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muthal (¥) scans of five reflections (004; 008; 0,0,12; 0,0,18; 0,0,22) at
high x angles (85.90°). Transmission factors were in the range
0.997-0.579. Structure factors were calculated in the usual way (Lp
corrections applied, no extinction correction), and the standard deviations
on the intensities were calculated in terms of statistics alone. Reflections
having |F,| 2 3¢|F,| were considered as observed. The structure was
solved by Patterson and Fourier methods'? and refined by a block-diag-
onal least-squares procedure (the function minimized is > w(|F,| -
1/,F)® with weights obtained from a Cruickshank scheme.!* The
refined parameters included anisotropic thermal factors for Pt, Sn, Cl,
and P atoms, isotropic for the others. During the final least-squares
cycles the contribution of the hydrogen atoms in their calculated positions
(C-H = 1.00 A; B = 5.0 A2) was taken into account but not refined.'s

Registry No. 4, 99148-35-3; [PtCl(SnCl;)(1b)(PEt;)], 99148-37-5;
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36-4; trans-PtCl;(C,H,)(p-CIC,H,*NH,), 99148-38-6; trans-PtCl,-
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Ortho-Metalated Ruthenium Complex
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The synthesis of 1 was reported in 1969! (see Scheme I).
Complex I reacted with H, to produce II (or I’ with D,, see
Scheme I), in which the ortho-metalated bond is broken.! The
reaction of I with D, results in the deuterated analogue of II. In
addition, all the ortho positions of the triphenyl phosphite ligands
were deuterated.!

(1) Parshall, G. W.; Knoth, W. H,; Shunn, R. A. J. 4m. Chem. Soc. 1969,
91, 4990.
(2) Bruce, M. 1. Angew. Chem., Int. Ed. Engl. 1977, 16, 73.

Scheme I
CI o P g
4 u + D —= ‘76 (@)
\P/ \F F/P\P
I IT
,CI
I’ — § \ + HD — etc. (b
OP/
1T > + tRuDC\P3 (©
D
PO + KoPh_ +
b
3
H
D D
(d)
D
Plo o—@ + I — II' (e
b}

2

Complexes I and II were reported to catalyze the ortho deu-
teration of phenol with D,, eq 1.!

OH OH

Dp, 25 *C, €6 h
toluene, I or II

()

While work in this laboratory confirmed that the reaction of
D, with I resulted in selective ortho deuteration of the phosphite
ligands on I, the reaction of eq 1 did not proceed as reported.
Deuterium incorporation into phenol was found to be extremely
slow when phenol was reacted with I and D,. Phenol ortho
deuteration with D, catalyzed by I was only accomplished by using
a transesterification cocatalyst, the details of which reactions are
presented here.

Experimental Section

The syntheses of ruthenium complexes' were carried out in an ar-
gon-filled Vacuum Atmospheres drybox or by utilizing standard Schlenk
techniques. Toluene and THF were distilled from purple solutions of
sodium benzophenone ketyl. Chloroform was vacuum-transferred from
P,O,o. Mass spectra of gas samples were recorded on a Varian MAT
731 instrument. GCMS were recorded by using a Varian 311A instru-
ment. '*C (20 MHz) and 3'P (32.203 MHz) NMR spectra were re-
corded on a Varian FT-80 NMR spectrometer.

Attempted Phenol Deuteration in Toluene (Eq 1). Run a. Phenol
(0.0792 g, 0.84 mmol) and I (0.084 g, 0.061 mmol) were combined in
13 mL of toluene and placed in a 90-mL Fischer-Porter bottle under
argon. The mixture was subjected to three freeze/degas/thaw cycles. D,
was added (860 mm, 3.57 mmol) and the contents stirred at ambient
temperature for 72 h. The noncondensable gases were analyzed by mass
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spectroscopy to obtain a Hy:HD:D, ratio of 2.2:19.4:78.4. The calculated
ratio, assuming exchange only between D, and I, is HyHD:D, =
2.7:27.4:69.9. The calculated ratio, assuming both phenol and I took part
in the exchange with D,, is HyyHD:D, = 26.6:38.6:44.8.

