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Abstract 

2-Deoxy-2-sulfoamino-D-glucopyranoside anions are uniquely found in heparin-like biopoly- 
mers. Due to the bioactivities of these biopolymers, there is considerable interest in developing 
heparin mimetics as potential therapeutic agents. The chemical bonding of such anions is analyzed 
by topological analysis of the electron-density distribution based on ab initio 6-31 + G** 
calculations. The results support an amine-like pyramidal geometry for nitrogen with a well-de- 
fined maximum in the Laplacian of the charge density consistent with a lone pair of electrons. 
Water complexes of the N-methyl sulfamate anions give insight into binding motifs, including 
bifurcated hydrogen-bonded systems and hydrogen-bond properties for the sulfoamino nitrogen. 
Finally. by systematic variation of the structural parameters of these N-alkyl sulfamate anions, 
MM + parameters for this group in sugars were determined. The structural properties calculated 
by molecular modeling agree well with the ab initio results and with three crystal structures of 
sodium 2-deoxy-2-sulfoamino-c~-~glucopyranose derivatives. © 1996 Elsevier Science Ltd. 
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1. Introduction 

The sulfamate anion is found in Nature only in higher mammals as part of the 
biopolymers, heparin and heparan sulfate [1]. This unusual functional group ( R - N H -  
SO 3) has been shown to be essential for the following: (i) the in vivo bioactivity of 
heparin as an antithrombotic agent [2], (ii)  heparin binding to the basic fibroblast growth 
factor [3], and (iii) heparin binding to the herpes simplex virus [4]. In general, numerous 
other activities of heparin also depend on the presence of acidic sulfate groups (for 
examples, see ref. [5]). These bioactivities have prompted the developments of mimetics 
as potential therapeutic agents. This paper describes some theoretical studies aimed at 
clarifying the chemical properties of sulfamates that could aid in the development of 
such mimetics. 

The first section describes the results of ab initio 6-31 + G ** calculations aimed at 
understanding the nature of the chemical bonding in sulfamate anions. Previous work 
carried out by us focused on the properties of sulfate esters [6]. We have adopted the 
same procedures to study the sulfamate groups so that meaningful comparisons can be 
made between the two functionalities. The nitrogen of the sulfamate group has the 
additional complexity (compared to sulfate esters) of being potentially chiral if its 
substituents are pyramidal (amine-like) [7]. If the substituents are planar (amide-like), 
then the nitrogen is not a chiral center. Besides the geometry at the nitrogen atoms, 
another characteristic of amine nitrogens is the presence of a well-defined lone electron 
pair, indicating sp 3 hybridization at nitrogen. Amide nitrogens have sp 2 hybridization, 
and the extra electrons are delocalized into adjacent chemical bonds. In this work we use 
Bader's theory of atoms in molecules (AIM) to describe the bonding and to distinguish 
between sp 2 and sp 3 hybridization [8]. 

Ab initio calculations in general and the AIM theory in particular are good methods 
to study hydrogen-bonding and other noncovalent interactions as well as covalent 
interactions. Since the long-term objective of this work is to help elucidate the binding 
properties of sulfamate groups, we decided to consider each of the oxygens bound to 
sulfur to be distinctly different. As shown in Fig. 1, staggered conformations have one 
sulfur-bound oxygen anti to the carbon-nitrogen bond, and each of the gauche (to 
carbon) oxygens are either anti or gauche to the nitrogen-hydrogen bond. Thus, 
specific interactions with any of these oxygens such as hydrogen-bonding or metal 

H H H 

Minimum N-Inverted ~ Mi~mtl~  

Fig. 1. Newman projections about the S - N  bond for N-alkyl sulfamates. The definitions for 0 a, Ogg, and Og~ 
refer to the minimum structure on the left and are only used as labels for the other two isomers. 
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Fig. 2. Two models for ion-pair formation between protonated basic amino acid side chains and anionic sugar 
sulfate groups. 

coordination will put the bonding partner in a different relationship with the nitrogen 
substituents. This contrasts with the sulfate esters where the two gauche (to carbon) 
oxygens are nearly equivalent. Also shown in Fig. 1 is the epimer at nitrogen. This leads 
to a higher-energy rotamer that must relax by rotation. Water complexes of N-methyl 
suffamate 1 were studied by ab initio methods as prototypes of noncovalent interactions 
of sulfamate anions. 

The second section describes some preliminary results using molecular modeling to 
analyze the nature of chemical bonding of sulfamates in heparin-like molecules. 
Heparins are frequently found in vivo, bound to protein receptors. In most cases 
atomic-level resolution of this bonding has not been obtained. Molecular-level resolution 
of protein-heparin interactions is derived from binding studies where the amino acids of 
the protein [9] or peptide [10] are varied, or variously derivitized heparin fragments [11] 
are used [12]. Such studies have unambiguously shown the importance of basic amino 
acids for binding such as lysine, arginine [13] and histamine [14]. It is readily deduced 
that the positively charged functional groups of these amino acid side chains can interact 
through nonspecific electrostatic interactions with the sulfate groups in heparin. How- 
ever, it is not known if directionally specific hydrogen bonds are formed in such 
interactions. Fig. 2 schematically shows these two models of ion-pair formation. In 
biological systems such interactions will always operate in competition with water-bind- 
ing to both the amino acids and the sugars. Thus, it is necessary to understand both 
water-binding and the interactions of amino acids with charged molecules. 

2. Computational methods 

Molecular mechanics . - -A l l  calculations used the version of MM+ [15] supplied 
with the Hyperchem v. 4 PC-based package of programs (Hypercube, Waterloo, Ontario, 
Canada) that includes parameters published up to 1990. Our new parameters are 
tabulated in Table 1 and were entered into the program by modifying the appropriate 
parameter files. All parameters were determined by nonlinear least-squares fitting of the 
ab initio data to the following equations: E = k~(r - r0) 2 for bond length r, E = ko(O - 
00 )2 for bond angle 0, and E = V ~ / 2 ( l + c o s w ) + V 2 / 2 ( l - c o s 2 w ) + ~ / 2 ( l +  
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Table 1 
Calculated parameters for sulfamates for use in MM+ calculations 

Bond length r o (A) k~ (mdyn,~-I)  Bond dipole (mdyn) r 2 

S-O~ 1.453 10.006 - 3.0 0.995 
S-Ogg 1.452 9.495 - 3.0 0.995 
S-Og~ 1.460 10.044 - 3.0 0.996 
S-N 1.692 4.117 - 1.0 0.997 
N-H~ 1.003 7.952 - 1.31 0.995 
C-N 1.451 5.750 0.997 

Bond angle 00 (o) k o (mdyn,~ rad--' ) r 2 

Ogg - S - N  106.54 1.960 0.998 
Og~-S-N 104.56 1.920 0.997 
O~-S-N 102.91 1.953 0.997 
Og a -S-Ogg 113.40 2.426 0.999 
Ogg -S-O~ 113.75 2.226 0.999 
Og~-S-O~ 115.76 2.162 0.999 
S - N - C  115.98 1.107 0.994 
S-N-H~ 106.99 0.754 0.999 

