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"H-NMR spectra of square-planar complexes with the formula [Pt(L')(L*]X, where L' is 2,2'-bipyridine
(bpy) or 1,10-phenanthroline (phen) and L’ is N-(1-naphthyl)methyl-1,2-ethanediamine (Npen) or N-(9-an-
thryl)methyl-1,2-ethanediamine (Aten) indicate that the N-naphthylmethyl and N-anthrylmethyl groups are
forced to adopt a pseudo axial disposition due to intramolecular repulsion of hydrogen atoms of the aromatic di-
imines. The aromatic—aromatic interactions in the N-arylmethyl-1,2-ethanediamine complexes and aromatic di-
imines caused them to undergo intramolecular stacking. "H-NMR spectra of these complexes showed a signifi-
cant concentration and temperature dependence. The monomer—dimer equilibrium was estimated, based on the
concentration dependency. Restricted single bond rotation was estimated from temperature dependency data.
The rotation of the anthracene ring of the [Pt(bpy)(Aten)]** complex showed an activation energy of ca.
38 kJ mol™!, which is in good agreement with a mechanism involving successive rotations about single bonds with
restriction by intramolecular aromatic—aromatic ring interactions.

Key words

Aromatic 7—7 interactions have been a subject of exten-
sive study because of its role in (i) the packing of aromatic
molecules in the crystalline state, (ii) base-stacking interac-
tions of DNA, (iii) three-dimensional structures of proteins,
(iv) molecular recognition of pharmaceuticals by biological
receptors or enzymes, and (v) template-directed synthesis.'
Ternary complexes of platinum(Il) or palladium(II) contain-
ing 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) and
an amino acid bearing an aromatic side chain such as tyro-
sine and tryptophan have been reported to show aromatic
77 interactions.” '» The crystal structures of ternary com-
plexes of platinum(II), bpy, and N-benzyl-1,2-ethanediamine
(Been), N-(1-naphthylmethyl)-1,2-ethanediamine (Npen), or
N-(9-anthrylmethyl)-1,2-ethanediamine (Aten) indicate that
intramolecular aromatic 7—7 interactions occur in the cases
of Npen and Aten complexes.'? The structure of Been com-
plexes in an aqueous solution was examined by 'H-NMR
spectroscopy and this cation has a structure in which the
phenyl ring and bpy are partially stacked in aqueous solution
although the phenyl and bpy rings participate in only inter-
molecular stacking in the crystalline state.'®

In order to clarify the nature of the aromatic—aromatic in-
teraction in various amino acids or proteins in solution as
well as solid state, we used ternary platinum(Il) complexes
having two aromatic rings as a model compound.

The present paper describes the results of some
detailed 'H-NMR measurements of [Pt(bpy)(Npen)]** and
[Pt(bpy)(Aten)]** along with [Pt(phen)(Npen)]** and
[Pt(phen)(Aten)]**. The aromatic 7—7 interactions became
stronger as the ring size increased from pheny to naphthyl
and anthryl groups. The characteristics of the intermolecular
interactions between them and the restricted rotation about
C. ..—C-N-Pt (C. . denotes the ipso carbon of the aromatic
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ring; see Fig. 1) for [Pt(bpy)(Aten)]*" are delineated in this
paper.

Results

Characterization of Platinum Complexes Figure 1
shows a scheme of the structure of the Pt(II) complexes used
in this study and each 'H is designated by the position shown
in Fig. 1, such as H(B3) for hydrogen atom, which is bound
to the 3 position of the bpy group.

The 'H-NMR spectra of the aromatic regions of
[Pt(bpy)(Npen)]** and [Pt(bpy)(Aten)]** were complicated
but 'H-"H COSY spectra allowed the assignment of all the
'H signals in these regions. The chemical shifts of these
complexes showed a significant concentration dependence.

