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A method is proposed for the direct measurement of the -
acidity of ligands coordinated to a metal center. The four-
coordinate complex [Ptl,(Me,-phen)] (Me,-phen = 2,9-di-
methyl-1,10-phenanthroline) is unique since it behaves as a
molecular trap and, in the presence of a nucleophile (L), one
end of it dissociates to allow the L ligand to coordinate trans
to the monocoordinated diamine. The coordination of the
free end of the phenanthroline is impeded by the filled d
orbitals of the metal lying in the same plane as the phen-
anthroline (d,, and d,? electrons assuming as x-axis that of
the I-Pt-I vector). However, if the L ligand is a n-acid able to
remove electron charge from the yz plane, the second end of
the phenanthroline will also be able to interact with plat-
inum. A linear correlation is found between the crystallo-
graphic N-Pt-L angle (180° in ideal square-planar species
and 143° in a trigonal bipyramid with a bite angle for bident-

ate Me,-phen of 74°) and the m-acceptor capacity of the L
ligand as estimated by ab initio calculations. Alkenes and
alkynes are found to be among the best n-acids and lead to
a regular trigonal-bipyramidal five-coordinate species. CO
appears to be only halfway in between the best n-acceptor
ligands and those with smallest n-acidity. P-, S-, and N-donor
ligands follow in that order without significant differences
between sulfides and sulfoxides or between aliphatic amines
and pyridine. The very small difference between aliphatic
amines and pyridine has been confirmed by investigation of
the rate of exchange between the two ends for monocoordin-
ated phenanthroline by 'H NMR spectroscopy. The activa-
tion energy (AG*) was found to be equal, within the experi-
mental error, for the two types of trans ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

1. Introduction

The m-acceptor ability of a ligand is a key factor in de-
termining its frans effect in substitution reactions involving
square-planar complexes.['! A m-acceptor ligand, one that is
able to draw electron charge from the metallic center, stabil-
izes the trigonal-bipyramidal transition state in which the
n-acceptor ligand, its frans ligand, and the incoming nucle-
ophile share the trigonal plane. The accepted order of trans-
labilizing ligands is: C,H,, CO > CN~ > NO,~ > SCN~
> [~ > Br~ > Cl~ > NH; > OH .2l This series has been
derived mainly from kinetic experiments, however it would
be highly desirable to have a direct means of measuring the
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ability of a ligand to favor the assembly of three ligands in
the trigonal plane of a five-coordinate geometry.

In investigating the reaction of the sterically strained and
highly reactive complexes [PtX,(Me,-phen)] (X = CI, Br, I;
Me,-phen = 2,9-dimethyl-1,10-phenanthroline)®# with an
incoming nucleophile, it was found that, contrary to all ex-
pectations, no substitution takes place but, instead, simple
addition of the extra ligand occurs, with formation of
[PtX,(Me,-phen)(L)] species.® 8 Depending upon the
characteristics of the incoming ligand, the phenanthroline
may become monodentate (and the platinum center still be
four-coordinate) or can remain bidentate (and the platinum
center become five-coordinate). Preliminary X-ray struc-
tural results concerning trans-[PtX,(Me,-phen)(L)] com-
plexes (X = Cl, L = C,Hy; X = I, L = CO, PPhs, and
PhNO) showed that the geometry of the complex can range
from trigonal bipyramidal (L = ethylene) to square planar
(L = PhNO).B!

We have hypothesized that the structural data of this
series of complexes can offer a direct way to rank the =-
acceptor ability of L ligands and have extended the investi-
gation to several L ligands comprising the most common
S- (sulfides, sulfoxides) and N-donor ligands (aliphatic am-
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ines and pyridine). In this paper we combine accurate X-
ray diffraction data of a wide series of trans-[Ptl,(Me,-
phen)(L)] complexes with the results of ab initio calcu-
lations to show that there is a linear relationship between
the stereochemistry of the phenanthroline and the n-acidity
of the trans ligand. The calculations are aimed at providing
a quantum-mechanical rationale for the observed trends
more than to give quantitative estimates of the observable
properties.

The paper is organized as follows. In Section 2a we de-
scribe the synthesis and NMR studies of the complexes un-
der investigation. Section 2b is dedicated to the structure of
the complexes from X-ray diffraction measurements. Sec-
tion 2c is devoted to the calculations and to the quantitative
estimate of the m-acceptor ability of the L ligands. The exist-
ence of a direct correlation between the N—Pt—L angle and
the m-acceptor ability is shown and discussed in the con-
cluding Section 3.

