
The effect of protonation on the conformation of
N,N,N′,N′-tetramethylethylenediamine (TMEDA) has been
studied by Raman spectroscopy and ab initio theory.  TMEDA
and TMEDAH2

2+ molecules assume predominantly the trans
NC−CN conformation in aqueous solution, while a large num-
ber of TMEDAH+ molecules assume the gauche NC−CN con-
formation, as stabilized by strong intramolecular 1,4-N−H+···N
hydrogen bonding.

Hydrogen bonding plays an important role in life processes
and displays great variety both in the energetics of the bonds
and in their structural features in biological molecules.1 In pre-
vious papers,2,3 the existence of strong intramolecular 1,4-
N–H+···O hydrogen bonding has been reported for protonated 2-
(N,N-dimethylamino)ethanol (DMAEH+).  The molecules of
DMAEH+ assume predominantly the G–+G±t conformation (G,
gauche; t or T, trans) around the H+N−C−C−OH bonds in aque-
ous solution, indicating that intramolecular 1,4-N−H+···O
hydrogen bonding is stronger than intermolecular O−H···O
hydrogen bonding.  The ab initio calculations by the HF/6-
31G** and MP2/6-31G* methods indicated that intramolecular
1,4-N−H+···O hydrogen bonding is more than twice stronger
than intramolecular 1,4-N···H−O hydrogen bonding.  For
N,N,N′,N′-tetramethylethylenediamine (TMEDA), intramolecu-
lar 1,4-N−H+···N hydrogen bonding is possible for the mono-
protonated species (TMEDAH+), and (CH3)2N···N(CH3)2 and
(CH3)2NH+···H+N(CH3)2 repulsions are possible for TMEDA
and the diprotonated species (TMEDAH2

2+), respectively.  In
the present work, we have studied the effect of protonation on
the conformation of TMEDA by Raman spectroscopy and ab
initio theory, aiming at elucidating the existence and the
strength of intramolecular 1,4-N−H+···N hydrogen bonding. 

The Raman spectra were measured for the liquid state, the
30% aqueous solution, and the HCl solution of TMEDA and for
the solid state of ammonium salts [TMEDAH2]SO4 and
[TMEDAH2]Cl2.  The protonated state was determined on the
basis of the titration curve.  The ab initio molecular orbital cal-
culations by the HF/6-31G** method were performed for possi-
ble conformers of TMEDA, TMEDAH+, and TMEDAH2

2+.4

The relative energies of the conformers and their dipole
moments are given in Table 1, where hydrogen bonding
involved is indicated for the relevant conformers.  The results
of calculations show that for TMEDA the stable conformers are
G±TG±, G±TG–+, G–+G±G–+, G–+G±G±, and G±TT with respect to the
LN−C−C−NL bonds, where L denotes the lone pair of nitrogen.
For TMEDAH+, the most stable conformer is G–+G±G–+ with
respect to the H+N−C−C−NL bonds, as shown in Figure 1,
which is far more stable than others.  The high stability of this
conformer is explained by strong intramolecular 1,4-N−H+···N
hydrogen bonding, as supported by the calculated non-bonded

distance 2.10 Å, which is much shorter than the sum of the van
der Waals radii of hydrogen and nitrogen 2.70 Å, and the calcu-
lated partial charges N−0.60−H+0.39···N−0.66 in e units.  The calcu-
lations showed that the conformers of TMEDAH2

2+ with the
gauche H+NC−CNH+ conformation were not optimized
because of the electrostatic (CH3)2NH+··· H+N(CH3)2 repulsion.

Figure 2 shows the Raman spectra of solid [TMEDAH2]SO4
and [TMEDAH2]Cl2, and the calculated spectra for G–+G±G–+ of
[TMEDAH2]SO4 and G±TG–+of [TMEDAH2]Cl2.  These results
show that TMEDAH2

2+ assumes G–+G±G–+ in [TMEDAH2]SO4
and G±TG–+in [TMEDAH2]Cl2.  Comparison with the calculated
energies (Table 1) indicates that these conformers are stabilized
primarily by intermolecular interactions in crystals.  The molec-
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ular structures of [TMEDAH2]SO4
6 and [TMEDAH2]Br2

7 were
determined by X-ray diffraction, with TMEDAH2

2+ in G–+G±G–+

and G±TG–+, respectively.  Thus, the strong Raman bands at 794
and 870 cm−1 assigned to the NC3 symmetric stretching vibra-
tion are due to the molecules with the gauche and trans NC−
CN conformations, respectively, as supported by normal coor-
dinate calculations.

