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Several new Nifll) and Cofll) complexes with
4-substituted phenyl methyl sulfoxides have been
prepared and characterized. All are six-coordinate and
exhibit metal-oxygen bonding as indicated by ir.
spectroscopy. Visible and near ir. spectral results
were used to calculate the ligand field parameters,
Dq and B. These suggest that these sulfoxides are
somewhat stronger field donors than most of the
others which have been studied to date.

Introduction

Almost two decades have passed since the first
transition metal complexes of a sulfoxide ligand
(dimethylsulfoxide) were reported [1]. Since that
time interest in the coordinating ability of the
sulfoxide moiety and its potentially ambidentate
nature has led to the preparation of a great many
compounds of first row transition metals with sulf-
oxides, including aliphatic [2-5], alicyclic [6-12],
aromatic [2, 12, 13], and multidentate [14—17]
ones., Despite this extensive activity the effect of
electronic factors on the coordinating properties of
the sulfoxide group has not been investigated. We
wish to report our efforts in this regard, which have
entailed the synthesis and characterization of nickel
and cobalt complexes of a series of pgra-substituted
phenyl methyl sulfoxides.

Experimental

Materials

NI(C104)2 * 6H20 and CO(C]O4)2 * 6H20 were
obtained from G. F. Smith Chemicals and were used
without further purification. The sulfoxides were
synthesized by the hydrogen peroxide—acetic acid
oxidation of the respective sulfides [18]. The
sulfoxides were recovered from the reaction mixture
by extracting with CHCl; after the acetic acid had
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been neutralized rather than by steam distillation.
Those sulfides which were not commercially available
were prepared by standard methods, ie., reacting
either an alky] halide or dimethyl sulfate [19] with
the sodium salt of the parent thiophenol. The only
exception was p-CH;0CcH;SCH;, which was
obtained by reacting dimethyl sulfate with p-HOC,-
H,SCH,. The prepared sulfoxides were purified by
recrystallization or distillation in vacuo. The boiling/
melting points were: C¢HsS(O)CH; 136-137 °C (11
torr), p-CH;C¢H,S(O)CH, 138-140°C (4 torr),
p-CH30C6H4S(02CH3 153-155 °C (6 torr), p-CICs-
H,S(O)CH; 42 °C, C¢H;S(0)C,Hs 118-121°C (5
torr). All other chemicals were of reagent grade and
were used as received.

Preparation of Complexes

The complexes were prepared by mixing warm
ethanolic solutions (5 ml) of the appropriate ligand
(.006 mol) and a hydrated metal perchlorate (.001
mol) to which 2,2-dimethoxypropane(.01 mol) had
been added as a dehydrating agent. The solutions
were cooled in ice or evaporated partially at room
temperature to obtain solid products which were
washed with ethanol and dried in vacuo.

Analyses and Physical Measurements

Perchlorates were determined by precipitation
with nitron [20]. Carbon and hydrogen analyses were
performed by Strauss Microanalytical Laboratory,
Oxford, England.

Infra-red spectra were obtained as Nujol mulls in
the 4000-500 cm™ region using a Beckman IR-12
spectrophotometer. Near infra-red and visible spectra
of the compounds in Nujol mulls spread on filter
paper were recorded on a Cary 14 spectrophoto-
meter.

Discussion

All of the complexes prepared appear to be six-
coordinate as shown by the analytical data of Table I
and the colors and electronic spectra exhibited, which
are those expected for Oy, symmetry (see below).
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TABLE I. Analytical Results

D. Richardson and A. P. Zipp

NiL(ClO4)2
L %C %H %C10,

Exptl. Theor. Exptl. Theor. Exptl. Theor.
CgHsS(O)CH; 45.55 (45.76) 4.21 4.39) 17.61 (18.05)
p-CH3CgHa S(O)CH; 48.50 (48.57) 4.84 (5.10) 16.33 (16.76)
p-CH30CsH4S(O)CH; 45.16 (44.93) 4.68 “4.71) 14.66 (15.51)
pCICgH,4 S(O)CH; 38.33 (38.64) 3.10 3.24) 14.66 (15.24)
CgHsS(0)CyHs 48.08 (48.57) 5.25 (5.10) 16.75 (16.76)

CoL¢(Cl04)2
L %C %H %C104

Exptl. Theor. Exptl. Theor. Exptl. Theor.
CeHsS(0)CH3 45.54 (45.76) 4,59 4.39) 17.81 (18.05)
p-CH3CgH4S(O)CH3 48.11 (48.57) 5.19 (5.10) 16.94 (16.76)
p-CH30CgH4S(O)CH; 45.03 (44.93) 4.83 4.71) 15.19 (15.51)
p-CIC¢H4S(0)CH; 38.65 (38.64) 3.34 (3.24) 14.96 (15.24)
CgHsS(0)C2H; 48.25 (48.57) 5.22 (5.10) 16.35 (16.76)

TABLE II. Infra-red Data.