2. Results

2a. Synthetic Aspects and NMR Measurements

[PtI,(Mes-phen)] (1) reacts instantaneously with an extra
ligand (L) to give the corresponding addition product
[PtI,(Me,-phen)(L)] (2). The addition reaction is quantitat-
ive for L = C,H, (a), Cx(CgHs), (b), CO (¢), P(CeHs)s (d),
H,(C3H7)N (g), and CsHsN (h). In the case of L =
(CH;),SO (e) and (CHj3),S (f) an excess of L ligand is re-
quired in order to obtain complete conversion into the ad-
dition product. The direct displacement of one end of the
Me,-phen ligand by the incoming ligand (L) by the usual
Sn2 mechanism would place L cis to the monodentate Me,-
phen (upper row of Scheme 1). In some instances (L =
PPhj), such a species has been detected in solution, but not
as the major reaction product. Moreover it is not an inter-
mediate leading to the species with PPhs frans to mono-
coordinated Me,-phen but it reacts further placing a second
molecule of PPhy trans to the first one.[®! However, the L
ligand is most commonly found frans to the monodentate
Me,-phen, an indication that one end of Me,-phen is first
released and the transient T-shaped three-coordinate species
isomerizes from cis to trans conformation before addition
of L (lower row of Scheme 1). Most of the data thus far
accumulated indicate that such a dissociative mechanism
can be operative even in four-coordinate square-planar
complexes.’ 13

Scheme 1

1706 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

It has been found that, depending upon the nature of the
L ligand, the phenanthroline can assume the whole range
of positions spanning from pure monodentate to perfectly
symmetrical bidentate coordination. This aspect will be
treated in detail in Section 2b devoted to the crystal struc-
ture analysis. NMR spectroscopy is not very informative in
this respect since, even in the case of monocoordinated
Me,-phen, a fast rate of exchange between the free and co-
ordinated ends can render the two halves of the phen-
anthroline equivalent on the NMR timescale, as in the case
of five-coordinate species. However in the case of pyridine
and n-propylamine complexes, the single set of proton res-
onances observed for Me,-phen at room temperature is split
into two sets (one for each inequivalent half of Me,-phen)
by lowering the temperature to 210 K (Table 1). In these
two cases dynamic NMR spectroscopyl!+!3] allowed to cal-
culate the rate constants (k) for the exchange between the
free and coordinated ends of the phenanthroline and, from
the dependence of the rate constants upon the temperature,
it was possible to evaluate the activation parameters (AH?,
AS?*, and therefrom AG* at a given temperature T, AGY).
AG¥ corresponds to the free-energy difference between the
ground state (the four-coordinate species) and the transition
state (the latter is likely to be close to a transition species
with both ends of the phenanthroline symmetrically bound
to platinum).

The NMR spectra of [Ptl,(Me,-phen)(py)] (2g) recorded
at different temperatures (black lines) overlapped by the
simulated spectra (grey lines) are reported in Figure 1. Plots
of In(k/T) versus 1/T are reported in Figure 2. Values of
AH* = 57 = 2kJ-mol~!, AS* = 20 = 2 J'mol™“K~!, and
AGiys = 51 = 2 kJ-mol~! were found for the pyridine com-
plex 2g, while values of AH* = 56 + 2kJ-mol~!, AS* = 14
+ 2 Jmol™K™!, and AGlys = 52 + 2kJ-mol~! were
found for the n-propylamine complex 2h. The very small
difference between the AGiys values for compounds 2g and
2h indicates that the ability to stabilize the trigonal bipyr-
amidal transition state, and hence their m-acceptor capacity
towards electrons confined in the trigonal plane, can be
considered equivalent for the two ligands and, in general,
for aliphatic amines and pyridine.

2b. Crystal Structures of Complexes 2a, 2e, 2f, 2g, and 2h

The molecular structures of 2a (L = C,Hy), 2e (L =
DMSO), 2f (L = DMS), 2g (L = Py), and 2h (L =
NH,nPr) are depicted in Figure 3, 4, 5, 6, and 7, respec-
tively. Selected bond lengths and angles are summarized in
Table 2 for all compounds.

In 2a the Pt atom presents a trigonal bipyramidal coordi-
nation geometry in which the two N atoms of the bidentate
Me,-phen ligand and the double bond of the ethylene mol-
ecule are the equatorial donors and the two iodine atoms
the axial ligands (Figure 3). The complex has pseudo-C,,
symmetry with the pseudo-twofold axis passing through the
midpoint of the ethylene ligand and the Pt atom. The bond
lengths and angles in the coordination sphere are normal
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Table 1. "H NMR chemical shifts (ppm) for free Me,-phen, [Ptl>(Me,-phen)] (1), and [Ptl,(Me,-phen)(L)] (2) complexes in CDCl; [

Compound Temp. H(4/7) H(5/6) H(3/8) CH5(2/9) L
(XK)
Me,-phen 298  8.11d (8) 7.70 s 7.47d (8) 293 s -
[PtI,(Me,-phen)] (1) 298  8.33 d (8) 7.79 s 7.57 d (8) 3.25s[7] -
L = C,H, (2a) 298  8.25d(8) 7.85s 7.79d 8) [3] 3.445s][7] 4.20 [71]
L = (CH;3),SO (2¢) 293 8.20d (8) 7.76 s 7.46 d (8) 3.46 s [7] 4.04 [22]
L = (CH3),S (2f) 298  8.13d(8) 7.75s 7.60 d (8) 3.42s[7] 2.83 s [42]
L = CsHsN (2g) 295  8.19d(8) 7.78 s 7.63 d (8) 3.58 br 9.45 d (8) [33] (0), 7.75 t (p), 7.23 (m)

213 H(4), 8.32.d (8) H(5), 7.89 s H(3), 7.70 d (8) Me(2), 3.81 s

9.28 d (8) (0), 7.78 t (8) (p), 7.35 d (8) (m)