The concentration dependency of the chemical shifts of
[Pt(bpy)(Aten)]** (Figs. 2, 3) was much larger than those for
[Pt(bpy)(Npen)]** (data not shown). All the chemical shifts
of the ternary complex moved to higher field with increase in
the concentration of the platinum complex. This can be at-
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Fig. 1. Structures of the Pt(II) Complexes and the Numbering of Protons
of the Ligands
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tributed to the aggregation of complexes but the present plat-
inum complexes have positive charges of +2, and extensive
aggregation is not plausible and was analyzed based on the
equilibrium between monomer and dimmer, Eq. 1.

monomer+monomer & dimer (1)

If equilibrium, Eq. 1, is assumed, the observed chemical shift
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Fig. 2. Plots of Chemical Shifts for bpy Group of [Pt(bpy)(Aten)]** versus
Concentration

Key: A, H(B3); A, H(B4); +, H(B5); X, H(B6); ®, H(B3'); B, H(B4'); O, H(B5'),
0O, H(B6").
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Fig. 3. Plots of Chemical Shifts for the
[Pt(bpy)(Aten)]** versus Concentration

Key: W, H(A1); A, H(A2); A, H(A3); @, H(A4); X, H(A5); +, H(A6,A7); O,
H(AS); O, H(A10).
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of each proton, J,,, can be expressed by the Hasselbach—
Sanders equation, Eq. 2,

e84 (8, — 8y LSkl
Ba= K @)

Ct

where, 6, and J, are the chemical shifts for the monomer
and the dimer respectively and c, is the total concentration of
the platinum complex. The H(B3") and H(B6) of the bipyri-
dine and H(A10) of the anthryl moiety were chosen to esti-
mate the equilibrium constant, K, because the signals for
these protons were isolated, not purturbed by temperature
(see below), and strongly depended on the concentration. The
equilibrium constant, K, derived from the chemical shift val-
ues for the three protons are 22(1), 13(1), and 23(2)m ™! for
H(B3'), H(B6), and H(A10) protons. The average value of
19M~" was used to evaluate the §,, and &, for each proton
and the curves shown in the Figs. 2 and 3 are derived from
Eq. 2 using the above estimated values. An analogous con-
centration dependency was observed for the dihydrochloride
ligand, Aten-2HCI and the K value for this was estimated to
be 7 M~ !(data not shown).

A similar concentration dependency was observed for a
CD,O0D solution of [Pt(phen)(Aten)]Cl, and the dimerization
constant was determined to be 5.8 M~ at 30 °C.

The J,, represents the chemical shift of the isolated plat-
inum complex ion. The &, and &, values for [Pt(bpy)(Aten)]**
and [Pt(phen)(Aten)]** complexes are listed in Table 1.

The presence of an aromatic ring causes upfield shifts in
the proton signals in one of the pyridine rings and H(B5) and
H(B6) are the most susceptible for the bpy complexes and
H(P2) and H(P3) are the most susceptible for the phen com-
plexes. The shift is increased with the increase of the size of
the aromatic rings. These shifts can be attributed to the in-
tramolecular stacking of the bipyridine and the aromatic
rings.

The Upfield Shift Depended on the Ring Current Effect
The protons bound to the half pyridyl ring of the coordinated
bipyridine appear at higher field than those bound to the
other half, as has been reported for [Pt(bpy)(Been)]**.!”
These up-field shifts are consistent with significant intramol-
ecular aromatic—aromaric ring interactions, which is
supported by the X-ray structures of these complexes.'?
Based on the X-ray crystal structure determination of
[Pt(bpy)(Been)](NO,),, the upfield shift of each proton of the
phen ring in [Pt(phen)(Npen)]*" and [Pt(phen)(Aten)]** was

Table 1. Estimated Chemical Shifts for Monomer (8,,) and Dimer (8,) for the [Pt(bpy)(Aten)]** and [Pt(phen)(Aten)]*" Complexes at 30 °C

[Pt(bpy)(Aten)]*"

[Pt(phen)(Aten)]**

Position 8,/ppm 8, /ppm Position 8,/ppm 8, /ppm

m’

Position 8,/ppm S, /ppm

m’

Position 8,/ppm &, /ppm

m’