L= C5H5$(O)CH3
NiLg(ClO4),

C0L5 (ClO4)2

L = p-CH3CgHg S(O)CH;

NiLg(C104)2
CoLg(Cl04)2
L= P'CH 3OC6H4S(O)CH3

NiLg(C104),
COL5 (C104)2
L = p-CICgH4 S(O)CH3

NiL¢(ClO4)2
C0L6(CIO4)2
L= C6H5$(O)C2 Hs

NiLg(ClO4),
C0L5(CIO4)2

1595s, 1495s, 1095s, 1050vs, 998m, 9555, 810vs, 755s, 690s
1100vs, 1005s, 985vs, 950s, 750s, 690s, 620s

1100vs, 990vs, 955s, 750s, 690m, 620s

1595s, 1495s, 1410s, 1300s, 1205m, 1175m, 1145s, 1085vs,
1045vs, 1015vs, 955s, 810s, 755m, 680s, 615s

1090vs, 990vs, 960s, 815s, 730m, 620s

1100vs, 990vs, 960s, 815s, 700m, 625s

1600m, 1300s, 1255s, 1172m, 1095s, 1045vs, 1015s, 960s,
830s, 740s, 690m

1100vs, 1035s, 985vs, 9555, 836s, 805m, 730m, 695m, 620s
1100vs, 1030s, 983vs, 960s, 840s, 808m, 695m, 622s

1580s, 1310s, 1210m, 1172m, 1092vs, 1060s, 1015s, 960s,
818s, 742s, 682m

1100vs, 1018m, 990vs, 960s, 840s, 825s, 742s, 690m, 622s
1100vs, 1018m, 990vs, 9555, 840s, 822s, 742s, 690m, 6225
1590s, 1420m, 1310m, 1240m, 1150m, 1095s, 1030s, 1005s,
975m

1100vs, 980s, 850m, 772m, 752s, 9265, 622s

1100vs, 990s, 970s, 772m, 750s, 690s, 622s

The infra-red data obtained are given in Table II.
There are only three bands in the spectra of the com-
plexes which do not duplicate those of the free
ligands (given here because they have not been
reported previously). The three peaks which differ
appear at 1100, 990, and 620 cm™'. The first and
third of these have been assigned [21] to the anti-

symmetric stretching and bending vibrations of the
perchlorate ion and the unsplit nature of the 1100
cm™! bond can be used as evidence that this species is
not coordinated [22]. The remaining band, which
appears near 990 cm™ ', can be assigned to the sulfur—
oxygen stretching frequency (vsp). The shift in
frequency (Avgp) which this band undergoes upon
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TABLE III. Near Infra-red and Visible Spectra (kK).
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NiLg(ClO4),
L vy PAng— Mg v Az~ ¥Tyg (F) vy Az~ *Tig (P)
C¢H35S(0)CH; 8.29 13.4 13.8)% 24.4
p-CH3C¢H4S(0)CHg 8.33 13.1 (13.8)* 24.5
p-CH30C4H,4S(0)CH; 8.20 134 (13.6)* 24.4
p-CIC¢H4S(0)CH; 8.33 13.3 13.8)% 24.5
CHsS(0)CH; 8.33 13.1 (13.8)* 24.4

COL6 (CIO4)2
L vy “Tig (F) > 4Ty vy “Tyg (F) > “Agg vy Tyg = *Tyg (P)
CgHs(0)CH, 8.27 15.87 192 (0n°
p-CH3CgH4S(0)CH3 8.33 16.17 19.2 (20.8)°
p-CH30CgH4S(O)CH3 8.30 15.8P 19.1  (21.3)¢
p-ClOCgH4S(0)CH; 8.35 16.2° 193  (20.7)°
CeHsS(0)C,Hs 8.40 15.5P 19.1  (20.8)¢
2Calculated from Dq, B and v5. PEstimated peak of broad shoulder.  ®Shoulder.

coordination has become a valuable tool for establish-
ing the identify of the donor atom, with vg, occur-
ring at lower frequencies (relative to the free sulf-
oxides) when the oxygen is coordinated and at higher
frequencies when the sulfur is the donor atom [1,
23]. Since all of the complexes examined here
exhibit lower values of vgo than do the free sulf-
oxides it can be concluded that the latter are behav-
ing exclusively as oxygen donors toward Ni(IT) and
Co(II) ions. This same behavior, with a single excep-
tion [24], has been observed for all other sulfoxide
complexes with first row transition elements and
is consistent with their ‘hard acid’ behavior [25].
Although it has been suggested that the magnitude of
Avgq can be used as a measure of the strength of the
metal oxygen bond [26], such estimates are
precluded in the present study due to coupling
between the S—O stretching and methyl rocking vibra-
tions [27] and the appearance of aromatic vibra-
tions in this region, both of which make the exact
assignment of vgq difficult.