H(7), 8.20 d (8) H(6), 7.88 s H(8), 7.62 d (8) Me(9), 2.83 s

L = Hy(CsH,)N (2h) 293 8.09 d (8) 7.71s

7.55d (8)

3.45 br 1.00 t (8), 1.62 m (8), 3.16 m, 3.62 br

203 H(4), 8.19 d (8) H(5), 7.83 d H(3), 7.64 d (8) Me(2), 3.70 s [38] 0.87 t (8), 1.55 m, 3.10 m, 3.05 m
H(7), 8.12 d (8) H(6), 7.70 d H(8), 7.59 d (8) Me(9), 2.98 s

[al Jp, 11 (Hz) in square brackets and 3Jy; iy (Hz) in parentheses when assignable, s = singlet, d = doublet, t = triplet, m = multiplet, br =

broad, (o) = ortho, (m) = meta, and (p) = para.

295K

Figure 1. Experimental (black line) and simulated (grey line) 'H
NMR spectra (only the aliphatic region is shown) of [Ptl,(Me,-
phen)(py)] (2g) in CDCl; at different temperatures; the asterisk
indicates the peak belonging to a small excess of the starting com-
plex [Ptl,(Me,-phen)] (1)

and very similar to those found in the related dichloro de-
rivative.l!

In 2e the L ligand is an S-coordinated DMSO molecule
(Figure 4) while in 2f it is dimethyl sulfide (Figure 5). In
both complexes the Pt atom shows a slightly distorted
square-planar coordination with the L ligand trans to the
Nl-coordinated phenanthroline; two tfrans iodo ligands
complete the coordination sphere. In 2e the orientation of
the DMSO molecule is such that a methyl group is placed
in the coordination plane [C(15)—S—Pt—I(1) torsion angle
of 3.1(4)°] and is responsible for the increase in the
S—Pt—I(1) angle with respect to the S—Pt—1(2) angle
[96.47(8)° and 89.15(8)°, respectively]. The two Pt—I bond

Eur. J. Inorg. Chem. 2004, 1705—1713 www.eurjic.org
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Figure 2. Plots of In(k/T) as a function of 1/T for compounds 2g
and 2h (k values obtained from the line shape analysis of the simu-
lated NMR spectra)

lengths are also significantly different [Pt—1I(1) = 2.617(1)
and Pt—1I(2) = 2.650(1) A]. A similar situation is found in
2f [C(15)—S—Pt—I(1) torsion angle of 23.6(4)°, S—Pt—1(1)
angle of 96.27(7)°, and S—Pt—1(2) angle of 85.90(7)°]. The
phenanthroline is not perfectly planar but shows a certain
degree of twist [displacements of the methyl carbon atoms
C(13) and C(14) from the mean plane of the phenanthroline
of 0.22(1) and —0.22(1) A for 2e and 0.25(1) and —0.18(1)
A for 2f]. This type of phenanthroline deformation is also
present in 2a, but to a smaller extent [deviations from the
mean plane of —0.16(1) and 0.14(1) A for C(13) and C(14),
respectively]. In both compounds 2e and 2f the Pt atom is
slightly out of the mean coordination plane and displaced
towards the N(2) atom of the phenanthroline [Pt---N(2) dis-
tance of 2.629(6) and 2.666(6) A for 2e and 2f, respectively].
Thus the coordination can be defined as elongated square
pyramidal (4+1). The degree of transition from four coor-
dination to five coordination can be judged from the
N(1)—Pt—S angle [170.58(17)° and 169.89(17)° for 2e and

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1707
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Compound [PtI,(Me,-phen)(C,Hy)] [PtI(Me;-phen)(DMSO) [Ptl (Me,-phen)(DMS)] [Ptl(Me;-phen)(py)] [Ptl,(Me,-phen)(NH,nPr))
(2a) (2¢) (2f) (2g) (2h)

Pt—1(1) 2.6169(13) 2.6171(14) 2.6239(14) 2.6286(13) 2.6310(12)
Pt—1(2) 2.6240(13) 2.6495(13) 2.6395(13) 2.6091(13) 2.6073(13)
Pt—L 1.957(3)fal 2.200(2) 2.264(2) 2.026(5) 2.030(8)
Pt—N(1) 2.236(6) 2.108(6) 2.093(5) 2.037(4) 2.043(8)
Pt—N(2) 2.238(6) 2.629(6) 2.666(6) 2.684(5) 2.641(7)
I(D)—Pt—=I(2) 179.32(3) 173.13(2) 175.39(2) 170.97(2) 171.03(3)
N(1)—Pt—I(1) 89.60(18) 86.05(18) 88.44(17) 92.07(13) 92.2(2)
N(1)—Pt—I(2) 90.05(18) 87.78(18) 88.79(17) 86.90(13) 90.4(2)
NQ2)—Pt—I(1) 90.11(16) 92.21(14) 91.01(13) 88.58(12) 92.06(17)
N(Q2)—Pt—1(2) 90.35(16) 88.67(14) 91.57(13) 99.60(11) 96.90(17)
N(1)—Pt—L  143.1(4)& 170.58(17) 169.89(17) 176.52(17) 178.6(3)
N(1)=Pt—N(2)74.1(2) 71.3(2) 71.1(2) 71.9(2) 72.4(3)
I(1)-Pt—L 90.3(4)el 96.47(8) 96.27(7) 91.40(14) 89.0(3)
I1(2)—Pt—L 89.6(4)21 89.15(8) 85.90(7) 89.71(14) 88.3(3)

[al With respect to the midpoint of the C=C bond.