Torsion angles (°) r 2 

V I V 2 V~ 

CN-SO~ 0.020 0.046 3.226 0.909 
HC-NS - 0.012 - 0.021 2.265 0.995 
CC-NS 2.918 0.287 - 0.147 0.981 

cos3w)  for bond torsion angle w using the statistics program InPlot (GraphPad, San 
Diego, CA). Since the raw ab initio is not presented, the parameters are given to three 
decimal points to allow the reader to extract the data (most values at the minima are 
given in Fig. 3). All other parameters (e.g., van der Waals parameters) were the same as 
in the existing Hyperchem MM+ parameters. Minimizations used either the normal 
Newton-Raphson method or the Fletcher-Reeves conjugate gradient method. The 
D-glucosamine structure was taken from the library of monosaccharide structures 
(Chemplus-Hypercube). Minimization ( M M + )  was carried out after the addition of 

H ~ 

(1) 

~ a 

Ogg 

~ H  
1.0~'~ ° ~'k~ lit 

LZ) O_X.~ r 
/~* L ) g g  

Fig. 3. SCF 6-31 +G*  ~ optimized geometries lbr 1 and 2 with selected bond lengths and bond angles 
indicated. 
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each substituent, methyl, O- or N-sulfo. For methyl 1, ethyl 2, isopropyl 7 and 
glucoosamine sulfamates 8-10,  minimization was to a gradient of 0.00001 
kcal A-  1 mol-  ~. Subsequently the conformation about the O - S - N - C  bond for N-methyl 
1 and the S - N - C - C  bond for the remaining molecules 7-10  was tested using the 
conformational searching algorithm of ref. [16] as implemented in Chemplus, an add-on 
program to Hyperchem. Comparisons to the ab initio structures were made by using the 
RMSD (root-mean-square deviation of coordinates) routine in Chemplus by either 
importing the crystal coordinates after conversion to Cartesian coordinates or by 
importing the ab initio output files as Z-matrices. 

The present version of M M +  does not contain parameters for sodium cations nor 
does the AM1 routine allow tor charge calculations with sodium. In order to investigate 
the effect of the counter-ion, a very tentative exploration was made using the charges 
calculated for Li ~ (parameters in AM1) and the van der Waals constants from the 
AMBER program (1.60 ,~, 0.05) provided with Hyperchem. The resulting minimized 
structures were then recalculated (Li ~ exchanged for Na +) for charges using AM1, and 
then reminimized by M M + .  

AMI semiempirical point charges.--All calculations used the version of AM I [17] 
supplied with Hyperchem. Structures were first built and minimized using molecular 
mechanics (ion-dipole option using default values, cf. Table 1 and ref. [ 18]). Single-point 
AM 1 calculations were then performed on this geometry, and the resultant point charges 
(Mulliken) were then used in the MM+ calculation. A second AM1 single-point 
calculation was made to redetermine the point charges at the new minimum geometry, 
and then a final MM + calculation was made. Selected computations using the ab initio 
point charges (Mulliken) or Bader's AIM atomic charges were performed by manually 
editing the Hyperchem v. 4 input files. For conformational searches the charges of the 
initial input structure were used for all conformations. 

Ab initio MO calculations.-- All calculations were performed on either an HP-755 or 
an Apollo DN 10000 minicomputer using GAUSSIAN 88 [19] and GAUSSIAN 92 [20] 
programs. The 6-31 + G * * basis set was chosen for all ab initio studies. The 6-31 + G *' 
basis set was derived by taking a standard split-valence basis 6-31G [21] and adding 
d-orbitals as the polarization functions and a simple diffuse sp-shell for all heavy atoms, 
and p-orbitals as polarization functions for hydrogen atoms. It was found that the 
diffuse functions have a significant effect on the energies and geometries of anions 
because of the improved description of long-range behaviour of molecular orbitals, 
particularly those that are describing the lone electron pairs. For all systems, full 
gradient geometry optimizations were carried out, and the total energies and Mulliken 
populations [22] were determined. 

The topological analysis of electron-density distribution in the theory of atoms in 
molecules (AIM) [23] has been discussed elsewhere [6,24], and only a few key points 
will be repeated here. This topological analysis is based on the gradient vector field of 
the electronic density Vp(r), and on the Laplacian of electronic density V 2p(r). An atom 
in a molecule is defined as a region of real three-dimensional space bound by a zero-flux 
surface of the gradient vector field of p(r). Critical points in p ( r )  are classified by the 
three eigenvalues A i (i = 1,2, and 3) of the Hessian matrix (Hij = OZp(r)/Oxi Ox/). In 
general there are four types of critical points (3, - 1), (3, + 1), (3, - 3), and (3, + 3) that 
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can be characterized by two numbers. The first number labels their rank (number of 
nonzero eigenvalues), and the second number is the signature (excess number of  positive 
over negative eigenvalues). In the present study only the first three critical points occur. 
A (3, - 3) critical point is a local maximum that occurs generally at the nuclear position. 
Secondly, a (3, - 1) critical point, at which p(r) has two negative curvatures and one 
positive curvature, actually is a bond critical point (BCP). In other words, two 
interacting atoms in a molecule form, at the position rb,  a single BCP in the electron 
density, where 17p(r)= 0. The point r b represents a minimum in charge density along 
the bond and a maximum in charge density perpendicular to the bond. The pair of 
gradient paths, which originate at a BCP and terminate at neighbouring nuclei, define a 
line, called a bond path, through the electron-density distribution along which p(r) is a 
maximum with respect to any lateral displacement. The necessary condition for two 
atoms to be bonded to one another is that their nuclei be linked by a bond path. The 
network of bond paths for a molecule in a given nuclear configuration X defines the 
molecular graph. Such a topological graph usually corresponds to the commonly drawn 
chemical-bond network. The electron density, p(rb) ,  at the BCP is related to the bond 
strength and bond order, and it is found to be significantly larger for a double bond than 
for a corresponding single bond. The second derivatives of p at the BCP (A~, A 2, and 
A 3) indicate how rapidly p changes on moving away from the BCP and represents the 
curvatures of  charge density along different directions. For a normal single bond, such 
as the C - C  bond in ethane, the two negative curvatures (A r and A2), which are 
perpendicular to the bond line, are equal. However, if there is a double bond, one 
curvature (in the direction of the ~--bond) will be much smaller than the other. This 
difference may be described by the ellipticity of  the bond, which is defined as 
• = A~/A 2 - 1. For symmetrical triple C -  C bonds, since A~ ~ A 2, • is equal to or 
close to zero• In practice, the trace or the sum of the second partial derivative values, 
17 -p(r b) = Zj= j 3 -p(r)/Oxf, at the BCP is negative for a covalent interaction, and the 

• . " )  , -  . , . . 

condition I7 ~p(rb) > 0 m&cates an mteracUon between closed-shell systems (including 
ionic interactions). As a sufficient condition [25], one can determine the sign of the local 
energy density ( H  b = G b -k- Vb, i.e., the local energy density is the sum of the kinetic- 
and potential-energy densities). The sign of H b varies as follows: H b ~ H ( r b )  < 0 lbr 
covalent bonds; H b ~ H ( r  b) > 0 for ionic bonds. Thirdly, a (3, + 1) critical point, at 
which p(r) has one negative curvature and two positive curvatures, is equally a RCP. 
The existence of a RCP, at which the density p(r) is smaller than that of  all surrounding 
BCPs, indicates that the molecule contains a ring structure. 