The visible and near infra-red spectra are similar
to those expected for octahedral Ni(II) and Co(II)
complexes in weak field environments, consisting of
2 broad bands (near 7600 and 12000 A for Ni(II)
and 6500 and 12000 A for Co(Il), and one sharper
peak which appears at about 4000 A for Ni(IT) and
near 5000 A with a shoulder at ~4800 A for Co(II).
The peak energy values, which are shown in Table
IIT with their respective assignments, were used to
calculate the ligand field parameters, Dq and B, which
are listed in Table IV. Because of the difficulty
encountered in establishing the wavelength maximum

of the middle band for both series of compounds, the
first and third bands were employed in this calcula-
tion and a graphical method [28] was used to obtain
the values for Co(I).

The Dq values calculated for the ligands in the
current study indicate stronger fields than those
found for the majority of the other sulfoxides studied
to date, including bidentate species, some of which
are listed in Table IV for comparison. It is note-
worthy that the Dq values for phenyl methyl sulf-
oxide and its derivatives are greater than those for
either dimethyl- or diphenyl-sulfoxide. Apparently
the factors which contribute to the donor strength of
the sulfoxide moiety (e.g., size and electronic nature
of the attached groups) are optimized in the alkaryl
compound, rather than being intermediate between
the dialkyl and diaryl cases. A similar anomaly has
been reported for the basicities of these three com-
pounds in aqueous and non-aqueous media [29].
The Dq value for phenyl methyl sulfoxide is also
greater than those for the corresponding bidentate
species; 1,1-bis(phenylsulfinyl)methane (PSM) and
1,2-bis(phenylsulfinyl)ethane (PSE). Although chelat-
ing ligands frequently exhibit higher Dq values than
their monodentate counterparts, e.g., 1,2’bis(methyl-
sulfinyl)ethane (860 cm™) [14] vs. dimethylsulf-
oxide (773 cm™) [6]; 2,2'bipyridine (1150 cm™)
[30] vs. pyridine (1010 cm™) [31]; 2,2'bipyridine
1,1-dioxide (875 cm™) [32] vs. pyridine N-oxide
(840 cm™) [6]; ethylenediamine (1150 cm™) [33]
vs. methylamine (993 cm™) [34], it may be that the
internal strain of the 6-membered PSM and the 7-
membered PSE complexes [15] offset this effect.
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TABLE IV. Calculated Ligand Field Parameters.

D. Richardson and A. P. Zipp

NiLg(Cl04)2

L Dq (cm ') B (cm™ ") Ref.
CgHsS(O)CH34 829 886 This work
p-CH3CgH4S(O)CH 3 833 890 This work
p-CH30CgH4S(0)CHy 820 896 This work
p-CIC¢H4 S(O)CH 3 833 890 This work
CeHsS(0)C,Hs 833 882 This work
CeH5S(0)CgHs 796 908 8
CH3S(0)CH3 800 887 6
C4HgS(O) 823 885 8
CsHoS(0) 851 887 8
[CeHsS(O)CH, 2 racemic 809 899 15

meso 792 901 15
[CeHsS(0)] 2CH, racemic 812 863 15

meso 799 885 15

CoLg(ClO4),

L Dq (cm™ 1) B(cm 1) Ref.
CgHsS(O)CH3 929 802 This work
p-CH3CgH4S(O)CH3 945 799 This work
p-CH30CgH4S(O)CH3 939 796 This work
p-CICgH, S(O)CH3 945 807 This work
CeH5S(0)C2 Hg 952 780 This work
CeHsS(0)CgHs 862 821 8
CH3S(0)CH3 830 826 6
C4HgS(0) 830 826 6
[CeHsS(O)CH3]1,  racemic 862 759 15

meso 869 802 15
[C¢HsS(0)]2CH,  racemic 869 797 15

meso 863 800 15

One of the original goals of this work was to deter-
mine whether a relationship between Dq and the
electronic properties of the ligands as determined by
the para-substituents could be found. As can be seen,
however, the similarity of the values do not suggest
such a trend, in contrast to the results obtained for
a series of 4-substituted pyridine N-oxides [35].
The absence of such a relationship is somewhat
surprising, particularly in view of the fact that the
pK, s of these sulfoxides are governed by the nature
of the para substituents [36], but may be due to the
greater steric requirements introduced by placing 6
ligands around the metal jon.

The B values are also very similar for each set of
compounds and indicate a moderate degree of
covalent character in the metal oxygen bond [37].
Not surprisingly, the B values for the d® Ni(II) ion
are somewhat larger than those for the d’ Co(II)
species.
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