Figure 3. ORTEP view of the molecular structure of [PtI(Me,-
phen)(C,H,)] (2a), thermal ellipsoids are drawn at 30% prob-
ability level

2f, respectively]. The expected values are 180° for a regular
square-planar species and 143° for a trigonal bipyramidal
species in which the bite angle of the bidentate Me,-phen
lying in the trigonal plane is 74°. The Pt—N(1) bond lengths
are similar within experimental errors [2.108(6) and
2.094(5) A for 2e and 2f, respectively] and are in agreement
with a comparable trans influence of the two ligands. In
contrast, the Pt—S distances are significantly different
[2.200(2) and 2.264(2) A for 2e and 2f, respectively] re-
flecting the different oxidation state of the sulfur atom in
DMSO and DMS.

The molecular structures of 2g (L = py) and 2h (L =
NH,nPr) are depicted in Figure 6 and 7, respectively. The
square-planar coordination of the Pt atoms is less distorted
than that observed in the previous two cases. The steric
bulk of the pyridine and propylamine ligands with respect
to the cis iodo ligand, is small, and therefore both I-Pt—L
angles are close to 90°; this was not the case for the DMSO
and DMS complexes previously considered. In 2g there is
an apparent interaction between the pyridine and the phen-
anthroline ligands so that the planes of the two ligands are

1708 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. ORTEP view of the molecular structure of [Ptl,(Me,-
phen)(DMSO)] (2e), thermal ellipsoids are drawn at 30% prob-
ability level

Figure 5. ORTEP view of the molecular structure of [Ptl,(Me,-
phen)(DMS)] (2f), thermal ellipsoids are drawn at 30% prob-
ability level

canted on the coordination plane in opposite directions and
make a dihedral angle of 30.1(2)°. This steric interaction
results in a greater twisting of the phenanthroline in 2g than
in 2e and 2f [displacement of the C(14) and C(13) carbon
atoms from the mean plane of the phenanthroline of

www.eurjic.org Eur. J. Inorg. Chem. 2004, 1705—1713
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—0.35(1) A and 0.19(1) A, respectively]. In 2h the propyl
group of the H,(CsH,)N ligand extends into the half space
of the coordination plane opposite to that of the N(2) atom
and is quasi orthogonal to the coordination plane
[I(1)=Pt—N(3)—C(15) torsion angle of —88.0(8)°]. The
phenanthroline is perfectly planar and makes a dihedral an-
gle of 88.4(1)° with the coordination plane. The degree of
transition from four- to five-coordination is smaller in 2g
and 2h than it was in 2e and 2f; moreover there is a small
difference between 2g and 2h [N(1)—Pt—N(3) angles of
176.5(2)° and 178.6(3)° for 2g and 2h, respectively]. Despite
the different hybridization of the L donor atom (sp?> and
sp? for 2g and 2h, respectively) the Pt—N(3) bond length
is similar for the two compounds (Table 2). Also the trans
influence appears to be rather similar for the two com-
pounds as indicated by the values of the Pt—N(1) bond
lengths, which are equal within experimental errors. More-
over the Pt—N(1) bond lengths are about 0.06 A shorter in
2g and 2h than they were in 2e and 2f, consistent with a
greater trans influence of S-donor ligands with respect to
N-donor ligands.

Figure 6. ORTEP view of the molecular structure of [Ptl,(Me,-
phen)(py)] (2g), thermal ellipsoids are drawn at 30% probability le-
vel

Figure 7. ORTEP view of the molecular structure of [Ptl,(Me,-
phen)(NH,Pr")] (2h), thermal ellipsoids are drawn at 30% prob-
ability level

2c¢. Ab initio Calculations

Ab initio calculations were carried out with the aim of
confirming that the observed solid-state molecular struc-
tures correspond to the computed ground-state structures

Eur. J. Inorg. Chem. 2004, 1705—1713 www.eurjic.org

and correlating the switch from a four-coordinate (mono-
dentate Me,-phen) to a five-coordinate structure (bidentate
Me,-phen) with the electronic properties of the L ligand.
The calculations were performed at the Hartree—Fock level
in order to take advantage of an energy partitioning de-
scribed below and implemented at this level of theory in a
computer code available to us. The use of the HF approach
implies the neglect of correlation effects. While this cer-
tainly affects some of the computed properties, the physics
of the interaction is properly described.