Starting at a BCP, paths for which the electron density decreases most rapidly are 
developed in all directions normal to the bond. The set of  such paths defines a zero-flux 
surface separating a pair of atoms. A set of those surfaces (one per bond) will partition a 
molecule into unique atomic regions (basins) for which the hypervirial theorem is 
satisfied. Numerical integration of the electron density within such a region yields the 
population assigned to the given atom [26]. This is called the AIM atomic charge. 

The Laplacian of the electron density, the quantity at any point 17"-p(r), determines 
the space wherein the electron density is locally concentrated or depleted. From the 
definition of a second derivative, one finds that p(r) is greater than the average of its 
values over an infinitesimal sphere centered on r when 172p(r) < 0, and p(r) is less 
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Table 2 

N-methyl  sulfamate  1 and N-ethyl sulfamate  2: Calculated harmonic vibrational frequencies at the 6-31 + G ~ * 

level " 

Mode ! 2 

Frequencies ( c m -  i ) Ass ignments  b IR intensities ~" Frequencies  (cm J ) IR intensities • 

u l  101.3 SO~ t 1.75 72.7 1.62 

v2  199.2 CH~ t 0.27 98.9 1.05 

v3 248.3 CNS,  NSO b 6.57 182.0 3.37 

v4 415.8 N S O  b as 7.52 274.3 0.64 

v5 448.0  N S O  b s 8.21 353.6 4.35 

v6  578.9 CNS,  NSO b 46.90 408.9  6.78 

v7 592.3 O = S = O b as 10.21 439.8  5.29 

v8 650.2 O = S = O b s 44.31 581.4 43.58 

v9 782.7 N - H  b 257.81 598.9 17.21 

v l 0  882.2 N - S  st 70.73 678.1 95.30 

pl  1 I 114.2 C - N  st 196.43 794.7 184.74 

v12 II 68.9 S = O st s 43 .20  860.4  33.98 

v13 1246.2 NCH b 21.39 921.6 49.26 

v14 1256.2 N C H b  6.34 998.3 18.15 

v 15 1306.1 S = O st as 460.6  1 I 13.5 225.69 

v16 1340.9 S = O st as 399.32 1156.9 41.07 

v17 1559.1 HNC,  CNS b 40.66 1236.1 8.51 

v t 8  1576.8 CH 2 , NCH b 24.06 1262.3 28.07 

v19 1614.4 CH~ b 0.68 1306.8 446.69  

v20  1644.9 CH~ b 8.87 1340.4 382.84 

v21 3158.8 CH ~ st s 102.88 1400.8 24.38 

v22  3206.4  CH ~ st as 75.45 1493.8 1.39 

v23  3275.1 C H  3 st as 24.59 1534.1 2.48 

v24  3793.0  ( N - H  st) 7.92 1582.3 78.13 

v25 1611.5 12.11 

v26  1619.6 0.94 

v27  1651.4 1.77 

v28  3153.0  42.27 

v29  3164. I 69.16 

v30  3203.3 67.97 

v31 3240.1 51.59 

v32  3262.4  41.88 

v33 3781.4  6.57 

~' The zero-point vibrational energy (ZPVE) (1) 45.97 kca lmol  I and (2) 64.87 kcal mol I. 
b 

Assignments from ref. [29]: st (stretch), s (symmetric) ,  as (ant isymmetric) ,  b bend. t torsion. 
In KMmol  - t  . 

than average when V 2p(r) > 0. The outer quantum shell of an atom is divided into an 
inner region over which V2p(r)< 0 and an outer one over which V2p(r)> 0. The 
portion of the shell over which V 2p(r) < 0 is called the valence shell charge concentra- 
tion (VSCC). Thus a local maximum (or minimum) in - V 2p(r) (within the VSCC) of a 
bonded atom signifies a local concentration (or depletion) of  electron density. The 
numbers, locations and relative sizes of the bonded and the nonbonded concentration of 
electron density in the valence shell of a bonded atom as determined by the Laplacian of 
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(a) .,.H 
0 

I--I 

C S 

H 
0 

(b) H H H. 

0 

H 

' 0  

Fig. 4. Molecular graphs for (a) 1 and (b) 2 in their 6-31 + G  ~* optimized geometries ( 3 , - 3 )  nuclear 
positions, + ,  and (3, - 1) BCPs, o. 

p(r) are found to be in generally good agreement with the corresponding properties that 
are ascribed to bonded and nonbonded pairs in Gillespie's valence shell electron pair 
repulsion (VSEPR) model of molecular geometry [27]. The AMPAC program was 
employed for the electron-density topological analysis, using the electron density 
obtained from the 6-31 + G ** calculations. 2 

3. Results and discussion 

(a) Chemical bonding from ab initio calculations.--Fig. 3 shows the important 
structural parameters for N-methyl 1 and N-ethyl sulfamate 2 anions derived from ab 
initio calculations at the 6-31 + G * * level in their minimum-energy conformations. The 
6-31 + G * * calculation level was found to be adequate for studying sulfate ester anions 
[6,28]. Table 2 presents the unscaled vibrational frequencies derived from these calcula- 
tions. The assignments for N-methyl sulfamate anion follow from ref. [29]. In both 
molecules the calculated structural parameters for the O-S  and N-S  bonds are very 
similar. 

2 Available from Professor R.F.W. Bader's laboratory, McMaster University, Hamilton, Ontario, Canada 
LSS 4MI. 
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Table 3 

N-methyl sulfamate 1 and N-ethyl sulfamate 2: The topological properties of electron-density distributions at 
the BCPs from 6-31 + G * * calculations 

Bond pj, (all) ~" 2pb (au)  f H b (Har t r ee  , ~ - 3 )  

