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Extended labeling experiments have shown that formation of rhodium peroxocarbonate fecanCfRnClg2-
O,)(P)3] (P is PEtPh or PEtPH) proceeds through ©0 bond cleavage and G@nsertion. O-transfer to ancillary
phosphine ligand to give =0 selectively ¢85%) involves the Rh-linked O atom of the peroxo group of

RhCI(CQy)(P).

Introduction Scheme 1

Transition-metal peroxocarbonates of formuM(CO4)Xm o /*(#) 0p /°\o
(L = ancillary ligand;n = 2, 3; X= halogenm= 0, 1), known M\ or M\ —a M |
for a long time, have been usually prepared by reaction of 1a 0 200 \*o/c\
dioxygen complexes of transition metalgM(O2) X, (M = Pd, *o °
Pt, Rh, Ir) with carbon dioxidé?®® More recently, we have M
shown that they can be synthesized by reaction of carbon dioxide N
complexes of formula M(CO2)Xy, (M = Ni, Rh) with 1b *
dioxygen?a® They are interesting compounds not only for their oo co, /0\0*
structural properties but also because they behave as oxidants. Seive 2 ~ M Cl
Indeed, we have ascertained that they are good oxygen transfer No— o

agents to oxophiles (phosphines, olefins, active methylene

groups); being, thus, candidates for a practical application. | these studies, infrared and Raman techniques (solid state
Very mte_re;urygly, in this reaction they transfer only one oxygen gand solution) were very informative. NMR studies, usii@
atom, mimicking, thus, monooxygenases. isotope, gave only qualitative indications as the quality of the

_ Despite the c_ospicuous synthetic work available _in the 179 signals was poor for a quantitative use in the reaction
literature, very little was reported about the mechanism of mechanism assessment.

formation of peroxocarbonates from dioxygen complexes and
CQ.. In principle, two ways (routeda, 1b, Scheme 1) are  Results and Discussion

possible that imply the O (route 1_3’ Sc_heme 1) or MO Synthesis of Peroxocarbonates of Formula RhCI(CQ)-
_(route_ 1b, Sch_eme 1) bond opening with subsequent,CO (P);s and Their Behavior in Solution. Complex RhCI-
insertion and ring closure (rout@s, 2b, Scheme 1) to afford (CO:)(PE&Ph); was obtained by reacting GQvith RhCI(-
the peroxocarbonate structure. : . Oy)(PEBPh) 2 at 253 K in toluene. In a similar way, Rh@R

We have undertaken a detailed study in order to ascertain o ) petph); and CQ afford RhCI(CQ)(PEtPh)s. Structural
:NE'CIh dmechanlsrz ;S opleggtlrg,eoma(léllr;(g) an ex:jenswe use of 4ata are not available for these complexes as they decompose
avele pofmpoun 0, h 2 " 2 z)flnhOI‘ er to gain " under X-ray irradiation. However, low-temperature NMR
correct information on the mechanism of the interaction o spectra have demonstrated that they have an octahedral geometry
coordinated dioxygen with CO The availability of such labeled with two axial phosphines. TH&P spectrum of RhCI(CE(PEL-

compounds has also permittgd elucidatatign of the oxygen Ph) at 213 K in CDCl, shows a doublet of doublets-(1.4
transfer process and ascertainment of which of the peroxo ppm, Jo_rn = 91 Hz, Jep = 26 Hz), assigned to the axial

O-atoms is transferred to a substrate. phosphines, and a doublet of triple#s20.4 ppmJp—rn = 119.9
t Universitadi Bari Hz), due to the equatorial P ligand (Figure 1). When the
$URA 124 CNRS. solution was warmed to 273 K and left at this temperature for
€ Abstract published ilidvance ACS Abstractdjay 15, 1996. a few minutes, a reaction took place, as demonstrated by the
(1) (@) Hayward, P. J.; Blake, D. M.; Wilkinson, G.; Nyman, CJJAm. change of the®P NMR spectrum. The original compound
fggg"'zggg_lgm 92, 5873. (b) Malatesta, L.; Ugo, R. Chem. Soc.  +nyerts into several new ones. By comparison with authentic
(2) (a) Aresta, M.; Nobile, C. FJ. Chem. Soc., Dalton Trans977, 708. samples, it was possible to locate the following resonanées:
(b) Aresta, M.; Quaranta, E.; Ciccarese, @. Mol. Chem.1985 1, 429 (s), G=PEtPh; 26.0 (d,Jp—rn = 128.7 Hz), trans
267, RhCI(CO)(PE4Ph); 3.7 (dd,Jp_rn = 84 Hz, Jpp = 23.1 Hz)