A direct comparison between the results of the geometry
optimization and those of the X-ray structures is given in
Table 3. In general, the agreement between the ab initio HF
and the experimental results is good, in particular as far as
the Pt—N(2) distance and the N(1)—Pt—L angle — the
main parameters used to characterise the extent of the -
back bonding to L — are concerned. Only in the case of
the CO complex does the computed structure not agree per-
fectly with the experimental structure: the Pt—N(2) distance
and the N(1)—Pt—L angle are greater in the calculated than
in the experimental geometries (by 0.10 A and 10°, respec-
tively). However, it should be mentioned that a change in
the N(1)—Pt—C angle of 10° causes only a small change in
the total energy (a few kJ/mol). For the Pt—L distances
greater differences between calculated and experimental val-
ues (Table 3) have been observed for the sulfur- and phos-
phorus-donor ligands, but this is mainly due to the neglect-
ing of correlation effects in the calculations. The fact that
the calculations reproduce the experimental geometries cor-
rectly indicates that the electronic structure of each complex
has been described in a satisfactory way even at the HF le-
vel.

Table 3. Optimal geometrical parameters for [Ptl,(R,-phen)(L)]
complexes (distances in A, angles in degrees)

Llal Pt—N1  Pt—N2 NI-Pt—-L Pt—L
C,H, exp. 2.24 2.24 143! 1.96
calcd. 2.29 2.29 143! 2.14
C,R, exp.ld! 2.28 2.28 143! 2.01
calcd. 2.29 2.29 143! 2.16
CO exp.l 2.16 2.48 163 1.81
calcd. 2.11 2.59 172 1.93
PR, [ exp.l® 2.18 2.66 166 2.19
calcd. 2.12 2.65 172 2.36
(CH3),SO  exp. 2.11 2.63 171 2.20
calcd. 2.05 2.65 178 2.47
(CH3),S exp. 2.09 2.67 170 2.26
calcd. 2.07 2.64 173 2.47
CsHsN exp. 2.04 2.68 177 2.03
calcd. 2.08 2.67 171 2.12
H,NRM exp. 2.04 2.64 179 2.03
calcd. 2.08 2.67 176 2.06

[l R = H in the theoretical investigation (phen) and Me in the
X-ray structural investigations (Me,phen). I With respect to the
midpoint of the C—C bond. ' R = H in the theoretical and C¢Hj
(phenyl) in the X-ray structural investigation. [ Experimental val-
ues.[®! ¥l Experimental values.™] R = H in the theoretical and
C;3H; (n-propyl) in the X-ray investigation.
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An energy decomposition technique, the CSOV
method,['®!7] has been employed to analyze the HF wave
function and to identify the relative values of the charge
transfer from L to the Ptl,(phenanthroline) residue (here-
after referred to as o-donation) and of the reverse process,
charge transfer from Ptl,(phenanthroline) to L (x back-do-
nation). The interaction energy of the complex is divided
into the sum of intra-unit polarization and charge-transfer
contributions. Details of the procedure are not given here
and can be found elsewhere.'®!81 The extent of charge
transfer can be deduced from two independent parameters:
the first one is the contribution of each charge-transfer pro-
cess to the interaction energy (Ej, in kJ-mol™'), and the
second parameter is related to a wavefunction property, the
dipole moment. With the assumed orientation of the
I-Pt—1I atoms along the x axis and the N—Pt—L groups
along the y axis, the change in the y component of the di-
pole moment u at each CSOV step (Au) provides a direct
measure of the charge flow from L to Pt and vice versa: a
positive Ay value indicates donation, a negative Ay indi-
cates back-donation. This is a much more reliable measure
of the charge transfer than, for instance, the Mulliken
charge.['®] Still, one has to keep in mind the qualitative nat-
ure of this partitioning.

The CSOV analysis allows the evaluation of the donating/
back-donating properties of the ligands considered here
(Table 4). As far as the donor properties are concerned, all
ligands are good electron donors, as would be expected
given the +2 formal oxidation state of the Pt atom. In more
detail, the Ej,, values can be grouped into two domains:
180—230 and 130—160 kJ-mol~!. Similarly, two ranges of
Ap values are clearly distinguishable: 0.59—0.65 (with a
peak of 0.91 for PHs) and 0.46—0.47 au. Therefore PH3,
CO, C,H,, and C,H, are the strongest donors both from
the E;,, and Ay values. In contrast CsHsN and NHj are the
poorest donors in the series both from E;,, and Agu.
(CH;),SO and (CHj),S lie between the two groups since
they fall in the group of poor donors according to Ej, but
in the group of strong donors according to Au.

Table 4. Donation and back-donation contributions in [Ptl,-
(phen)(L)] complexes as derived from a CSOV analysis; Ej,, is the
contribution to the total interaction energy and Au the change in
dipole moment associated with the donation or back-donation
mechanisms

Donation Back-donation
L E, (kJ/mol)  Au(au)  Ej (kJ/mol)  Ap (au)
C,H, 219 +0.61 175 -0.93
C,H, 181 +0.59 154 —0.80
Cco 230 +0.61 93 —0.46
PH; 207 +0.91 48 -0.23
(CH3),SO 143 +0.65 39 -0.23
(CH3)-S 132 +0.63 32 -0.13
CsHsN 160 +0.46 51 —0.43
NH; 146 +0.47 23 —0.11

The m-acceptor properties, on the other hand, are quite
different for the various ligands; moreover in this case both
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E; and Ap give very similar descriptions (Ej,, was chosen
in drawing Figure 8). Acetylene and ethylene exhibit the
strongest back-donating contributions. CO is halfway in be-
tween the alkene and the alkyne on one side and the amine
ligand on the other. All other ligands fall in between the
CO and the amine. The direct correlation between the n-
acidity of the L ligand, as determined by the CSOV analy-
sis, and the coordination mode of the phenanthroline ligand
is surprising: bidentate when L is a good m-acceptor able to
decrease the electron density in the trigonal plane, monod-
entate in most of the other cases with the CO positioned
halfway in between the two extremes (Figure §).