H(B3) 7.80 620 H(AD) 8.50 7.07
H(B4) 7.80 6.71 H(A2) 7.88 7.16
H(B5) 6.23 5.12 H(A3) 7.76 7.06
H(B6) 6.61 5.4 H(A4) 821 6.84
H(B3') 8.10 6.66 H(AS) 7.72 6.16
H(B4') 8.33 7.63 H(A6,7) 7.22 6.25
H(B5") 7.73 7.22 H(AS) 8.97 727
H(B6') 8.51 7.58 H(A10) 8.43 6.27

H(P2) 6.81 6.08 H(AD) 8.66 771
H(P3) 6.63 5.01 H(A2) 7.94 7.15
H(P4) 8.52 6.74 H(A3) 7.77 7.06
H(P5) 8.04 6.45 H(A4) 8.26 6.95
H(P6) 8.15 6.67 H(AS) 7.44 5.62
H(P7) 9.03 7.64 H(A6) 6.72 5.5
H(PS) 8.17 7.11 H(A7) 6.92 5.47
H(P9) 9.10 8.24 H(AS8) 9.12 8.07

H(A10) 8.43 6.37

a) Chemical sift at 57 mm.
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Fig. 4. Comparison of Value of Upfield Shifts between Experimental Data and Calculated Data
Experimental data are represented by horizontal lines. (A) [Pt(phen)(Npen)]**; (B) [Pt(phen)(Aten)]**.
Table 2. K Values for the [Pt(L")(L*)]** Complex
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Fig. 5. Plots of Steric Energy versus Torsion Angle of Pt-N-C—Np for
[Pt(phen)(Npen)]** (---) and Pt-N—C—At (—) for [Pt(phen)(Aten)]**

calculated based on the method of Abraham with rotation
about N—C bond from —180° to 180° in 10° steps and are
shown in Fig. 4.1

When Pt-N-C-Np dihedral angles for [Pt(phen)(Npen)]**
is 60 degree, the up-field shift of calculated each proton of
the phen ring is almost consistent with that of the experimen-
tal values. In [Pt(phen)(Aten)]**, similar results, except for
H(P3) and H(P8) were observed at 60 degree of Pt-N-C-At
dihedral angle.

Molecular Force Field Calculations As shown in Fig.
5, the molecular mechanics calculation for [Pt(phen)(Npen)]**
showed that the most stable form has a torsion angle of 60°
and the next stable conformation is the anti conformer (tor-
sion angle of —160°). The difference in steric energy be-
tween the two forms is 3.65kcalmol~'. [Pt(phen)(Aten)]**
showed an energy minima at 60° and the next stable con-
former has a torsion angle of —60° with the energy differ-
ence between them being 4.02 kcal mol .

Dimerization of the Platinum(II) Complexes In aque-
ous solutions, polyaromatic compounds are known to show
upfield shifts due to aggregation.'”'” However, the present
platinum complexes bear positive charges of +2 and exten-
sive aggregation is not plausible. Therefore, the concentra-
tion dependency was analyzed from the standpoint of
monomer—dimer equilibrium.

The 8, reflects the mode of the dimerization. All the pro-
ton signals moved to higher magnetic field on dimerization.

a) Been, N-benzyl-1,2-ethanediamine.

The positions that moved significantly were H(N2), H(N4),
H(N5), and H(NS8) for the naphtylmethyl derivatives and
H(A1), H(A4), H(AS), H(AS), and H(A10) for the anthryl-
methyl derivative as well as the H(B6), H(B3), and H(B3’).
From these results, the dimerization does not appear to in-
volve a specific structure but occurs with tumbling of the
monomers. The fact that both the bipyridine and aryl groups
participate in the dimerization is noteworthy. In the crystal,
the one-half of the bipyridine which is not included in inter-
molecular stacking, participates in the intermolecular stack-
ing.'¥ As shown in Table 2, the equilibrium constant for the
dimerization, K, increased in the order L?=Been<Npen
<Aten.

