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Strong NÿH ´´´ O Hydrogen Bonding in a
Model Compound of the Catalytic Triad in
Serine Proteases**
Jacob Overgaard, Birgit Schiùtt, Finn K. Larsen,
Arthur J. Schultz, John C. MacDonald, Bo B. Iversen*

The cleavage of peptide bonds is an important reaction in
nature that involves the catalytic triad of residues (Ser-His-
Asp) in the active site of the serine proteases class of enzymes
(Figure 1).[1] A number of studies have suggested that a low-
barrier hydrogen bond (LBHB) is involved in the reaction
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Figure 1. Schematic drawing of the catalytic triad in serine proteases. No
formal charges or bond orders have been assumed in the sketch.

mechanism as a partial proton transfer between His57 and
Asp102.[2] Formation of a LBHB can account for many of the
special physicochemical observations found in some enzymes,
but it is still a matter of controversy whether a LBHB
contributes significantly toward the catalytic activity of the
triad.[3] Much research has been carried out to examine the
nature of short, strong hydrogen bonds, and the principal tools
of analysis have been ab initio computations on small model
systems,[4] crystal structure correlations,[5] and spectroscopic
investigations.[6] It is increasingly evident that a number of
factors besides the distance between heteroatoms influences
the formation of a LBHB. Factors such as matching of pKa

values, involvement in other hydrogen bonds, and steric strain
are also of importance. Analysis of charge densities (CDs) in
model systems provides an alternative method for studying
hydrogen bonds. Charge densities in hydrogen bond systems
can be determined experimentally from combined analysis of
low-temperature X-ray and neutron diffraction data.[7] Con-
trary to ab initio theory, experimental CD studies have far
fewer restrictions on the size of the model system that can be
studied, and the results inherently reflect all interactions in
the crystal. Detailed quantitative information about the
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bonding can be obtained by Bader topological analysis of the
CD.[8]

In order to investigate the electronic structure of short NÿH
´´´ O bonds, we have carried out combined low-temperature
(28(1) K) X-ray and neutron diffraction studies of the
cocrystal between betaine, imidazole, and picric acid (Fig-
ure 2). The complex serves as a model for the catalytic triad,

Figure 2. Cocrystal of betaine, imidazole, and picric acid (ORTEP drawing
at 95% probability level based on neutron diffraction data at 28 K).
Hydrogen atoms have been omitted for clarity. A short CÿH ´´´ O
interaction exists between C8B ± H8B ´´´ O7A (3.070(3) �), which is
important for the crystal packing.

and the system is attractive a priori since it contains three
different short NÿH ´´´ O contacts (<2.7 �) in the same
crystal. This enables us to investigate factors such as matching
of pKa values and three center hydrogen bonding without the
effects of differences in systematic errors between different
experiments normally encountered in crystal structure corre-
lations.

To achieve high resolution within strict neutron beam time
limitations we employed the white beam time-of-flight
neutron diffraction technique at the SCD station at the
Intense Pulsed Neutron Source.[9] The structure contains 75
unique atoms in the asymmetric unit making it one of the

largest structures investigated to high resolution (dmin>

0.38 �) by neutron diffraction. High resolution is critical to
define the thermal motion of the atoms properly. Refinement
of anharmonic thermal parameters provides an experimental
probe for the shape of the potential energy surface for proton
transfer.[7] X-ray data at matching temperatures were collect-
ed on two different crystals using both synchrotron radiation
and conventional sealed tube radiation. The synchrotron data
were collected to high resolution at beam line X3A1 at the
National Synchrotron Light Source using image plate detec-
tors, but for technical reasons the data was not complete in the
low-order region. Therefore, complete low-order data were
collected on a four-circle sealed tube diffractometer. Since
extinction in both crystals was negligible, the two data sets
were refined simultanously in the CD modeling.

None of the atoms showed significant anharmonic thermal
parameters in the refinement against the neutron data.
Furthermore the atomic mean square displacements are not
conspicuous in size. This result indicates that the potential
energy surfaces of all the hydrogen bonds in the complex
consist of two separate harmonic potential wells. The struc-
tural parameters for the 25 hydrogen atoms derived from the
neutron data were used at fixed values in the refinement
against the X-ray data. The charge density was modeled with
the Hansen ± Coppens multipole model,[10] which accurately
describes aspherical density distributions for compounds
containing second row elements.