200 -
L CH
2 4
[ ]
150 -
= I
£
&
WS 100 b
50 -
0 I " L L ! | ! ! ! L | L L ! L | L L . 1 | L
140 150 160 170 180

N(1)-Pt-L (deg.)

Figure 8. Plot of the computed m-acceptor ability of the L ligands
(interaction energy Eji,, Table 4) versus the experimental values of
the N(1)—Pt—L angle (Table 3)

3. Discussion and Conclusion

The [PtI,(Me,-phen-N,N')] system is characterized by an
extremly high steric interaction between the ortho substitu-
ents of the phenanthroline and the cis halogen ligands.[>~71
The steric constrictions within the square-planar geometry
can be released by displacement of one end of the phen-
anthroline and addition of an extra ligand, forming a trans-
[PtI,(Me,-phen-N)(L)] species. The coordinated Me,-phen
can then assume an orthogonal orientation with respect to
the coordination plane so as to minimize the steric interac-
tions with the cis ligands.

The coordination of the free end of the phenanthroline
from the top side (the z direction assuming the square plane
to be xy) is prevented by filled d orbitals of the metal lying
in the same plane as the phenanthroline (d,. and d.» elec-
trons assuming as x direction that of the I—Pt—1 vector).[!”]
However if the L ligand is a m-acid able to remove electron
charge from the yz plane, the second end of the phen-
anthroline can also interact with the metal center and the
complex switch from a square-planar four-coordinate to a
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trigonal-bipyramidal five-coordinate geometry comprising
all possible intermediate situations. The X-ray technique is
ideally suited for the observation of ground-state structures,
particularly when intermolecular interactions are weak.
This is the case here since the two large iodo ligands in
trans positions (x axis) shield the yz plane, leaving the Me,-
phen ligand free to ride on the metal center and to assume
the position which corresponds to the minimum of energy.

Therefore a direct correlation appears to exist between
the N(1)—Pt—L angle (180° in four-coordinate and 143° in
five-coordinate environments) and the ability of the ligand
to remove electron charge from the yz plane. Alkenes and
alkynes are found to be among the best n-acids and lead to
a regular five-coordinate species. On the other hand the CO
ligand is found to have a m-acidity much weaker than that
of alkenes and alkynes. In our opinion the main difference
between CO and alkenes or alkynes is that in CO the *-
orbitals of the ligand are disposed end-on with respect to
the metal center, while in the case of alkenes and alkynes
the w*-orbitals are disposed side-on with respect to the me-
tal. Therefore the overlap of the platinum d-orbitals with
the n*-orbitals of the carbonyl ligand is smaller than that
with the n*-orbitals of alkenes and alkynes.

As expected, the phosphane ligand is found to be a better
n-acid than ligands with sulfur and nitrogen donor atoms.

There is no significant difference between sulfoxide and
sulfide from a crystallographic point of view, although
theoretical calculations indicate a slightly better m-electron
acceptor capacity for the sulfoxide.

The difference between pyridine and n-propylamine is
also rather small [N—Pt—L angles of 176.5(2)° and
178.6(3)° for CsHsN and H,(Cs;H;)N, respectively]. This
small difference contrasts with the theoretical calculations
reporting a m-acidity for pyridine similar to that of the
phosphane. A very likely explanation for this apparent con-
tradiction is that the N—Pt—L angle measures the ability
of the L ligand to remove electron charge only from the yz
plane and, for steric constrictions, such an ability is very
small for pyridine. In fact, in order to reduce the steric in-
teraction with the cis ligands, the plane of the pyridine will
tend to be orthogonal to the coordination plane (xy plane)
and, as a consequence, the empty n*-orbitals of the pyridine
will be set roughly orthogonal to the yz plane and therefore
will be unable to remove electron density from the platinum
d-orbitals lying in this plane. In contrast, theoretical calcu-
lations measure the overall back-donation from platinum to
L and this can be significant for pyridine due to the circum-
stances that the empty m*-orbitals of the pyridine are co-
planar with the filled d., orbital of the metal. Therefore, for
a pyridine oriented quasi orthogonal to the coordination
plane, only the X-ray structural analysis gives an accurate
description of the electron-acceptor ability of this ligand
with respect to metal d-electrons localized in the yz plane.
The same molecular device also allows a direct measure of
the free-energy difference between ground state (four-coor-
dinate species with singly bonded Me,-phen) and transition
state (five-coordinate species with doubly bonded Me,-
phen) when the former configuration is sufficiently low in
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energy to allow detection, by NMR spectroscopy, of differ-
ent signals for the two inequivalent halves of the Me,-phen
ligand. By measuring the rate constants at different tem-
peratures for the exchange between the two ends of singly
bonded Me,-phen, it is possible to evaluate AG} (AGE = AG*
at the temperature T). In the case of the two amine
ligands considered here the calculated values of AGgs (51
+ 2 and 52 + 2 kJ-mol~! for pyridine and n-propylamine,
respectively) are very similar and in good agreement with
the similar mw-acceptor capacities deduced from X-ray data.