1 C N I).2753 - 0.91154 0 .0216  - 2 .6637 

1 N - S  0.2241 - 0 . 1 7 1 7  0 .0515 - 1.9183 

! S - O ,  0 .2969  1.3384 0 .0372  - 2 .2708 

I S O,~a 0.2971 1.3436 0.0411 - 2.2721 

1 S - O , ~  0 . , 9 3 _  1.2775 0 .0473  - 2 .2458 

1 C H~, 0 .2878  - 1.0707 0 .0376  - 2 .1222 

1 C H ~ (I .2910 - 1.0956 0 .0349  - 2.1391 

l C-H,~,  0 .2957  - I. 1424 0.0301 - 2 .2073 

I N H 0 .3606  - 1.9589 11.0534 - 3 . 7 1 7 1  

2 C - C  0 .2587 - 0 . 6 9 9 6  0 .0356  - 1.5226 

2 C - N  0 .2750  - 0 .8960  0 .0307  - 2 .6833 

2 N - S  0 .2235 - 0 .1683 0 .0507  - 1.9102 

2 S O~, 0 .2970  1.3392 0 .0372 - 2 . 2 7 1 4  

2 S - O , ; ,  0.2971 1.3430 I).0408 - 2.2721 

2 S-Og, ,  0 .2934  1.2793 0 .0465 - 2 .2484 

2 C - 2 - H ~  0.2831 - 1.0262 0 .0023 - 2 . 0 6 8 2  

2 C - 2 - H  ~, 0 .2828  - 1.0255 0 .0038 - 2 .0668 

2 C - 2 - H  £ 0 .2872 - 1.0624 0 .0020  - 2 .1094  

2 C - I - H  0.2981 - 1.1563 0 .0246  - 2 . 2 3 0 2  

2 C- 1 - H '  0 .2924  - 1.1009 0 .0310  - 2 .1506 

2 N - H  0 .3595 - 1.9491 0 .0529  - 3 .7016 

Molecular graphs for the equilibrium geometries of  1 and 2 at the 6-31 + G ** level 
of theory are plotted in Fig. 4. The topological parameters derived from the electron- 
density distributions at the BCPs of 1 and 2 are listed in Table 3. As shown in the 
previous paper describing O-alkyl sulfates [6], all S - O  bonds are covalent but highly 
polarized because of their positive values of  V 2pb and negative values of H b. These 
bonds have an extensive S = O double-bond character because their Pb values (0.2932- 
0.2972 au) are similar to the typical S = O in Me 2 SO (0.2723 au, cf. ref. [6]). However, 
two of the three oxygens, namely S - O  a and S-Og,,, have a slightly greater double-bond 
character than S-Ogg. Also, the V 2pb value for the N - S  bond of 1 is negative, but the 
corresponding value for the (C)O~-S in O-methyl sulfate 5 is positive, and, for both, the 
H h values are negative. It seems that the O~-S is more polarized than the N - S  bond in 1 
or 2. 

More interestingly, the topological analysis of the electron-density distribution can be 
used to study whether the N-alkyl sulfamate compounds are amide-like or amine-like. 
This analysis can distinguish between amino- and amido-like nitrogens based on 
Laplacian concentrations. For an amino-like nitrogen, one nonbonded Laplacian concen- 
tration (corresponding to the lone pair of nitrogen in the VSEPR model) should exist 
around the nitrogen, and the angles between the nonbonded and bonded Laplacian 
concentrations are approximately tetrahedral. The contour maps of the Laplacian of p 
for the plane containing the N- and S-nuclei and the positions of the nonbonded 
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concentrations of 1 and 2 are shown in Fig. 5. Also shown for comparison in Fig. 5 are 
the contour maps of the Laplacian of p for the plane containing the C- and N-nuclei, as 
well as the position(s) of the Laplacian concentrations(s) around the nitrogen of 

/ / j /  J _ _  

\ \ k \ i / /  I 1 

\ \ \ X \ k I 
\ k \ \ ,, I \ \ a  
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X \ \ \ \ ~ 111/1111 
x \ \ \ \ \ / 1 1  iii 
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"\x 11 \ ~  

-, C U 

7' / /  

I / 
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/ / 

L,- . . . . . . . .  ; ; - - : : . - : : - -  . . . . . . .  

Fig. 5. Contour maps: in the N - S  plane of  the Laplacian of  p for (a) 1 and (b) 2 and in the C - N  plane for (c) 
3 and (d) 4 in their SCF 6-31 + G * * optimized geometries.  The nonbonded charge concentration on N is 
indicated by i ,  and the (3, - 3 )  nuclear positions, + ,  and (3, - 1) BCPs, e ,  are shown. 
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Fig. 5 (cont inued) .  

dimethylamine (3), which contains a typical amino nitrogen, and N-methylformamide 
(4), which contains a typical amido one. These last two calculations were at the same 
6-31 + G ** level of theory. The values of the Laplacian concentration, distances from 
the N-nuclei and the angles ( n - N - b )  between nonbonded and bonded concentrations for 
sulfamates 1 and 2 as well as 3 and 4 are listed in Table 4. For the nitrogen in 4 there 
are two Laplacian concentrations which represent the p-orbital of nitrogen that is 
perpendicular to the molecular plane in the MO model. Based on the criteria discussed 
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Table 4 
The values and distances from the N-nucleus of nonbonded (n) Laplacian concentrations and the angles 
between nonbonded and bonded (b) Laplacian concentrations 

Molecule ~" 2p(max) (au) Distance (au) n-N-b (°) 

N-methyl sulfamate 1 - 3.2353 0.7328 108.13 (n-N-C) 

N-ethyl sulfamate 2 - 3.2103 0.7333 

Dimethylamine (3) 

N-methyl formamide (4) 

- 3.3473 0.7312 

- 2.1730 0.7532 

- 2.1730 0.7532 

110.14 (n-N-H) 
104.12 (n-N-S) 

107.72 (n-N-C) 
110.09 (n-N-H) 
104.09 (n-N-S) 

114.34 (n-N-C) 
108.45 (n-N-H) 

90.00 (n-N-C) 
90.00 (n-N-CO) 
90.00 (n-N-C) 
90.00 (n-N-CO) 

above, the nitrogens in 1 and 2 are both clearly like 3 and hence amino-like. The barrier 
to N-inversion in N-alkyl alkylsulfonamides has been calculated to be about 2 kcal mol -  
[30]. Since the structure of  the transition state for N-inversion of N-alkyl sulfamates is 
unknown, we did not attempt to estimate the barrier for N-inversion. This subject should 
be further investigated since the 2 kcal mol-J for related molecules discussed above is 
lower than the rotation barriers discussed below (see section (c)). 

(b) Water complexes studied by' ab initio methods.--Similar  to the water complexes 
of O-methyl sulfate anion [6], the complexes ( l l a - d )  of  one water and 1 were studied at 
the 6-31 + G ** ab initio level of  theory. Four structures were determined to be true 
minima by determining their Hessian eigenvalues. Molecular graphs of  these complexes 
are plotted in Fig. 6. The important bond lengths and bond angles are tabulated in Table 
5. A linear hydrogen-bonded system is shown in Fig. 6a with one water hydrogen-bonded 
to the O, sulfamate oxygen. In Fig. 6b and c two water hydrogens bridge the Og~ and 
Ogg, as well as the O~ and Ogg, respectively, in bifurcated hydrogen-bonded systems. 
The existence of a (3, + l) RCP for these cyclic systems demonstrates the apparent 
stability of  such systems (see Table 6). However, such four-center hydrogen bonds have 
only rarely been found experimentally [31]. The linear hydrogen bond shown in Fig. 6d 
is different with one water hydrogen-bonded to the sulfamate nitrogen. Water complexes 
( l l a - c )  are of similar stability, whereas l l d ,  although of relatively high binding energy 
compared to neutral water complexes, is lower in predicted stability. The topological 
properties of  the electron-density distributions at the BCPs of the water complexes 
l l a - d  are tabulated in Table 6. These values are typical of hydrogen-bonded systems. 
These complexes serve as models of hydrogen-bonding motifs for protein-sulfated 
carbohydrate interactions. 