Bond lengths and topological properties for the three short
hydrogen bonds are listed in Table 1. The neutron data reveal
a significant lengthening of the NÿH distances relative to
weakly bonded systems (1.0 �), and the lengthening fits well
with the NÿH versus H ´´´ O distance correlations established
by Steiner.[5b] The data show that all the hydrogen atoms are
localized at the nitrogen atoms, and that none are involved in
LBHBs. The absence of LBHBs is supported by the topo-
logical analysis, which shows the O ´´´ H interactions to be
predominantly electrostatic interactions (r21> 0) between
closed-shell atoms (Figure 3). It is, however, clear that
especially bond B has a considerable polarization of the
Laplacian (Laplacian operator of the electron density func-
tion) towards the acceptor atom. Madsen et al. have shown
that in LBHBs the fundamental nature of the interaction is

Table 1. Topological properties of the short, strong hydrogen bonds. 1 is the electron density andr21 the Laplacian at the bond critical points. q1 and q2 are
atomic charges derived from the charge density. V and T are the potential energy density and the kinetic energy density, respectively. EHB is the hydrogen
bond energy.

Bond Dneutron aNÿH ´´´ O 1 r21 q1
[a] q2

[a] V[b] T[b] EHB�ÿ 1�2V[c]

[�] [8] [e�ÿ3] [e�ÿ5] [kcal molÿ1] [kcal molÿ1] [kcal molÿ1]

A N1A ± O1A 2.613(2) 154.5(5)
N1A ± H1A 1.046(4) 2.00 ÿ 30.7 ÿ 0.04 0.23
H1A ± O1A 1.631(4) 0.37 3.2 0.23 ÿ 0.20 ÿ 34.9 (ÿ33.8)[d] 28.0 (33.5) 17.4 (16.9)

B N3A ± O8 2.685(2) 171.2(4)
N3A ± H3A 1.056(4) 1.87 ÿ 29.9 ÿ 0.08 0.28
H3A ± O8 1.637(4) 0.41 1.8 0.28 ÿ 0.38 ÿ 37.8 (ÿ33.0) 24.8 (32.9) 18.9 (16.5)

C N1B ± O1B 2.676(2) 157.2(4)
N1B ± H1B 1.049(4) 2.00 ÿ 34.6 ÿ 0.05 0.28
H1B ± O1B 1.678(4) 0.30 3.0 0.28 ÿ 0.20 ÿ 26.2 (ÿ28.4) 23.0 (29.4) 13.1 (14.2)

[a] Based on spherical kappa refinement. [b] Y. A. Abramov, Acta Crystallogr. Sect. A 1997, 53, 264 ± 272. [c] E. Espinosa, E. Molins, C. Lecomte, Chem. Phys.
Lett. 1998, 285, 170 ± 173. [d] Values in parentheses are calculated based on correlations established in [c] for normal hydrogen bonds.
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different than in longer hydrogen bonds, and the hydrogen
atom becomes partly covalently bonded to both heteroatoms.[7]