(3) Aresta, M.; Quaranta, E.; Ciccarese,JAMol. Catal.1987, 41, 355. - .
(4) Aresta, M.; Fragale, C.; Quaranta, E.; Tommasi).IChem. Soc., and 16.9 (dtJp-rn = 111.3 Hz) merRhCL(PEtPh); 14.2 (dd,

Chem. Commurl992 315, and references cited therein. Jp—rh = 89 Hz,Jpp= 23.8 Hz) and 22.7 (dt}p—gn = 125 Hz),
S0020-1669(95)01154-2 CCC: $12.00 © 1996 American Chemical Society
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Figure 1. 3P NMR spectrum (213 K, CELl,) of RhCI(CQy)(PE&Ph).
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merRhCI(CG;)(PELPh). Also, the new complexes formed
according to Scheme 2.

Scheme 2
transRhCI(CO)(PESPh),
merRhCL(PELPh),
RhCI(CO,)(PELPh), ™ { merRhCI(CQ)(PELPh),
RhCI(PESPh),
O=PEtPh

The identified compounds suggest the following basic consid-

erations.

(i) The reaction of formation of peroxocarbonates from RhCI-

(P, O,, and CQ, is reversible (see also below).

(i) The peroxocarbonate is an oxygen transfer agent that

generates a carbonate.

(iif) RhCl3(P) is formed upon reaction of RhCl(#yith the
chlorinated solvent, as previously demonstrated.

(iv) RhCI(CO)(P} is formedvia reduction of CQ to CO by
the phosphané.

We have investigated in detail the mechanism of formation
of the peroxocarbonate using labeled OECL60,, 12C180,,
12C160,) and G (1%0,, 180,) and have shown which of the
oxygen atoms of the peroxo group-@ is transferred to the
oxophile during the oxidation reaction.

Mechanism of Formation of Peroxocarbonate from “Rh—
(7%-02)" and CO,. The mechanism of formation of RhCI-
(COy)(PEtPhy from CO, and RhCI§?-0,)(PELPh): was
ascertained through a normal coordinate analysis for the
fragment [RhCI(CQ)(PC)] (moleculel, Chart 1) and all its
derivatives obtainable from isotopic labeling witfO, (mol-
ecules2 and3, Chart 1) and €0, (molecules4 and5, Chart
1). Scheme 1 clearly shows that, according to the bond cleavage
mechanism (RRO or O-0 cleavage) and using labeled O
and CQ, different species are obtained. Namely, the-Rh
cleavage affords molecul@and5 in Chart 1, while the G-O
splitting affords molecule?2 and4. This generates different
O—0 isotope coupling and makes the vibration of the=#®
(or *O—0) bond and that of Rh*O and C—*O diagnostic of
the reaction mechanism.

In order to locate the 60, Rh—0, and C-O bands, we have
performed a theoretical calculation of the frequencies for the
RhCI(CQ)(PC) fragment. As reported above, the solid state
structure of these peroxocarbonates is not known as they
decompose under X-ray irradiation, but the low-temperature
solution NMR spectroscopy is informative about their octahedral
structure.

(A) FTIR Spectra of Solid RhCI(CO4)(PEt,Ph); and Its
180 Labeled Derivatives. The FTIR spectra of solid RhCI-
(COy)(PERPh) and its'®O labeled derivatives, obtained by the
following coupling reactions,

RhCI(*®0,)(PELPh), + CO, (A)

RhCI(G,)(PELPh), + C'0, (B)
are presented in Figures 2 and 3.

(1) Vibrational Spectrum of the Ligand. As the vibrational
spectrum of coordinated Pt is quite similar to that of the
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Figure 2. FTIR spectra in the region 54740 cnt? for RhCI(CQ)(PE&Ph) () and its labeled derivatives witfO, (b) and G80; (c) (bands
sensitive to isotopic labeling are indicated in black).
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Figure 3. FTIR spectra in the region 22890 cnt! for RhCI(CQy)(PEtPh) (a) and its labeled derivatives witfO, (b) and G8O, (c) (bands
sensitive to isotopic labeling are indicated in black).

free molecule, except in the low-frequency regicemd is not bands at 994, 970 cm for r;(CHz) and at 860, 846 cri for
shifted by isotopict®O labeling, it is easily recognizable and rp(CHj). In the congested region between 766 (s) and 636 (m)
described separately only in the region of interest, below 2000 cm~1, we observe the stretching modes of phosphiRfRG),
cmL, V'(PG), andv(PG), the bending motiong(C=C), and the
The deformations)(CH3) and 6(CH,) of the ethyl groups out-of-plane deformations/(=CH) of the phenyl groups,
together with the stretching modeéC=C) of phenyl moieties  together with a weak contribution of Nujol at 723 th
are observed in the region 1262483 cn* and are partially The deformation®(PGs) are expected in the low-frequency
obscured by Nujol absorptions at 1461 and 1377cnPhenyl  (oqi0n helow 540 cm, and probably located between 525 (w)
deformationg$(=CH) are located between 1151 and 1030&m and 396 (vw) cm! together withv(Rh—P) and v(Rh—Cl)
whereas rocking motions of ethyl moieties are assigned to Weak(vibrations commonly observed around 320 &n Full as-