The solution from run a was reduced in volume by rotary evaporation.
The toluene solvent from this reaction showed no deuterium incorpora-
tion. Phenol and P(OPh); were then vacuum-transferred from the re-
sulting oil. Analysis of the transferred material by GCMS showed
phenol, C¢H;OH (d, only), and P(OPh), with the following m/e (%):
310 (4.8), 311 (18.6), 312 (30.1), 313 (26.2), 314 (13.1), 315 (6.9).
GCMS analysis of P(OPh); (natural abundance) showed the following
mje (%): 310 (61.6), 311 (26.3), 312 (8.1). 313 (2.8), 314 (1.1).

Run b. Phenol (0.326 g, 3.36 mmol) and I (0.327 g, 0.24 mmol),
freshly prepared, free of trace phosphite, and from a different batch than
in run a, were combined in 30 mL of benzene in a 250-mL Fischer-Porter
bottle under argon. This bottle was charged with D, (16 psi, 9.78 mmol)
and then stirred at ambient temperature for 144 h. The noncondensable
gases were analyzed by mass spectroscopy to obtain a H,:HD:D, ratio
of 24.4:38.3:37.2. The calculated ratio, assuming exchange only between
D, and I, is Hy:HD:D, = 4.8:34.3:60.9. The calculated ratio, assuming
both I and phenol took part in the exchahge with D,, is HyHD:D, =
14.8:47.2:38.0. The phenol and P(OPh), from this reaction were ana-
lyzed by GCMS, which showed the following m/e (%): for phenol 94
(82.7), 95 (15.8), 96 (1.5); for P(OPh); 310 (0.5), 311 (4.4), 312 (15.9),
313 (24.5), 314 (25.2), 315 (20.5), 316 (7.2), 317 (1.7). GCMS analysis
of phenol showed the following m/e (%): 94 (91.2), 95 (7.8), 96.0 (1.0).
The 3C{'H} NMR of the vacuum-transferred material from this run
showed normal resonances for phenol, consistent with low deuterium
incorporation. The phosphite resonances occur at § 128.7 (s, para),
123.48 (s, para), and 121.15 (broad, ortho, reduced in intensity due to
loss of NOE).

Reaction of 2,6-Dideuteriophenol with I and H,. Complex I (0.018 g,
0.013 mmol) and phenol-2,6-d,* (0.118 g, 1.23 mmol) were combined in
20 mL of toluene in a 250-mL Fischer-Porter bottle under argon. The
bottle was charged with H, (14 psi, 9.0 mmol) and the contents stirred
at ambient temperature for 66 h. Analysis of the phenol by GCMS
showed no loss of the deuterium label from phenol.

Transesterification of P(OPh), with 0-Cresol. P(OPh), (1.00 g, 3.22
mmol) and o-cresol (0.99 g, 9.17 mmol) were combined in 5 mL of
toluene. NaH (0.07 g, 60% in mineral oil, 1.8 mmol) was added and the
contents shaken for 5 min. GC analysis indicated a phenol to cresol ratio
of 1.0:1.43. Cresol/phenol-containing phosphites were present,
P(OPh),.,(OC¢H,CH,),: n =0 (12.8%),n = 1 (38.0%), n = 2 (36.6%),
n =3 (12.6%). Sodium phenoxide/sodium cresoxide precipitates from
toluene solution but not THF. The same ratio of phenol and phosphite
products was obtained in THF solvent. The transesterification reaction
was also demonstrated by using o-ethylphenol in place of o-cresol.

Phosphite Exchange with I. Complex I (0.257 g, 0.019 mmol) and
P(p-OC¢H,CHj;), (0.020 g, 0.057 mmol) were combined in 2 mL of
CDCl;. Analyis by *'P NMR showed the presence of free P(OPh), and
P(p-OC¢H,CH,), in a ratio of 1.0:0.77. The calculated ratio for com-
plete phosphite ligand exchange between I and tricresyl phosphite is
1.0:0.75. In addition, the resonances for I that are normally well resolved
are broadened to complex multiplets also consistent with random ex-
change of phosphite ligands.