(c) Chemical bonding by molecular model ing . - -One of the tools for elucidating the 
binding properties of heparin and related biopolymers is molecular modeling [32,33]. 
Such studies require parameters for all the functional groups [34,35]. Other groups have 
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Fig. 6. Molecular graphs for four different water complexes of 1. (a) Single H-bond to O a. (b) Four-center 
H-bonds to Og a and Ogg. Note the (3, + 1) ring critical point. (c) Four center H-bonds to O, and Ogg. Note the 
(3, + I)  ring critical point. (d) Single H-bond to the N. All structures are optimized geometries from SCF 
6-31 + G  ~ * calculations. (3, - 3 )  nuclear positions, + .  (3, + 1) RCPs, A, and (3, - I) BCPs, o. 
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Table 5 
Important optimized geometrical parameters of N-methyl sulfamate and water complexes l l a - d  

Complex Bond lengths (,~) 

l l a  l i b  l l c  l i d  

C-N 1.4516 1.4519 1.4518 1.4550 
N-S  1.6827 1.6803 1.6822 1.6984 
N-H 1.0003 1.0001 1.0003 t .0022 
S-O~ 1.4499 1.4532 1.4532 1.4469 
S-Og~ 1.4520 1.4617 1.4518 1.4531 
S-Ogg 1.4568 1.4450 1.4538 1.4504 
Ogg " ' • H w 2.1998 2.1937 
O~ • - • H w 1.9523 2.2117 
Og a . . .  H w, 2.1574 
N.  •. H w 2.1199 
O~. - - O,~ 2.7076 3.0047 
Osa • . .  O,, 2.9709 
Ogs • • - O w 2.9914 3.0115 
N •. • O,~. 3.0727 
O,, -H  ,~ 0.9553 0.9487 0.9487 0.9529 
O,~ -H  ,~., 0.9435 0.9495 0.9489 0.9529 

Bond angles (o) 

C - N - S  115.57 115.98 115.60 115.37 
N-S-Ogg 104.64 104.46 104.38 103.74 
N-S-Oga 106.80 106.60 106.87 106.19 
N - S - O  a 102.45 103.07 102.69 102.04 
S - N - H  107.10 107.14 107.07 106.24 
H ,~. -O~-S 111.56 
Oa -H  ,~ -O,~ 142.79 
O~,, -H  ,~, -O,~ 143.52 
Og~ -H  w,-O w 140.25 141.35 
C-N-H,~. 123.95 
H,, - O - H  w, 103.33 101.10 101.08 103.13 

Torsion angles (°) 

N - S - O g g - H  w - 109.74 
C-N-S-O,~ 6.15 126.57 
N - S - O  w - H  w 92.11 -91.69 
N-S-O,,. - H  w' - 93.65 89.59 
H - C - N - H  w -55.57 

d e v e l o p e d  m o l e c u l a r - m o d e l i n g  p a r a m e t e r s  by  f i t t i ng  f o r c e - f i e l d  f u n c t i o n s  to e x p e r i m e n -  

tal X - r a y  d i f f r a c t i o n  da ta  [36]. W e  c h o s e  to d e v e l o p  p a r a m e t e r s  by  f i t t i ng  ab in i t io  

resul t s .  A da t a  se t  w a s  bu i l t  up  by  s y s t e m a t i c  var ia t ion ,  u s i n g  the  ad i aba t i c  m a p p i n g  

a l g o r i t h m ,  o f  the  va r i ous  b o n d  l eng th s ,  b o n d  a n g l e s  a n d  b o n d  to r s ions .  Al l  f o r c e - f i e l d  

p a r a m e t e r s  w e r e  o b t a i n e d  b y  n o n l i n e a r  l e a s t - s q u a r e s  f i t t i ng  to th is  ab in i t io  da t a  se t  a n d  

are  p r e s e n t e d  in T a b l e  1. 

O f  pa r t i cu l a r  i n t e r e s t  a re  t he  t o r s i o n  p o t e n t i a l - e n e r g y  cu rves .  T h e  ab  in i t io  c u r v e  fo r  

r o t a t i on  a b o u t  t he  S - N  b o n d  o f  N - m e t h y l  s u l f a m a t e  is s h o w n  in Fig .  7a,  a n d  the  ab  
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Table  6 

Methy l  su l famate  and wa t e r  c o m p l e x e s  l l a - d :  Selected topologica l  proper t ies  o f  e lec t ron-dens i ty  distr ibut ions 

at the BCPs  and their  h y d r o g e n - b o n d  energ ies  in k c a l m o l - i  f rom 6-31 + G * * calcula t ions  ~ 

Bond  Pb (au)  V -~Pb (au)  • H h (Har t r ee  , ~ -  3) 