It cannot be excluded, however, that the possibility that,
by using bidentate ligands with a lower tendency to act as
a chelate than 2,9-dimethyl-1,10-phenanthroline, it is pos-
sible to destabilize the five-coordinate geometry to such an
extent that the rate of exchange between free and coordi-
nated ends of the bidentate ligand becomes observable by
NMR spectroscopy also for compounds having L ligands
with higher m-acidity than amines.

4. Experimental Section

Starting Materials: Commercial reagent-grade chemicals, 2,9-di-
methyl-1,10-phenanthroline (Me,-phen), ethylene (C,H,) (a), di-
methyl sulfoxide (DMSO) (e), dimethyl sulfide (DMS) (f), pyridine
(py) (g), and n-propylamine (NH,Pr") (h), were purchased from
Aldrich and used without further purification. [Ptl,(Me,-phen)] (1)
was prepared by a previously reported procedure.)

Preparation of trans-|Ptl,(Me,-phen)(L)] Complexes (2): For L =
C,H, (2a) a rubber bladder filled with ethylene gas was connected
to a flask containing a solution of [PtI,(Me,-phen)] (1) (0.3 mmol)
in CH,Cl, (20 mL).5! After 30 minutes stirring, addition of diethyl
ether to the mixture caused the precipitation of a red solid which
was collected, washed with diethyl ether, and dried in air, yield 90%.
C6H6loN,Pt (2a; 685.2): caled. C 28.1, H 2.4, N 4.1; found C
28.4, H 2.1, N 4.0.

The complexes with L = DMSO (2e) and DMS (2f) were synthe-
sized according to a procedure reported previously.® Yield 90%.
C16H3I,N,OPtS (2e; 735.3): caled. C 26.1, H 2.5, N 3.8; found C
26.2, H 2.6, N 3.7. C;cH 3I,N,PtS (2f; 719.3): caled. C 26.7, H 2.5,
N 3.9; found C 26.7, H 2.6, N 3.8.

The complexes with L = py (2g) and NH,nPr (2h) were synthesized
by addition of a dichloromethane solution of the L ligand
(0.3 mmol in 5 mL of solvent) to a solution containing the stoichio-
metric amount of [Ptl,(Me,-phen)] (0.3 mmol) in the same solvent
(15 mL). After 2 minutes stirring, addition of diethyl ether to the
mixture caused the precipitation of a dark-red solid which was col-
lected, washed with diethyl ether, and dried in air, yield 90%.
CoH7ILN;3Pt (2g; 736.2): caled. C 31.0, H 2.3, N 5.7; found C
30.8, H 2.4, N 5.5. C7H5[,N;3Pt (2h; 716.3): caled. C 28.5, H 3.0,
N 5.9; found C 28.3, H 3.1, N 5.7.

Crystals of the compounds suitable for X-ray structure determi-
nations were obtained from solutions of the platinum complexes
in chloroform. Diethyl ether was gently stratified upon the above
solutions in order to induce crystallization.

Physical Measurements: 'H NMR spectra were recorded on a
Bruker AM 300 instrument equipped with a temperature control
unit; the data are reported in Table 1. The spectral simulation was
performed using D NMR6.% The methyl protons of the 2,9-sub-
stituted phenanthroline were used to analyse the exchange between
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the free and coordinated ends of singly bonded Me,-phen (flipping
of the Me,-phen ligand) in compounds 2g and 2h. Values of AH*
and AS* were calculated from plots of In(k/T) against 1/7. IR spec-
tra were recorded as KBr pellets on Perkin—Elmer 283 and FT
1600 spectrophotometers.

X-ray Data Collection, Structure Determination, and Refinement for
Complexes 2a, 2e, 2f, 2g, and 2h: The crystallographic data are sum-
marized in Table 5. Accurate unit-cell parameters were determined
by least-squares refinement of the setting angles of 30 randomly
distributed and carefully centerd reflections with 6 in the range
10—20°. The data collections were performed at 293 K on a Sie-
mens AED diffractometer by using the 6/20 scan mode. One stand-
ard reflection was monitored every 100 measurements, no signifi-
cant decay was noticed over the time of data collection for all the
compounds. The structures were solved by direct methods
(SIR92)! and refined by full-matrix least-squares based on F2 (2a,
2f, and 2h) or F, (2e and 2h) using the SHELXL-97 program,??]
first with isotropic then with anisotropic thermal parameters for all
the non-hydrogen atoms. A semi-empirical method of absorption
correction was applied for all the compounds (maximum and mini-
mum values for the transmission coefficient were 1.000 and 0.904
for 2a, 1.000 and 0.903 for 2e, 1.000 and 0.725 for 2f, 1.000 and
0.908 for 2g and 1.000 and 0.937 for 2h).2324 All the hydrogen
atoms were placed at their geometrically calculated positions and
refined as “riding” on their parent carbon or nitrogen atoms, ex-
cept those of the ethylene (2a), which were found and refined iso-
tropically. For compound 2h the methyl group of the propylamine
ligand was found to be disordered over two positions with occu-
pancy factors of 0.66 and 0.34, respectively.