(5) Aresta, M.; Rossi, M.; Sacco, Anorg. Chim. Actal969 3, 227.
(6) Aresta, M.; Quaranta, E.; Tommasi,New J. Chem1994 18, 133, (7) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
and references cited therein. dination Compounds3rd ed.; Wiley Interscience: New York, 1978.
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signments in the far-infrared region will be discussed further, Table 1. Structuré and Valence Force Fiéldor RhCI(CQ)(PGs)

with results of normal coordinate analysis. cometrical valuds force initial final
(2) Vibrations Due to the Peroxocarbonate Moiety. In g constants value§  value$
addition to the Rr-PE&Ph and Rk-Cl absorptions, bands that  d(RhQ,) 2077  v(RhQ) 3.2 2.75
are shifted by isotopic labeling experiments can be observed. d(RhGs) 2240  v(RhGy) 3.2 2.70
The strong absorption present in the IR spectrurd af 1665 d(0204) 1470 v(O:04) 3.3 3.90
cm1, shifted to 1643 cm! by C0O, labeling, is assigned to gg%g% 1335_’ zggf’g% gg i'gé
the carbonyl stretching(C=0). The medium band at 1249 d(C:og) 1220 V(C:O;‘) 96 941
cm! has an isotopic effect of 25 crhby C80; labeling and d(RhCI) 2.410  v(RhCI) 1.7 1.56
is therefore associated with one of the CO stretching modes. d(RhP) 2.308 v(RhP) 1.6 1.725
The stretching vibratiom(O—0) is expected in the 9661000 d(PC) 183  »(PG) 2.75 2.75
cm~! region: we can easily observe in the spectrumlcd V(PG 2.42 2.42
medium strong sharp absorption at 963 ¢énwhich is shifted (O,RNO; vo(PG) 2.42 2.42
. ,RhQy) 72 5(0,R0y) 0.25 0.25
to 943 cn1t upon*®0; labeling. Two sharp bands at 579 and  (Rho,0,)  120.3  8(RhO,0.) 035 035
545 cnt! have isotopic effects of 23 and 17 cinby 180, (020,Cs) 111.7  6(0y04Cs) 0.35 0.35
labeling and 6 and 10 cm by C'80, enrichment, respectively. a(04C505) 120.2  8(04Cs03) 0.35 0.46
We assign them to the two stretching moaé@h—0). Bands o(COsRN)  115.8  9(CsOsRh) 0.35 0.45
at 808, 779, 380, and 322 cfalso show weak isotopic effects 383&83 ﬁi'g gggigg é'gg g'gg
by C*¥0, and/or'®0; labeling and are therefore associated with  (prpCl) 85 6(PRICI) 0.16 0.16
vibrations of the RhOOC(O)O moiety. Full assignments will ﬁ%gigﬂg) 11811§ gggzgﬂg) 8.'222 8.'222
be made with the help of normal mode analysis; see below.  ,(cpc) 120 5{PGy) 0.46 0.46
(B) Structure of RhCI(CO4)(PEt:Ph)s: A Normal Mode 0'(PG) 0.64 0.64
Analysis. There are no structural data for this complex, but 04PG) 0.64 0.64
NMR spectra have shown that it has an octahedral geometry, n(PG) 0.46 0.46
with two axial phosphines. The chlorine atom, one phosphine, ;((';%%) %%%05 064(?
and the peroxocarbonato metallacycle lay in the equatorial plane. 7(RhOy) 0.0005 00
It is not possible to locate the chlorine atotrans or cis to the 7(RhO;) 0.0005 0.0
peroxo bond, on the basis of the NMR spectruniafnly. 7(0;04) 0.0005 0.0
So, in order to (i) elucidate the mechanism of the ,CO 7(CsO4) 0.05 0.0
insertion reaction in thg2-0, compound, (ii) assign all of the ]f((cc583)6(c 09) 2‘854 _0'88
observed frequencies, and (i) know the chlorine position, we f(CeOs0(Cs0))  —0.4 08
have performed normal coordinate analysis for the fragment f(Cs04,C503) 0 0.57
RhCI(PG)(O,CO,) (molecule 1) and all of its derivatives f(RhPO(PG)) —0.09 —0.09
obtainable from isotopic labeling witlO, (molecules2 and f(RhOx,RNGy) 0 0.3

3) and C®0, (molecules4 and 5). We only consider the aBond lengths in A; angles in de§Force constants are given in
vibrations of the equatorial plane, neglecting ethyl and phenyl mdyn A for bonds, mdyn A rat® for angles, and mdyn rad for
groups for simplification. bond-angle interactions.