Synthesis of [(p-CH,C,H,;0),P];(p-CH,C,H,0),POC,H,CH,RuCl)*
(I'). Complex I’ was made in a fashion analogous to the preparation of
[ with the substitution of P(OPh); by P(p-OC,H,CH,);. RuHCI(PPh,);*
(1.05 g, 1.1 mmol) was suspended in 40 mL of degassed hexane. P(p-
OC¢H,CHj;); (3.5 mL) was added and the mixture refluxed for 1 h. An
oily white solid mass was purified by chromatography (30 X 1 cm) on
Florisil by elution with hexane (125 mL), a 50:50 hexane:diethyl ether
mixture (100 mL), and then with diethyl ether. The ether fraction
contained I, which was obtained as colorless crystals upon cooling; mp
191 °C. Anal. (Schwarzkopf Microanalytical Laboratory) Calcd for
Cy4H33CIP,O,Ru: C, 65.33; H, 5.38; P, 8.04. Found: C, 65.59; H, 5.60;
P, 7.83. 3'P NMR (CDCly): 5 153.2 (dof t, J = 43.4,61.7 Hz), 121.3
(d of t, J = 43.6, 50.1 Hz), 113.6 (d of d, J = 61.7, 49.9 Hz); cf. for I
51552 (doft, J = 43,61.5 Hz), 123.9 (d of t, J = 41.5, 50.5 Hz), 116.5
(dof d, J = 61.5, 49 Hz).

Phosphite Exchange with I’. Complex I’ (0.053 g, 0.034 mmol) and
P(OPh); (0.044 g, 0.14 mmol) were combined in 2 mL of CDCl,. 3'P
NMR analysis indicated P(OPh); and P(p-OC4H,CH,); in a ratio of
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3143,
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Chem. Soc. A 1970, 639,

Notes

Table I. Percent Deuterium Incorporation in P(OPh); from Eq 1

run a? run b® run a? run b®
dy 5.9 0.6 d, 10.0 25.0
d, 21.7 5.3 d 5.7 19.2
d, 316 18.5 dy 4.1
d, 25.1 26.1 d, 0.7

2See Experimental Section for conditions. ®Percent deuterium in-
corporation in phenol run b: d,, 88.3; 4;, 10.0; 4,, 1.7.

0.64:1.0. The calculated ratio of complete phosphite ligand exchange
between I’ and P(OPh), is 1.03:1.0.

Phenol Deuteration. I (0.076 g, 0.055 mmol), phenol (0.061 g, 0.65
mmol), and KOPh (0.068 g, 0.52 mmol) were combined in 10 mL of
THF in a 90-mL Fischer-Porter bottle. The contents were degassed,
pressurized with D, (30 psi, 7.1 mmol), and then stirred for 75 h at
ambient temperature. Analysis by 1*C NMR after hydrolysis with 0.1
M HCI showed phenol with its ortho resonance reduced in intensity due
to lowered NOE, consistent with ortho deuteration. EIMS and GCMS
analysis confirmed the formation of phenol-d,.

Control Experiment. Phenol (0.061 g, 0.65 mmol) and KOPh (0.061
g, 0.52 mmol) were combined in 10 mL of THF in a 90-mL Fischer-
Porter bottle. The contents were degassed, pressurized with D, (30 psi,
7.1 mmol), and then stirred for 114 h at ambient temperature. Analysis
by 3C NMR after hydrolysis with 0.1 M HCI showed normal resonances
for phenol (no deuterium incorporation). Analysis by GCMS confirmed
this result.

Results and Discussion

Reexamination of Equation 1. The product, phenol-2,6-d,, of
eq | was inferred by the previous workers from mass spectroscopy.
The ratio H:HD:D, was measured, and this measurement sug-
gested that phenol was dideuterated. In the present work, it was
found that measurement of ratios of Hy:HD:D, was not a reliable
method of establishing phenol deuteration. Essentially, no deu-
terium incorporation into phenol was observed under conditions
in which the gas ratios suggested formation of deuterated phenol
(the Hy:HD:D, ratios agreed with the ratios reported for this
reaction). For instance, reaction 1 was run for 144 h. The
H,:HD:D, ratio was consistent with extensive ortho deuteration
of I and phenol; however, Table I shows that there was only 11.7%
deuterium incorporation into phenol. Table I shows that extensive
deuterium incorporation into P(OPh); took place. These results
were confirmed by 3C{!H} NMR, which had normal resonances
for phenol but which showed that the resonance for the ortho
carbon of P(OPh), at 6 121.15 is broadened and reduced in
intensity due to lowered NOE.