CCDC-216146 to -216150 (2a, 2e, 2f, 2g, and 2h, respectively) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+ 44-1223/336-033; or E-mail: deposit@ccdc.cam.ac.uk).

Computational Details: Ab initio calculations were performed to
obtain an internally consistent measure of the m-acceptor ability of
the L ligands. This was done according to an energy decomposition
technique, the Constrained Space Orbital Variation (CSOV), im-
plemented in the computer code HONDO 8.52% at the
Hartree—Fock (HF) level. For this reason the electronic structures
of the trans-[Ptly(phen)(L)] complexes were determined at the ab
initio HF level. Recently, the CSOV method has been implemented
also at the Density Functional Theory (DFT) level, and test calcu-
lations have shown that the qualitative trends obtained as to the
extent of donation/back-donation processes are very similar at the
HF and DFT levels.[?! Therefore we expect the conclusions of this
analysis not to be affected by the use of an HF wavefunction and
to be valid in general. Except for the heavy atoms Pt and I, where
an Effective Core Potential (ECP) was used, all other atoms were
treated at the all-electron level. 68- and 46-Electron relativistic
ECP’s were used for Pt and I, respectively.?”) The 2,9-dimethyl-
1,10-phenanthroline ligand (Me,-phen) was represented by a 1,10-
phenanthroline (phen). The L ligands considered were: C,Hy,
C,H,, CO, H;3P, (CH3),S0, (CHj3),S, CsHsN, and H;N. The ligands
actually present in the real compounds were: C5;Hy, C5(CgHs),, CO,
(CgHs);3P, (CH3),SO, (CH;),S, CsHsN, and H,(CsH;)N. Therefore
in the calculation procedure alkyl and phenyl substituents were rep-
resented by H atoms to reduce the computational burden. In the
analysis of the results one has to take into account that some small
differences between theory and experiment can be due to the use
of simplified ligands in the calculations. The basis sets were of
double-zeta quality for the ECPs of the Pt and I atoms,?” for the
C and N atoms directly bound to Pt, and for the P and S atoms.?*]
Polarization functions (),1**! particularly important for second-row

Table 5. Summary of the X-ray Crystallographic Data for 2a, 2e, 2f, 2g, and 2h

Compound [Ptl>,(Me,-phen)- [PtI,(Me,-phen)- [Ptl>,(Me,-phen)- [PtI,(Me,-phen)- [Ptl>,(Me,-phen)-
(C;Hy)] (DMSO)] (DMS)] (py)] (NH,Pr")]
(2a) (2¢) (2f) (22) (2h)

Empirical formula C16H1612N2Pt ClGnglzNzoPtS C16H1812N2Pts C19H1712N3Pt C17H2112N3Pt

Molecular weight 685.20 735.27 719.27 736.25 716.26

Crystal system triclinic triclinic triclinic triclinic monoclinic

Space group P1 Pl P1 P1 P2,/c

a (A) 7.878(5) 13.908(8) 8.411(6) 9.715(5) 9.883(5)

b (A) 9.231(5) 8.987(6) 9.143(7) 10.299(5) 13.168(7)

c(A) 12.739(7) 8.211(6) 13.241(8) 11.682(6) 16.290(9)

a () 80.40(2) 75.69(2) 82.81(2) 79.87(2) 90

L) 75.09(2) 74.10(2) 78.46(2) 69.03(2) 106.53(2)

7 (°) 75.46(2) 82.86(2) 76.85(2) 67.40(2) 90

V (A3) 861.4(9) 954.6(11) 968.1(12) 1006.6(9) 2032.4(19)

V4 2 2 2 2 4

A (Mo-Ka) 0.71073 0.71073 0.71073 0.71073 0.71073

p(caled) (Mg/m?) 2.642 2.558 2.467 2.429 2.341

1 (mm~') 11.724 10.697 10.541 10.043 9.945

0 range (°) 3.17-30.04 3.05-30.06 3.04—-30.00 3.48-27.04 3.03-27.07

No. of reflns/obsd 5006/2886 5586/4235 5632/4112 4401/3739 4803/2588

F > 46(F)

GOOF [l 0.944 1.009 1.197 1.049 0.929

R1M 0.0444 0.0414 0.0312 0.0316 0.0339

wR21 0.1233 0.1047 0.0696 0.0880 0.0677

I GOOF = {Z[w(F,2 — FA(n — p)}''% R1 = X[|F| — |FJI/EIF,
bP], P = [max(F,2,0) + 2F.%)/3.

1712 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

WwR2 = {I[w(F,> — F2Z[W(E2) Y2 w = 1[cX(F,2) + (aP)* +
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atoms like S and P,['8) were added to these atoms. All the remaining
C and H atoms were treated by a MINI basis set.[*]

The geometry of the complexes was fully optimized by means of
analytical gradients. Only one plane of symmetry was imposed: this
is the plane containing the phenanthroline ligand and perpendicu-
lar to the straight line connecting the two iodo ligands (C; sym-
metry). The L ligand was completely free to rotate and change
position with respect to the phenanthroline. This is essential in or-
der to guarantee that the calculations reproduce the correct ge-
ometry.
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