If the heteroatom distance uniquely defines the nature of
the hydrogen bonds, then the present study could be used to
establish an upper limit for the distance of NÿH ´´´ O LBHBs
in enzymes (2.613(2) �). There are, however, subtleties in the
NÿH ´´´ O bond properties that indicate other factors are
important. For example, the NÿH distance is marginally
longer in bond B than in bond A, even though the N ´´´ O and
O ´´´ H distances are longer in bond B (Figure 1, Table 1).
Furthermore bond B is a two-center bond, whereas bonds A
and C are three-center bonds with longer secondary hydrogen
bond interactions (O2A ´´´ H1A 2.312(5) �, O2B ´´´ H1B
2.242(5) �). The secondary interactions will further lengthen
the NÿH distances in bonds A and C. The longer NÿH
distance in bond B may be due to a better pKa match between
betaine (1.8) and the imidazolium ion (7.0) than between the
imidazolium ion and picric acid (0.4) (pKa(imidazole)� 10.5).
The topological analysis reveals that the strongest hydrogen
bond is formed in bond B, although all three hydrogen bonds
are strong with bonding energies exceeding those of normal
hydrogen bonds (2 ± 10 kcal molÿ1). In fact the bond energies
(EHB) are very similar to the LBHB of benzoylacetone
(16 kcal molÿ1).[4c] This study demonstrates that short, strong
hydrogen bonds do not have to be low-barrier. The estimate
of the bond energy EHB is, however, only strictly valid for
electrostatic interactions; the present hydrogen bonds deviate
from the correlations established previously for a large
number of normal hydrogen bonds.[11] Our data therefore
indicates that the strong hydrogen bonds in the present
complex are not entirely electrostatic in character. The
smaller positive value of r21 in bond B indicates that bond
B has most covalency and thus is closest to being a LBHB
system. Furthermore the atomic charges of bond B are larger
than in the two other hydrogen bonds (Table 1), although still
smaller than in the LBHB of benzoylacetone (O(ÿ0.51(5)),
H(�0.40(3)), O(ÿ0.45(4))).[7] The transition to covalency
appears to occur without abrupt changes in the character of
the hydrogen bond interaction. It is notable that the bond that
best mimics the His57 ± Asp102 structure (bond B), also is
closest to being a LBHB. It seems reasonable that to attain a

LBHB in bond B more charge needs to be added to N3A, and
to a lesser extent removed from H3A. If low-barrier hydrogen
bonds in fact are present in enzymes, then other factors not
active in the present model complex must account for this
charge migration. A possible explanation could be the
electron-donating CH2 groups present in histidine that are
absent in imidazole. We are currently performing high-level
ab initio calculations on our model system to gain further
insights about the triad and to provide a detailed comparison
with the experimental results.

Experimental Section

The cocrystal of C5NO2H11, C3N2H5, and C6N3O7H2 (C23N11O16H25 in the
asymmetric unit, FW� 711.51 g molÿ1) belongs to the monoclinic space
group C2/c. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no. CCDC-
112286. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).

Neutron diffraction: T� 28(1) K, a� 33.536(5), b� 7.636(1), c� 25.066(4) �,
b� 114.90(1)8, V� 5822(2) �3, Vcrystal� 13.2 mm3, 0.7< l< 4.2 �, complete
data out to (sinq/l)max� 0.81 �ÿ1, partial data out to (sinq/l)max� 1.3 �ÿ1, ma

(true absorption at l� 1.8 �)� 1.22 cmÿ1, ms (total scattering)� 1.15 cmÿ1

(absorption correction performed), No. of measured reflections� 29014.

Synchrotron X-ray diffraction: T� 28(1) K, a� 33.54(2), b� 7.64(2), c�
24.98(4) �, b� 114.76(5)8, V� 5813(30) �3, Vcrystal� 0.001 mm3, l�
0.643(1) �, (sinq/l)max� 1.08 �ÿ1, m1� 0.08 cmÿ1 (no absorption correc-
tion), No. of measured reflections� 98 132, No. of unique� 15657, Rint�
0.030.

Sealed tube X-ray diffraction: T� 10(1) K, a� 33.57(1), b� 7.640(2), c�
25.031(8) �, b� 114.84(2)8, V� 5826(6) �3, Vcrystal� 0.058 mm3, l�
0.5616 �, (sinq/l)max� 0.51 �ÿ1, m1� 0.06 cmÿ1 (no absorption correction),
No. of measured reflections� 16 382, No. of unique� 3187, Rint� 0.016.

Neutron refinement: Nobs� 8867 (I> 3s(I)), Npar� 708, GOF� 1.79, RF�
0.082, RwF� 0.063.