When 2,6-dideuteriophenol was reacted with [ and H, in toluene
at 25 °C, no loss of deuterium label from phenol was detected
by mass spectroscopy of the phenol. None of the solvents from
these reactions was enriched in deuterium.

A mechanism for reaction 1 in terms of reversible loss of
phosphite from Ru and transesterification of substituted and
unsubstituted phenol with phosphite has recently been suggested.?

The transesterification reaction between triphenyl phosphite
and phenol is not facile in toluene or THF at room temperature.
However, a facile exchange occurred if NaH was added to a THF
solution of o-cresol or o-ethylphenol and triphenyl phosphite.

Phenol ortho deuteration was accomplished by reacting phenol
with D, in THF in the presence of I and KOPH (eq 2).

OH OH

Dz, 20 psig, T4 h

/KOPh THF, 25 °C

(2)

The presence of KOPh facilitates the exchange between phenol
and triphenyl phosphite (eq 2). The amount of deuterium in-
corporation should be compared to that shown in Table I. This
reaction represented catalytic ortho deuteration of phenol.

When I and p-cresol were combined in chloroform or THF,
no cresol incorporation into the phosphites of I was noted. In
addition, if I and NaOC4H,CH, were combined in THF, no phenol
was observed. This observation is consistent with the fact that
transesterification occurred only between free triphenyl phosphite



Inorg. Chem. 1985, 24, 4435-4437 4435

and cresoxide but not bound triphenyl phosphite. When I and
P(OC4H,CHj;); were combined in CDCl;, 3'P NMR and GC
analysis showed that phosphite exchange was facile at room
temperature.

The complete phenol deuteration reaction catalyzed by I is
shown in Scheme I.

Steps a and b were shown previously! and are confirmed by
the present work. Complete ortho deuteration of the triphenyl
phosphite ligands of II was shown by mass spectroscopy and !*C
NMR. Facile exchange of triphenyl phosphite (the equilibrium
of step c), was shown by *P NMR. Intermediate III is probably
a five-coordinate Ru(II) complex for which there is ample pre-
cedence.® The transesterification reaction on free triphenyl
phosphite was demonstrated by 3'P NMR and GCMS.

These results confirm that D, selectively deuterates the ortho
positions on the triphenyl phosphite ligands of I. Catalytic deu-
teration of phenol was greatly accelerated only by the addition
of a transesterification cocatalyst. This study represents the first
example of catalysis via an ortho metalated complex.>’® Ex-
tension of this work to other insertable groups (other than D,)
is under study.
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Lanthanides tend to form trivalent ions except in cases where
electronic configurations corresponding to a rare gas (Xe) or a
half-filled or filled 4f subshell stabilize di- or tetravalent ions.
Cerium is well-known for having a tetravalent ion with the Xe
electron configuration, and the facile conversion of Ce(IV) to
Ce(III) is the basis for numerous redox-related reactions. Al-
though chelation often has dramatic effects on the redox potentials
of transition-metal ions, there are no systematic studies of chelation
effects on the redox potentials of lanthanides. Our results show
that shifts in the redox potential of about 250 mV can be produced
by using various substituted SALEN, N,N “ethylenebis(salicyli-
deneamine), ligands. Even greater changes in the Ce(1IT)/Ce(IV)
couple can be produced by changing the chelating ligand.

*Work performed under the auspices of the Office of Basic Energy Sci-
ences, Division of Nuclear Sciences, U.S. Department of Energy, under
Contract No. W-31-109-ENG-38.

! Argonne National Laboratory. Present Address: Mallinckrodt Inc., St.
Louis, MO 63042.

8 University of Florida.

Experimental Section

All chemicals were reagent grade and were used as received except
for tetrabutylammonium perchlorate (TBAP), which was recrystallized
from ethyl acetate and dried at 50 °C under vacuum. Ce(DAPSC),-
(Cl0,)4+3H,0 was synthesized as described previously.!