Thermodynamics of the Dimerization of [Pt(bpy)-
(Aten)]** The equilibrium constants were determined
based on Eq. 2 at 5, 10, 15, 20, 25, 30, 35, and 40 °C. From
these data, In K was plotted against 1/7, and the following
thermodynamic parameters are obtained: AH°=-21.1%
1.0kJmol™!, AS°=-455+03Jmol 'K™' and AGS,=
—7.5*1.1kJmol "

Temperature Dependency of 'H-NMR Spectra of
[Pt(bpy)(Aten)]Cl,-2.5H,0 in D,0O and [Pt(phen)(Aten)]-
CL-2H,0 in CD;OD The spectral changes in the aro-
matic region of [Pt(bpy)(Aten)]** and [Pt(phen)(Aten)]*"
are reproduced in Figs. 6 and 7, respectively. For the bpy
complex, at 40°C, two types of signals with different be-
haviors are evident; narrow and broad signals at 40 °C.
The assignment of the signals indicates that the signals with
a narrow half-width correspond to the protons of the bpy
moiety and H(A10) while the broad signals can be assigned
to the remaining protons of the anthracene ring.
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Fig. 6. Change in the Aromatic Region of 'H-NMR Spectra of
[Pt(bpy)(Aten)]** in D,0 at 5°C, 10°C, 20°C, 30°C, and 40 °C from Bot-
tom to Top
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Fig. 7. Change in the Aromatic Region of 'H-NMR Spectra of
[Pt(phen)(Aten)]** in CD,0OD at —35°C, —15°C, —5°C, 0°C, 15°C and
30 °C from Bottom to Top

The equivalent protons, H(A1l) and H(AS8); H(A2) and
H(A7); H(A3) and H(A6); and H(A4) and H(AS) appeared
separately. When the temperature was lowered, these signals
were narrowed and showed clear couplings with neighboring
protons at 5 °C. The fact that the H(A10) signals are consis-
tently narrow irrespective of the temperature, indicates that
this broadening is caused by the rotation about the CH,—C;,
bond. The one-way rate constant for the two-sites model was
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obtained by the method described earlier using H(A8).2 The
AH*=37%4kImol™" and AS*=-92%13Jmol 'K~ were
derived from the Eyring equation,

k=1 (kyT/h)-exp(— AH*/RT)-exp(AS*/R) (3)

where k is the rate constant, k is the transmission coefficient,
assumed to be 1.0, kg is the Boltzmann constant.

An essentially similar temperature dependency was ob-
served for [Pt(phen)(Aten)]**. Owing to the use of CD,OD
as solvent, all the signals were sharp at —35°C and the an-
thracene signals, except for H(A10), were broadened.

Discussion

Intramolecular aromatic—aromatic ring interactions of ter-
nary complexes with Pt(Il), aromatic diamines such as bpy
and phen, and N-arylmethylethanediamines (Been, Npen,
and Aten) show an upfield shift for the ligand in '"H-NMR
spectra in aqueous (D,0) solution as well as the solid state.
The methylene of the arylmethyl group of N-arylethanedi-
amine is forced to adopt an axial position because intramole-
cular repulsion between the arylmethyl and the aromatic
rings does not allow the arylmethyl group to adopt an equa-
torial position.?'?? In this study, we explored the conse-
quence of ring enlargement of the arylmethyl group from
benzyl to 1-naphthylmethyl and 9-anthrylmethyl group. Al-
though the "TH-NMR spectra of [Pt(bpy)(Been)]** showed lit-
tle concentration dependency,'® those for [Pt(bpy)(Npen)]**
and [Pt(bpy)(Aten)]*" showed a significant concentration de-
pendency. The concentration dependency can be accounted
for by the monomer—dimer equillibrium. The dimerization
constant, K, is dependent on the size of the aromatic ring.
The dislocation of the 'H chemical shift and its magnitude
shows that dimerization occurs by stacking between bpy or
phen of a platinum complex and the aromatic group of the
other platinum complex. Though polyaromatic ring com-
pounds aggregate in aqueous solution,'”'® the positive
charge of the [Pt(bpy)(Aten)]*" reduces this tendency for ag-
gregation. These equilibrium constants have smaller values
and the intramolecular stacking reduces extent of the inter-
molecular stacking. The concentration dependency of
[Pt(bpy)(Aten)]*" was analyzed by assuming a monomer—
dimer equilibrium. From the variation in the equilibrium
constant K, the thermodynamic parameters AH° and AS°
were calculated to be —21.1+1.0kJmol™" and —45.5+0.3
Jmol 'K, respectively. Both parameters have negative val-
ues and the association process is favored by a large enthalpy
change in proceeding from the monomer to the dimer state.