11 a C - N  0 .2736  - 0 .8813 0.0193 - 2 .6739 

1 l a  N - S  0 .2277 - 0 .1580  0 .0574  - 1.9602 

l l a  S - O ~  0 .2930  1.2796 0 .0378 - 2 .2363 

l l a  S-Og,,  0 .2970  1.3382 0 .0410  - 2.2721 

l l a  S-Og~ 0 .2959  1.3231 0 .0440  - 2 .2674 

l l a  N - H  0 .3603 - 1.9623 0 .0534  - 3.7178 

1 l a  Og~ - H  ~,. 0 .0225 0 .0748 0 .0889  0 .0027 

l l a  O~ - H  ,~ 0 .3696  - 2 .5643 0 .0224  - 4 .7947 

1 l a  O,~ - H  ,~, 0 .3909  - 2.4355 0 .0246 - 4 .6712 

J E ( l l a ) =  - 12.91 k c a l m o l  I 

1 l b  C N 0 .2729 - 0 .8708 0.0t  88 - 2 .6766 

l i b  N - S  0.2285 - 0 . 1 4 8 1  0.0538 - 1.9669 

1 l b  S-O~, 0 .2995 1.3796 0 .0336 - 2 .2930 

l i b  S - O ~  0 .2948 1.3111 0.0405 - 2.2512 

1 l b  S -Ogg  0 .2907 1.2421 0.0473 - 2 .2228 

l l b  N H 0 .3604  - 1.9631 0.0541 3.7191 

1 l b  O ~  - H  ,~. 0 .0150  0 .0504  0 .0496 - 0 .0014  

11 b O~g - H  ,, 0 .0162 0 .0530  0.0605 - 0.(/054 

1 l b  O,~ - H , ~  0 .3817 - 2 .5179 0 .0232 - 4 .7576  

1 l b  O, ,  - H  ,, 0 .3803 - 2.5251 0.0231 - 4 .7643 

1 l b  R C P  b 0 .0073 0.(1040 

A E ( I  l b )  = - 14.54 kcal t oo l -  i 

l l c  C - N  0 .2733 - 0 . 8 7 7 6  0.0191 - 2 .6732 

l l c  N - S  0 .2280  - 0 .1572 0.0578 - 1.9635 

I l c  S-O~, 0 .2946 1.3053 0.0367 - 2 .2492 

1 lc  S-O~ 0.2949 1.3115 0 .0406 - 2 .2519 

1 l c  S-Og~ 0.2961 1.3246 0 .0442 - 2 .2687 

1 l e  N - H  0.36(13 - 1.9618 0.0535 - 3 .7178 

l l c  O ~ , - H  ,~ 0 .0145 0.0488 0 .0479 - 0 . 0 0 1 4  

l l e  O , , - H  ~, 0 .0150  0 .0498 0 .0532 - 0 . 0 0 1 4  

1 l c  O,~ - H , ~  0 .3816  - 2.5191 0.0233 - 4 .7583 

l l e  O,, H,~. 0 .3812 - 2 . 5 2 1 9  0.0233 - 4 . 7 6 1 6  

l l e  RC P  h 0 .0068 0 .0376  

J E ( l l c ) =  - 14.19 k c a l m o l  t 

I l d  C - N  0.2711 - 0 .8578 0.0155 - 2 .6515 

1 ld N - S  0 .2209 - 0 .1948 0 .0439  - 1.8839 

l l d  S - O ,  0 .2966  1.3335 0 .0393 - 2 .2674 

1 ld S-O~ 0.2983 1.3695 0.0441 - 2 .2795 

1 ld S -Ogg  0 .2953 1.3129 0 .0474 - 2 .2606 

l i d  N - H  0.3595 - 1.9551 0.0483 - 3.7043 

11 d N - H  w 0 .0198 0 .0550  0 .0337 - 0 .0007 

1 l d  O~,. - H  ,~ 0 .3738 - 2 .5460 0.0231 - 4 .7819  

l i d  O~ -H,~. 0 .3894 - 2.4543 0 .0244  - 4 . 6 8 9 4  

J E ( l l d ) =  - l l . 5 4 k c a l  mol  t 

~' H ~ O  E ( S C F ) =  - 7 6 . 0 3 1 2 3 3 0 6  au at the s ame  level  o f  theory.  

h Ac tua l ly  these are Pr and V 2pr. 
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Fig. 7. Gas-phase (0 K) torsion potentials for rotations about (a) the C N - S O .  

bond in 2. All energies from SCF 6-31 + G  * " calculations. 
bond in l and (b) the C C - N S  

initio curve for the N - C  bond of N-ethyl sulfamate is shown in Fig. 7b. For the S - N  
bond the usual three-parameter Fourier analysis fits well, but for the N - C  bond some 
discrepancy is found since the ab initio curve is not symmetric. The M M +  calculated 
torsion potential (not shown) for the C - N  bond of N-methyl sulfamate anion is 
superimposable on the curve in Fig. 7a. The corresponding MM + calculated curve for 
the N - C  bond is also almost superimposable between 70 ° and 210 °. For eclipsing 
conformations strong van der Waals repulsions create energy barriers that are too high. 
The torsional portion of the energy barrier fits the ab initio data well (not shown). 

Successful modeling of the charged functional groups requires careful attention to 
electrostatics [35]. The present version of M M +  (see Experimental) allows for the use 
of  point charges to estimate electrostatic interactions. Due to the strong 1 / r  dependence, 
these terms are usually dominant in the molecular modeling. Table 7 gives the atomic 
charges calculated by the Bader AIM method, by the AM I semiempirical method, and 
those from the ab initio calculations (see Experimental for details of calculations). The 
AIM method is conceptually different from the other methods (for a discussion see ref. 
[37]). Also shown for comparison are the calculated charges for O-methyl 5 and ethyl 
sulfate 6. The large positive charges on sulfur and the smaller but still large negative 
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Table 7 

Selected ab initio and A M I  ( M u l l i k e n )  point charges as wel l  as B a d e r ' s  A I M  atomic charges 
sulfate 5, N-methyl sulfamate 1, ethyl sulfate 6 and N-ethyl sulfamate 2 anions 

33 

for O-methyl 

Atom O-Methyl sulfate 5 N - M e t h y l  su l f ama te  l 1 A M  I I B a d e r ' s  A I M  

C - 0 . 1 4 2  - 0 . 2 7 5 8  - 0 . 0 8 1 4  0 . 6 7 2 3  

N - 0 , 7 0 4 1 ( O )  - 0 . 7 4 8 5  - 0 . 8 2 1 6  - 1 .4872  

H C  0 . 0 9 0 7  0 . 0 8 7 3  0 . 0 3 9 5  - 0 . 0 9 8 7  

H C  0 . 1 2 8 9  0 . 1 2 4 9  0 . 0 4 9 2  - 0 . 0 6 6 2  

H C  0 . 1 2 8 9  0 . 1 4 5 9  0 . 0 9 0 5  - 0 . 0 3 1 7  

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

O ,  - 0 . 8 8 6 4  - 0 . 9 0 8 3  - 1 . 0 4 9 0  - 1 . 4 8 7 2  

O ~  - 0 . 9 2 5 7  - 0 . 9 1 9 4  - 1.0471 - 1 .5597 

Ogg - 0 . 9 2 5 7  - 0 . 8 9 4 4  - 1.0761 - 1 .5658  

H N  - 0 . 3 0 5 9  0 . 1 6 7 3  0 . 3 9 0 6  

Ethyl sulfate 6 N-ethyl sulfamate 2 2 A M I  2 B a d e r ' s  A I M  

C-  1 - 0 . 4 5 2 4  - 0 . 4 0 2 6  - 0 . 2 2 8 3  0 . 2 2 2 0  

C-2  0 . 0 3 0 3  - 0 .1571  - 0 . 1 7 0 9  0 .6441  

H C - 2  0 . 1 2 8 8  0 . 1 0 3 0  0 . 0 5 1 4  - 0 . 0 9 9 3  

H C - 2  0 . 1 2 8 4  0 . 1 4 6 3  0 . 0 9 3 2  - 0 . 0 3 6 3  

H C - 2  0 . 1 2 8 4  0 .1241  0 . 0 2 4 6 5  - 0 . 0 7 5 8  

N - 0 . 7 5 0 9 ( 0 )  - 0 . 7 7 8 0  - 0 . 8 8 9 0  - 1.4961 

H C -  I 0 . 1 0 2 8  0 . 1 0 4 8  0 . 0 4 9 0 9  - 0 . 1 0 1 5  

H C -  I 0 . 1 2 8 8  0 . 1 3 4 7  0 . 0 7 6 2  - 0 . 0 6 8 5  

S 2 .2761  2 . 1 1 6 0  2 .8371  4 . 3 0 6 6  

O~, - 0 . 8 8 0 8  - 0 . 8 9 7 8  - 1 .0745 - 1 .5600  

Og~ - 0 . 9 1 9 8  - 0 . 9 1 6 5  - 1 .0748  - 1 .5599  

Og~ - 0 . 9 1 9 7  - 0 . 8 8 2 7  - 1.0731 - 1 .5658  

H N  - 0 . 3 0 5 7  0 . 1 9 1 0  0 . 3 8 8 0  

values on nitrogen and oxygen reflect the highly polarized nature of  these bonds. The ab 
initio Mulliken charges led to satisfactory structures (RMSD for 1, 0.1599 and for 2, 
0.1528, see below). However, we have chosen to use the AM1 values for these 
molecular studies since it is just feasible to calculate these charges for the large systems 
(8 -10 )  modeled below. We include the other values since readers may find them useful 
for their applications. 