Electrochemical cells were of the three-electrode type. The working
electrode was a Corning No. 476060 platinum disk with area 0.357 cm?
for cyclic voltammetry (CV) and platinum gauze for controlled-potential
coulometry (CPC). The counter electrode was a spiral of platinum wire
for CV and platinum gauze for CPC. The reference electrode was
Ag/Ag* (0.1 M AgNO; in CH,CN) against which all the potentials
were measured. The potentials are reported vs. SCE to facilitate com-
parisons with literature values. Instrumentation was from Princeton
Applied Research and has been described previously.? Spectrophoto-
metric grade acetonitrile containing TBAP (0.1 M) was used as elec-
trolyte for all measurements.

Analyses were performed by the University of Florida Microanalytical
Services. Infrared spectra were recorded on a Perkin-Elmer 1430 ra-
tio-recording infrared spectrophotometer.

The complexes were synthesized by the addition of an ethanolic (200
proof) solution of ceric ammonium nitrate, Ce(NH,),(NO;)s, to an
ethanolic solution of the ligand and triethylamine (a 1:2 mole ratio). The
dianionic ligands used were SALEN (N,N’-ethylenebis(salicylidene-
amine)), S-BrSALEN (N,N-ethylenebis(5-bromosalicylideneamine)),
5-MeOSALEN, (N,N-ethylenebis(S-methoxysalicylideneamine)), and
SALOPHEN, (N,N"phenylenebis(salicylideneamine)). The Ce(SAL-
EN), complex can also be prepared from a cerium(III) perchlorate so-
lution, salicylaldehyde, and ethylenediamine.

The precipitated complex was filtered, washed with ethanol and ether,
and air-dried. Infrared spectra indicated the presence of ligand and the
absence of nitrate. Satisfactory analyses were obtained on samples re-
crystallized from acetonitrile. Found (calcd) data are as follows. Ce-
(SALEN),: C, 57.07 (57.13); H, 4.03 (4.19); N, 8.16 (8.33). Ce(5-
BrSALEN),0.5H,0: C, 38.85 (38.54); H, 2.40 (2.53); N, 5.63 (5.62).
Ce(5-MeOSALEN),-1.5H,0: C, 53.98 (53.75); H, 4.42 (4.64); N, 6.92
(7.37). Ce(SALOPHEN),-0.5H,0: C, 61.90 (62.09); H, 3.70 (3.26);
N, 7.66 (7.24).

Results and Discussion

Synthesis. Cerium complexes of SALEN, both protonated and
deprotonated, have been prepared previously by at least two
groups.>* We have found that the complexes with protonated
SALEN can be prepared in near-quantitative yield with the ad-
dition of triethylamine to assist in proton removal. Several at-
tempts to prepare Ce(SALEN), without the addition of base did
indeed lead to the desired product, but yields were exceedingly
low and the product was impure. Infrared spectra suggest that
the impurity was a complex containing protonated SALEN and
nitrate, probably Ce(H,SALEN),(NO,),+H,0. The preparation
of complexes with the substituted SALEN ligands proceeded
readily in the presence of triethylamine. Thus, the method is a
general one for the preparation of deprotonated SALEN complexes
with cerium and may be applicable to other tetravalent metals
and ligands as well.

Electrochemistry. The redox potential of cerium in a number
of complexes was measured. Quasi-reversible charge-transfer
processes were observed for Ce(SALEN), and its derivatives and
analogues, for Ce(DAPSC),(Cl0,);-3H,0,! and for an as yet
uncharacterized complex with o-aminophenol. The cerium(IIT)
complexes of 2,6-diacetylpyridine bis(acetylhydrazone) (DAPAH)
and 2,9-diformyl-1,10-phenanthroline disemicarbazone
(PHENSC)® were examined, but we observed no oxidation wave
for these complexes.

SALEN Derivatives. This is the first investigation of the
electronic effects of a ligand on the redox potential of a lanthanide
ion. Four Ce(IV) complexes with dinegative tetradentate ligands
formed from salicylaldehyde and its derivatives and either
ethylenediamine (SALEN) or o-phenylenediamine (SALOPHEN)
were examined by using cyclic voltammetry. Figure 1 shows a
typical cyclic voltammogram for Ce(SALEN),. Table I lists
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