The "H-NMR chemical shifts of the two pyridine halves of
the bipyridine differ significantly and these were also de-
pendent on both the concentration and temperature. The con-
centration dependency of the chemical shifts corresponds to
intermolecular stacking in the solvent employed. The chemi-
cal shifts derived from the observed chemical shift by extrap-
olating to a concentration of 0, J,, correspond to the chemi-
cal shifts of the intrinsic monomer form. For both the bpy
and phen complexes, the &, of H(B6), H(B5), H(P2), and
H(P3) showed significant upfield shits as the result of chang-
ing the N-arylmethyl-1,2-ethanediamine. These upfield shifts
can be accounted for by molecular force calculations and
ring current effects' and were verified by X-ray crystallog-
raphy,'¥ The intramolecular 7—7 interaction is the driving
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Fig. 8.
Bonds

Schematic Mechanism for the Successive Rotation about Single

force. Intramolecular m—x interactions have been reported
for ternary complexes of platinum(Il) or palladium(II), bpy
or phen, and amino acids bearing an aromatic side chain,
such as tyrosine, phenylalanine, and tryptophan. The present
system has a unique feature: the alkyl group substituted at
the nitrogen atom of the ethane-1,2-diamine is forced to
adopt an axial disposition from the coexisting bpy due to the
gauche structure of the 1,2-ethanediamine when a five-mem-
bered chelate ring is formed.

The temperature dependency of the 'H-NMR spectra of
[Pt(bpy)(Aten)]Cl, showed a broadening of the anthryl sig-
nals, except for the H(A10) signal. It is noteworthy that 7 out
of 9 signals are independently observed at 5 °C. The shape of
the signals become broad according to the order of the differ-
ence in chemical shift between exchangeable protons through
rotation around the CH,~C,, bond. These phenomena were
analyzed by means of a two-site exchange model. The rate
constant at 25 °C is estimated to be 27.1s™" and the activa-
tion parameters are 37.5kJmol~' and —91Jmol 'K for
AH* and AS*, respectively for [Pt(bpy)(Aten)]*".

Although many examples of restricted rotation of a single
bond are known,* % this represents a new type of restricted
rotation. A direct 180° rotation around CH,~C;,, must sur-
mount a much higher activation enthalpy than the observed
value. Another way to exchange the position of both the
flanking ring of an anthracene ring involves two rotations:
first, rotation around the N-CH, bond, followed by a second
rotation around CH,~C;,, bond as shown in Fig. 8. The first
rotation involves the aromatic ring sliding over the bpy ring.
The agreement of the observed activation enthalpy and the
calculated difference in steric energy between the anti and
syn(—) conformations clearly show that this exchange oc-
curs. The rotation around N—CH, from —60° ((—)syn) to 0°
(anti) requires energy, as estimated by a modified MM2 cal-
culation. The rotation around C-C,, would occur with less
energy cost than the first rotation.

[Pt(phen)(Aten)]** also shows both the concentration and
temperature dependences. Moreover, the up-filed shifts be-
tween two aromatic rings in [Pt(phen)(Aten)]*" were ob-
served as found in that of [Pt(bpy)(Aten)]**, suggesting that
[Pt(phen)(Aten)]*" may take nearly syn(—) conformation as
seen in [Pt(bpy)(Aten)]**. Further detail NMR study on solu-
tion behavior of [Pt(bpy)(Aten)]** is underway.