Little experimental data is available with which to compare the M M +  calculated 
results. We have used our ab initio results for 1 and 2 and the 4-31 + G** literature 
results for N-isopropyl sulfamate 7 [29]. In the last case, two conformers were found that 
differed in energy by 0.54 kcal mol -  ~. The third staggered conformer with both methyls 
gauche to the nitrogen was found to be 5.02 kcal mol-  ~ higher in energy (see Fig. 8 for 
structures of  7). The conformational spaces were sampled using the torsion-angle-search- 
ing algorithm of ref. [16], implemented in Hyperchem v. 4 [38]. The RMSD for all 
atoms for 1 searched using this algorithm was 0.1149 and O a - S - N - C  = - 179.8 °. For 2 
the lowest-energy conformer has an RMSD of 0.0764, S - N - C - C  = - 1 7 9 . 3  °. Two 
other conformers with S - N - C - C  = 93.3 ° and - 9 3 . 7  ° and 1.10 and 1.31 kcalmol -~ 
above the minimum were also found. For 7 three conformers with S - N - C - H  torsion 
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Fig. 8. Newman projections about the C-N bond of N-isopropylsulfamate 7 showing the three staggered 
rotamers. 

Table 8 
Comparison of gas-phase 
derivatives (8-10)  

calculated structures with X-ray structures of 2-deoxy-2-sulfoamino-tx-D-glucose salt 

Bond lengths (,~,) 

C-N N-S S-O~ S-Og a S-Ogg N-H 

8 Experimental 1.503 1.639 1.466 1.457 1.447 1.01 ~ 
Calculated 1.485 1.687 1.476 1.486 1.462 1.001 

9 Experimental 1.446 1.641 1.453 1.474 1.441 
Calculated 1.493 1.680 1.452 1.441 1.468 0.998 

10 Experimental 1.442 1.629 1.451 1.472 1.450 a 
Calculated 1.477 1.663 1.465 1.440 1.443 1.003 

Bond angles (°) 

C - N - S  N - S - O .  N-S-Og~ N-S-Og~ O~-S-Og~ 

8 Experimental 118.01 102.09 105.92 111.33 113.36 
Calculated 122.62 102.87 106.29 106.07 113.33 

9 Experimental 117.74 100.35 109.79 106.49 111.55 
Calculated 121.78 100.34 104.24 106.24 117.59 

10 Experimental 119.64 103.09 109.98 105.37 112.01 
Calculated 122.92 92.17 102.93 104.81 117.61 

Oa-S-Ogg Og,,-S-Ogg S - N - H  C - N - H  

8 Experimental I 11.60 I 11.97 109.47 ~ 109.47 ~ 
Calculated 114.48 112.70 97.34 107.96 

9 Experimental 114.48 110.74 ~ " 
Calculated 112.81 113.57 98.87 112.26 

10 Experimental 111.94 110.86 ~ 
Calculated 116.19 117.30 96.39 100.70 

Bond torsions (°) 

C 2 - N - S - O  . C I - C 2 - N - S  C_,-C3-O-S 

8 Experimental - 170.57 110.66 n.a. 
Calculated - 172.47 111.34 

9 Experimental 168.93 104.06 - 105.87 
Calculated 165.20 132.80 114.26 

10 Experimental 171.97 98.71 - 99.32 
Calculated 176.82 64.80 - 117.12 

Default values. 
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angles of -41 .3  °, 36.7 ° , and 172.7 °, and relative energies of 0, 1.00, and 4.10 
kcal mol-  J were found in substantial agreement with the 4-31 + G * * ab initio results. 

We have also used the X-ray diffraction results for 2-deoxy-2-sulfoamino-c~-mglu- 
cose dihydrate, sodium salt (8) [39], 2-deoxy-3-O-sulfo-2-sulfoamino-c~-D-glucose trihy- 
drate, disodium salt (9), and methyl 2-deoxy-3-O-sulfo-2-sulfoamino-a-mglucosamine 
tetrahydrate, disodium salt (10) [40]. The hydrogen atoms were not accurately found in 
the solid-state structures and were thus added in the standard geometries. In all cases the 
M M +  calculations adequately reproduced the N-S  and O-S  bond lengths and associ- 
ated bond angles. The RMSDs for all atoms, except the hydroxyl hydrogens and 
counter-ions or waters of hydration, are 0.3546 in 8, 0.5872 in 9, and 0.6784 in 10. For 
salts 8 -10  the experimental C-2 -N-S-O~ torsion angle is 176.8 _+ 6.39% in excellent 
agreement with the calculated value of 174.9 +11.45 ° . However, the experimental 
S - N - C - 2 - C - I  torsion angle is 104.48 + 5.99 °, whereas the lowest-energy conformer 
found from searching this angle was 72.3 _+ 2.0 for 8-10. Both the experimental values 
and the M M +  calculated ones are in one of the secondary ab initio minima of Fig. 7b, 
but the corresponding angle lbr S - N - C - 2 - C - 3  is 224.6 °, which is not in an ab initio 
minimum for 2. The M M ÷  calculated value for S - N - C - 2 - C - 3  is 192.4 °, which is in 
the main ab initio minimum. In the absence of compensating steric or electrostatic 
interactions, the MM + calculated torsion is determined by the potential fit to the curve 
for 2. This result suggests that the solid-state S-N-C-2(C)  torsions are at least partly 
determined by such steric or electrostatic interactions such as intermolecular contacts not 
modeled in these calculations. 

Preliminary MM+ calculations incorporating the sodium cation (see Experimental) 
led to improved results for this torsion angle with average values 102.98 _+ 34.76 °. These 
geometries are tabulated in Table 8. Ferro et al. [35] have modified their version of the 
MM program to reproduce the crystal packing of several alkali cation salts of sulfates 
[41 ] and 8. The use of their parameters could improve the fits reported here. The starting 
coordinates for the sodium cation were found to be very important. For example, three 
complexes with the sodium cation complexed to each of the three terminal oxygens of 
the N-sulfo group were found that differed in energy as follows: O,~, 0.00; O~,  0.91; and 
Og~, 2.01 kcal tool ~. No bidentate complexes were found. 