Figure 3 shows the Raman spectra in the liquid state of
TMEDA, and in the 30% aqueous solution at pH 11.8 (TMEDA),
at pH 7.8 (TMEDAH+), and at pH 3.2 (TMEDAH2

2+), and the
calculated spectra for G–+G±G–+ and G±TG–+ of TMEDAH+.  In the
spectra for pH 11.8 and 3.2, strong bands are observed at 873
and 863 cm−1, respectively, while in the spectrum for pH 7.8
two strong bands are observed at 793 and 865 cm−1.  Thus, the
TMEDA and TMEDAH2

2+ molecules assume predominantly
the trans NC−CN conformation in aqueous solution, while a
large number of TMEDAH+ molecules assume the gauche NC−
CN conformation (G–+G±G–+), indicating the existence of strong
intramolecular 1,4-N−H+···N hydrogen bonding.  For
TMEDAH+, the calculated Raman scattering activities of the
bands at 793 cm−1 (G–+G±G–+) and 865 cm−1 (G±TG–+) are 20.1 and
16.8 Å4 amu−1, respectively.  At pH 7.8 (TMEDAH+), the num-
ber of molecules with the gauche NC−CN conformation is
nearly the same as that of the molecules with the trans NC−CN
conformation, in contrast with the DMAEH+ molecules which
assume predominantly the gauche NC−CO conformation.2

This result shows that intramolecular 1,4-N−H+···N hydrogen
bonding is likely to be rather weaker than intramolecular 1,4-
N−H+···O hydrogen bonding.

The relative intensity of the band at 774 cm−1 in the liquid
state is stronger than that at 784 cm−1 in aqueous solution.  The
population of the conformers in the liquid state is consistent
with the calculated relative energies of the conformers of
TMEDA given in Table 1.  In aqueous solution, the TMEDA
molecules assume predominantly the trans NC−CN conforma-
tion. This result is not explained by the effect of dielectric prop-
erties of solvent, because the dipole moment of G±TG–+ is zero
and the dipole moments of G±TG± and G–+G±G–+ are similar to

each other (Table 1). It is likely that the formation of hydrogen
bonding between the nitrogen atoms of TMEDA and water
molecules stabilizes the trans NC−CN conformation rather than
the gauche NC−CN conformation. The calculations showed
that the molecules of TMEDAH2

2+ prefer the trans NC−CN
conformation to the gauche conformation, the latter being
destabilized by the electrostatic repulsion between the two
(CH3)2NH+ groups.

In conclusion, the interconversion, depending on pH,
between strong intramolecular 1,4-N−H+···N hydrogen bonding
and (CH3)2N···N(CH3)2 or (CH3)2NH+···H+N(CH3)2 repulsion is
certainly one of the important structural factors in biological
molecules such as polyamines.

References and Notes
1 G. A. Jeffrey and W. Saenger, “Hydrogen Bonding in

Biological Structures,” Springer, Berlin (1994). 
2 K. Ohno, H. Matsumoto, H. Yoshida, H. Matsuura, T. Iwaki,

and T. Suda, J. Phys. Chem. A, 102, 8056 (1998). 
3 K. Ohno, Y. Inoue, H. Yoshida, and H. Matsuura, J. Phys.

Chem. A, 103, 4283 (1999).
4 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.

A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J.
M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O.
Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.
A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski,
J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M.
A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
Replogle, and J. A. Pople, “Gaussian 98, Revision A.5,”
Gaussian, Inc., Pittsburgh, PA (1998).

5 K. Ohno, A. Tonegawa, H. Yoshida, and H. Matsuura, J. Mol.
Struct., 435, 219 (1997).

6 K. Ohno, T. Mizuta, K. Miyoshi, and H. Matsuura, unpublished
work.

7 T. A. Annan, R. K. Chadha, and D. G. Tuck, Acta Crystallogr.,
Sect. C, 47, 151 (1991).

Chemistry Letters 2000 1407