Multipole refinement: The O, N, and C atoms were modeled with multipole
expansions up to octupole level with two radial kappa parameters for each
chemically unique type of atom (12 different kappa sets). The hydrogen
atoms had multipole expansions to quadrupole level with positions and
anisotropic thermal parameters fixed at values from the neutron refine-
ment. The accuracy of the model can be tested by comparing thermal
parameters for the heavy atoms derived separately from the X-ray and
neutron data.[12] In the present case we obtain hDUXÿNi� 0.0009 �2 and
hUX/UNi� 1.05. This demonstrates that the systematic errors are minimal,

Figure 3. Contour plot of the negative of the Laplacian of the electron density in the planes of the three strong NÿH ´´´ O hydrogen bonds. A) N1AÿH1A ´´´
O1A; B) N3AÿH3A ´´´ O8; C) N1BÿH1B ´´´ O1B. The contours are drawn at logarithmic intervals of 1.0� 2N e �ÿ5. The dotted line is the zero contour. Solid
lines are positive contours, and broken lines are negative contours.
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Pentamethylcyclopentadienylrhodium(iiiiii) and
-iridium(iiiiii) Complexes Showing P,O
Coordination: Unprecedented Insertion of
tcne and tcnq into a CÿH Bond**
Yasuhiro Yamamoto,* Xiao-Hong Han,
Ken-ichiro Sugawara, and Saho Nishimura

Tetracyanoethylene (tcne) forms a variety of charge trans-
fer and organometallic complexes as a result of its strong
electrophilicity.[1] It is widely used as a precursor of organic

magnets, the tetracyanoethylene-based organic magnets.[2]

Reactions of tcne with metal ± acetylide, metal ± hydride, or
metal ± h1-dienyl complexes exhibit characteristic features:
1) insertion into MÿC bonds[3a, b] and into MÿH bonds to
afford cyano(dicyanomethyl)keteniminato complexes;[3c±e]

2) [2�2] addition to acetylide groups to give cyclobutene ±
metal complexes;[4] 3) [4�2] or [3�2] addition to diene
moities to produce cyclohexene± or cyclopentane ± metal
complexes;[5] 4) a,b addition of dicyanomethylene fragments,
derived from cleavage of the double bond of tcne, to an
acetylide group.[6] In all cases except for (1), tcne is reactive to
strongly activated unsaturated groups on the ligands.

Recently we reported that one of the ortho-methoxy groups
in (2,6-dimethoxyphenyl)diphenylphosphane (MDMPP) is
demethylated upon reaction with bis[dichloro(h6-arene)ru-
thenium(ii)] or bis[dichloro(h5-pentamethylcyclopentadienyl)-
rhodium(iii)] to give [(h6-arene)RuCl(MDMPP-P,O)][7a, b]

and [(h5-C5Me5)RhCl(MDMPP-P,O)],[8] respectively
(MDMPP-P,O�PPh2(2-O-6-MeO-C6H3), a P,O chelating
phosphane). These complexes react with Lewis bases (L) in
the presence of PFÿ6 to give the corresponding cationic
complexes [(h6-arene)Ru(MDMPP-P,O)(L)][PF6][7c] and
[(h5-C5Me5)Rh(MDMPP-P,O)(L)][PF6].[8] While investigat-
ing the interactions of these complexes with small molecules
such as olefins and alkynes, we found that tcne inserted into a
weakly activated CÿH bond on the substituted phenyl ring of
the phosphane ligand upon reaction with the rhodium(iii) or
iridium(iii) complexes [(h5-C5Me5)MCl(MDMPP-P,O)] (1 a :
M�Rh,[8] 1 b : M� Ir[9]). This represents novel reactivity for
tcne.

When tcne was added to 1 a or 1 b in CH2Cl2 at room
temperature (Scheme 1), the solution became brown or
yellow. In each case a 1:1 adduct was isolated, which on the

Scheme 1. Reactions of complexes 1 with tcne or tcnq.

basis of fast atom bombardment (FAB) mass spectrometry
was assigned as 2 a (m/z 709 [M�], orange-brown) or 2 b (m/z
798 [M�], yellow; see the Experimental Section). In the IR
spectrum of 2 a a very weak C�N stretching frequency
appeared at 2250 cmÿ1, which is at higher energy than that
of free tcne (2207 cmÿ1) and p-complexed tcne (2170 ±
2235 cmÿ1).[1] However, no IR signal was observed for 2 b as
bands in the nCN region are extremely weak. In the 1H NMR
spectra of 2 three characteristic resonances around d� 1.50,

and thus we can have confidence in the static model charge densities. Nobs�
11182 (only multiple measured reflections), Npar� 1128, GOF� 1.13, RF2�
0.035, RwF2� 0.046.
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