4. Conclusions 

Heparin is known to have both specific and nonspecific interactions with proteins 
[42]. For example, heparin interacts nonspecifically with thrombin but specifically with 
antithrombin [9]. The latter interaction is mediated by a specific pentasaccharide 
sequence [43], Numerous derivatives of this pentasaccharide have been prepared and 
tested. One of the more remarkable results is the exchange of one sulfate for a 
phosphate, which results in almost complete loss of biological activity [44]. This result 
suggests that a highly specific sulfate interaction should exist in the heparin-antithrom- 
bin complex, but no explanation for this result is at present known. Other derivatives 
replaced the sulfamates with sulfates with retained activity [45]. Since this modification 
greatly reduces the synthetic complexity, it leads to potentially useful mimetics [46]. 
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The heparin binding site of antithrombin has been partly elucidated by molecular 
modeling [33] and is proposed to involve a complementary array of Arg and Lys side 
chains. Other heparin-binding proteins have been proposed to form "cationic cradles" 
by bringing together basic amino acids from discontinuous portions of the polypeptide 
chain [47]. The strong ionic strength dependence of thermodynamic properties of 
heparin-protein binding also clearly indicate the importance of electrostatic interactions. 
In one example, the binding of heparin to mucus proteinase inhibitor is characterized by 
five to six sites, each contributing about 2.5 kcal mol-J towards the binding enthalpy. 

None of these studies distinguish between the nondirectional Model A and the 
directional Model B for ion-pair formation of Fig. 2. The direct involvement of 
hydrogen-bonding to sulfate anions has been shown in a few model studies. For 
example, a calixarene tetrasulfonamide-amide binds HSO 4 selectively [48]. A poly- 
cyclic quinoline phenol derivative forms hydrogen-bond stabilized ion-pairs with p- 
toluenesulfonic acid [49]. Finally a series of lipophilic bis-guanidinium compounds 

Table 9 

Intra- and inter-molecular contacts ( < 3.2 ,&) of the N- and O-sulfo groups " (distances in A) 

2-Deoxy-2-sulfoamino-a-o-glucose dihydrate, sodium salt (8) 

N(I) .  •. O6(I + a) 3.109(9) O2S(I) - • - OW2(III-b-2c) 3.019(9) 

OaS 1 ( I ) . . .  O W l ( I  + a) 2.672(9) O3S(I) •. • N(IV-b-2c) 3.015(8) 

OaS 1(I). - • O3(IV-b-2c) 2.787(7) O3S(I) • •. O4(IV-a-b-2c) 2.758(8) 

O 2 S ( I ) . . .  Na(1) 2.382(7) 

2-Deoxy-3-O-sulfo-2-sulfoamino-a-o-glucose trihydrate, disodium salt (9) 

N ( I ) . .  • O3W(IV-a-b-c) 2.996(16) O~a S l ( I ) .  •. O4(I + a) 2.807(15) 

O aS l ( I ) .  • - Na 1 (IV-a-b-c) 2.413( 11 ) Og~S l ( I ) .  •. O2W(IV-b-c) 2.955(17) 

OaS l ( I )"  • " Na2(IV-b-c) 2.359(12) O, S2(I) -. - Na2(IV-a-b-c) 2.421(11) 

OaS l ( I ) . .  • O 1W(IV-a-b-c) 3.152(13) OaS2(I) •. • O2W(IV-a-b-c) 2.957(15) 

OaS l ( I ) '  • • O2W(IV-b-c) 3.215(16) O, S2(I) " " " O3W(IV-a-b-c) 3.244(14) 

O g g S l ( I ) . . .  Na2(I) 2.524(11) O g S 2 ( I ) . . .  Na2(I) 2.350(1 I) 

OggSl( I ) .  • • O4(I + a) 3.187(15) O g S 2 ( I ) . . .  Nal(IV-a-b-c)  2.41 l ( I  1) 

Ogg S l ( I ) .  •. Na l ( I  + a) 2.478(12) Og,S2(I) . .  • Na l ( I )  2.448( I 1 ) 

Ogg S l ( I ) .  •. O IW(IV-a-b-c) 3.090(13) Og,S2(I) • • .  O3W(I)  2.845(14) 

OgaSl(I)  • •. Ol(III-b-c)  2.845(13) Og ,S2( I ) . . .  OIW(IV-2a-b-c)  2.888(14) 

Methyl 2-deoxy-3-O-sulfo-2-sulfoamino-a-D-glucosamine tetrahydrate, disodium salt (10) 

N(I ) .  - • O3W(I)  

O~S l ( I ) . .  • Nal ( IV-c)  

O~S 1(I). • • Na2(I + a) 
Oa81(I)""" O1W(]V-b-c) 
OggSl( I ) -  - O 4 ( I + a )  
OggSl(I)  • N a l ( I + a )  

Ogg S l ( I ) .  Na2(IV-b-c) 
OggSl(I)  • O 1W(IV-b-c) 

OgaS l (1) '  O4(I + a) 

3.041 (4) Og, S 1 (I ) .  - - O2W(I + a) 2.911(4) 

2.383(2) OaS2(I) " " ' Na2(1) 2.365(2) 

2.322(2) O~S2(I) -. • O2W(I)  3.097(4) 
3.156(3) Og $2(I) • • • Nal ( IV-c)  2.428(2) 
3.159(3) Og S2(I) .  •. Na2(IV-b-c) 2.366(2) 

2.454(2) O g S 2 ( I ) . . .  OIW(IV-b-c)  3.216(3) 

2.538(3) Og,S2(1) . . .  Na l ( I )  2.508(3) 
3.060(3) Og,S2(I) •. • O 1W(IV-a-b-c) 2.877(3) 
2.743(3) Og ,S2( I ) - . .  O3W(IV-b-c) 2.875(4) 

a Explanation of nomenclature. Symmetry code: (I) = x, y, z; (II) = - x + 1 /2 ,  - y, z + 1 /2 ;  (III) = x + 1 /2 ,  
- y + I / 2 ,  - z; (IV) = - x, y + 1 /2 ,  - z + 1 /2 .  Note all crystals are orthorhombic and belong to the space 
group P21212 I. Cell parameters are a = 7 . 7 1 3 ( 1 ) ,  b=9 .390 (2 ) ,  c =  17 .222(2) for  8; a = 7 . 8 8 3 ( 1 ) ,  b =  
8.953(1), c = 22.391(2) for 9; a = 7.818(1), b = 8.996 (1), c = 26.734(5) for 10. 
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selectively extract SO 4 anions into chloroform [50]. Perhaps the most relevant example 
is the existence of an intermolecular bifurcated hydrogen-bonding system in the crystal 
lattice of 8. In this case the sulfamate hydrogen ( N - - .  Ogg, 3.015 ,~) and the 0-3 
hydrogen (O . . .  O~, 2.787 ,~) of one sugar residue act as donors, and two sulfamate 
S = O oxyogens of another residue act as acceptors. These bond lengths (O,~ - • - O, 2.97 
and 2.99 A in l i b  and 3.01 and 3.01 A in l l c ,  see Table 5) resemble those found in the 
calculated water complexes. Table 9 includes a complete set of the experimental 
short-distance contacts to the sulfate groups in 8-10.  All sulfate oxygens form short 
contacts. Since the hydrogens were not accurately located, the nature of the hydrogen- 
bonding interactions is not precise, but most are based on distance and angle constraints 
for single hydrogen bonds like l l a .  It also appears that the sulfoamino hydrogen can act 
as hydrogen-bond donor. Together these experimental and theoretical results suggest 
that, at least in some cases, specific directional hydrogen-bonded structures like Model 
B in Fig. 2 probably exist in protein-heparin complexes. Such types of  binding 
interactions provide a mechanism for selectivity. 
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