Experimental

Materials [Pt(bpy)(Npen)]Cl,, [Pt(bpy)(Npen)](NO;),-2H,0,
[Pt(bpy)(Aten)]Cl,- 2H,0, and Aten-2HCI were prepared as reported previ-
ously."” Dichloro(phen)platinum(II) was prepared according to the method
of Hall and Plowman.*¥

Synthesis. Preparation of [Pt(phen)(Npen)]Cl,-4H,0 To a suspen-
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sion of [PtCl,(phen)] (446.2 mg, 1 mmol) in 8 cm® of water, were added N-
(1-naphthylmethyl)-1,2-ethanediamine hydrochloride (307.4 mg, 1.3 mmol)
and sodium carbonate (126 mg, 1.5 mmol). The mixture was stirred under
reflux until a yellow solution was obtained. A small amount of black precipi-
tate was filtered off. Methanol (10 cm®) was added to the filtrate, followed by
the addition of sodium perchlorate (1.0 g). Separated precipitates were col-
lected on a filter and washed with water. Yield, 466 mg (60.1%). The per-
chlorate salt was converted to the chloride salt by dissolving the salt
(453.4mg, 1.11 mmol) in boiling water (70 cm?) followed by the addition of
tetraphenylarsonium chloride (465.8 mg, 1.11 mmol) in 4 cm® of water. The
mixture was filtered repeatedly until clear filtrate was obtained, which was
then concentrated on a rotatory evaporator. Yield, 324.5 mg (45.2%). Anal.
Calcd for C,oH;N,CLPtO,: C, 41.79; H, 4.49; N, 7.80. Found: C, 41.73; H,
3.82; N, 7.80. 'TH-NMR (D,0) &: 7.23 (H(N2), d), 7.15 (H(N3), t), 7.58
(H(N4), d), 6.86 (H(NS), d), 6.44 (H(N6), t), 6.55 (H(N7), t), 8.27 (H(N8),
d).

Preparation of [Pt(phen)(Aten)]Cl,-2H,0 Aten-2HCl (98.1mg,
0.303 mmol) was dissolved in 15cm> of water followed by the addition of
methanol (5 cm®) and sodium carbonate (76.8 mg, 0.725 mmol). To this solu-
tion, [PtCl,(phen)] (105.6 mg, 0.237 mmol) was added. The mixture was
stirred at 80 °C for 20 min to give a clear solution. The solution was filtered
and the filtrate concentrated to a volume of ca. 5 cm?, which was then stored
in the dark. The separated crystals were collected on a filter and washed with
small amounts of cold water, ethanol, and ether successively. These crystals
were recrystallized from 2cm® of water. The crystals were collected and
washed with small amounts of cold water, ethanol, and ether successively
and dried at 45°C in vacuo. Yield, 63.8mg (37%). Anal. Calcd for
C,,H,N,CLPtO,: C, 47.55; H, 4.13; N, 7.65. Found: C, 47.42; H, 3.70; N,
7.69.

Physical Measurements Absorption spectra were recorded on a Shi-
madzu UV 2200 spectrophotometer. 'H-NMR spectra were recorded on a
JEOL GX-400 spectrometer with D,0 as the solvent and sodium 3-
(trimethylsilyl)propionate-2,2,3,3-d, (TSP) as an internal standard for
[Pt(bpy)(Npen)](NO,), - 2H,0. For the measurement of [Pt(bpy)(Aten)]Cl,-
2.5H,0 and Aten-2HCI-H,0, the solvent and the internal reference were
deuterium oxide and tert-buthanol (0.02%, 1.250 ppm). The concentration of
the platinum complexes was determined using a molar absorption coefficient
of 2.89x10*M 'em™! at 320nm after completion of the NMR measure-
ments. [Pt(phen)(Aten)]Cl,-2H,0 was not sufficiently soluble in D,O and, as
a result, CD,OD and TMS were used as a solvent and an internal standard.

Calculation of Molecular Mechanics and Anisotropic 'H-NMR
Chemical Shift A molecular-mechanics calculation was carried out using
by a modified MM2 program'® on an ACOS3700 Computer at the Okayama
University Computer Center. The values of 'H-NMR chemical shifts by ring
current effects of the aromatic rings were calculated by the method of Abra-
ham et al.>*>% while varying the dihedral angle of the C-N (secondary) bond
between 30 and 70°.
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