). 

In (1) the lone pairs of the alcoholic oxygen are both engaged 
in hydrogen bonds and, at the same time, they are shielded by 
groups or hydrogen atoms brought around as a consequence of 
the particular conformation adopted. This being the situation it 
is quite hard for the reagent to approach them from whatever 
direction. In the other compounds only one of the two lone pairs 
could be engaged and, above all, the approach of the reagent is 
not hindered. This point is very likely to account for the 
surprising difference in chemical reactivity between (1) and the 
other molecules. 

Similar considerations explain the chemical behaviour of the 
other diastereoisomer (la) D-( - )-N-mandelyl-L-( - )-aspara- 
gine, and of the two corresponding mandelylaspartic acids. 

Experimental 
The studied compounds were prepared by the literature 
procedure cited: L-( + )-N-mandelyl-L-( - )-asparagine [ N 2 - ~ -  
( + )-(2-hydroxy-2-phenylacetyl)-~-( -)-asparaginel (la), m.p. 
158-1 59 O C ;  N-mandelyl-2-amino-4-oxopentanoic acid { N- 
[2-( l-carboxy-3-oxo)butyl]-a-hydroxy-~-phenyla~tamide} (3), 
m.p. 162-1 64 "C; l 3  N-mandelyl-L-( - )-2-aminobutanoic acid 
{ N-[ 2-( 1 -carbox y)propyl] -a-h ydrox y-a-phen ylacetamide) (4), 



J. CHEM. SOC. PERKIN TRANS. 11 1988 1143 

m.p. 11 1-1 13 0C.2 Solutions were made in 99.8% C2H,]DMS0 
(Merck) and were carefully deoxygenated. 

N.m.r. measurements were carried out with a Varian XL-200 
Fourier Transform spectrometer. Chemical shifts were referred 
to internal tetramethylsilane. Spin-lattice relaxation rates were 
measured using the inversion recovery pulse sequence. Four and 
100 f.i.d.s were collected for 'H and 13C T, measurements, 
respectively. The relaxation rate was calculated with a three- 
parameter exponential regression analysis of the recovery 
curves of longitudinal magnetization components. Selective and 
doubly selective relaxation rates were measured using inversion 
recovery pulse sequences where the 180" pulse was given by the 
proton decoupler at the selected frequencies at low power for 
relatively long times.14 A typical setting for a selective 180" 
pulse was 20 db power attenuation and 20 ms pulse width. The 
selective rate was measured in the initial slope approximation l 5  

by considering the first part only of the recovery curve. 13C- 
('HI and 'H-{'HI n.0.e.s were measured with gated 
decoupling techniques using n.0.e. difference pulse sequences. 
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