The structural parameters used (see Chart 1 and Table 1) were
those of (glycolato)peroxomolydenum complexoO(Cy,),- limited vibrational data in the low-frequency region, the fitting
(glyc))-2H,0 8 various chlorine phosphine rhodium complexes Wwas limited to 300 cm?, but all modes were calculated, the
such agransRhCI(PMe)2(PPh),® RhCI(PMe)s,1° and RhCI- total number of nonzero interaction force constants being 5 for

(PPh)s 11 and the (peroxocarbonato)rhodium complex Rh(S 26 calculated frequencies (22 observed). In the refinement
CNMey)(CO4)(PPh),.12 procedure, the adjustment of the isotopic shifts had priority to

The initial force field was taken from values calculated by that of frequencies themselves, because the former are more
Fouassieket al. for acetone? Nakamuraet al. for dioxygen- sensitive to the geometry of the molecule.
transition metal complexé4,and Forel and co-workers for Tables 1 and 2 summarize the final results for the valence
maleic anhydridé? together with our previous results obtained force field of the complex and the assignment of the vibrational
for different transition metal complexes with coordinated,0  modes with the chlorine atom placed irtrans position with
The program used to calculate the generalized valence forceregard to the peroxo moiety.
field was similar to Schachtschneider’s drieBecause of the The excellent agreement of calculated and observed values
for the unlabeled [RhCI(C&(PC)] fragment (columns 1 and
2 in Table 2) confirms that the used parameters are correct.

Considering the spectrum, we can see thaw(€=O0),
v(0—0), and the twa/(Rh—0) modes are relatively pure (see
PED on Table 2) and located at usual wavenumbers (1665, 963,
579, and 545 cm, respectively), normal coordinate analysis
is necessary for assigning all other vibrations.

It is generally assumed that interaction force constants must
be lower than one-tenth of the main corresponding force
constants. The values calculated can then be considered as
accurate. The good agreement between observed and calculated
wavenumbers and isotopic shifts allow us to propose a relevant
force field for this compound.

While the final force constant values calculated for both RhO
bonds (RhO and RROO) are identical (2.7 mdyn &), a

(8) Dengel, A. C.; Griffith, W. P.; Powell, R. D.; Skapski, A. @.Chem.
Soc., Dalton Trans1987 991.

(9) (@) Jones, R. A.; Real, F. M.; Wilkinson, G.; Galas, A. M. R;;
Hursthouse, M. BJ. Chem. Soc., Dalton Tran$981, 126.

(10) Jones, R. A.; Real, F. M.; Wilkinson, G.; Galas, A. M. R.; Hursthouse,
M. B.; Malik, K. M. A. J. Chem. Soc., Dalton Tran$98Q 511.

(11) Bennett, M. J.; Donaldson, P. Biorg. Chem.1977, 16, 655.

(12) Wakatsuki, Y.; Maniwa, M.; Yamazaki, Hnorg. Chem.199Q 29,
4204.

(13) Fouassier, M.; Forel, M. T. Mol. Struct.1975 26, 315.

(14) Nakamura, A.; Tatsuno, Y.; Yamamoto, M.; Otsuka).SAm. Chem.
Soc.1971 93, 6052.

(15) Le Gall, L.; Caillet, P.; Forel, M. TJ. Chim. Phys1978 75, 444.

(16) (a) Jegat, C.; Fouassier, M.; Mascettingirg. Chem1991 30, 1521.
(b) Jegat, C.; Fouassier, M.; Tranquille, M.; Mascetti, J.; Tommasi,
I.; Aresta, M.; Ingold, F.; Dedieu, Alnorg. Chem.1993 32, 1279.

(17) Schachtschneider, J. H.; Snyder, R.Spectrochim. Actd963 19,
117.
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Table 2. Assignments of IR Observed Wavenumbers (gnof RhCI(CQy)(PE&Ph) and I1ts'80 Labeled Derivatives Compared with
Calculated Values for Molecules—5?

A0 frequency shifts, cri

wavenumbers, cmi Rh80, + 12C160, RN%0O, + 12C180,
moleculel molecule2 and3 moleculest and5
assgnts obsd calcd calcd obsd calcd calcd
obsd calcd (1) (PEDY *O, (A) for 2 for3 C*O:(B) for 4 for5
1665(vs) 1663 »(C=0) (76) 0 11 25 22 23.3 26.7
1483 (m)
1433 (m) v(C=C), 6(CH)
1415 (w)
1262 (sh)
1255(sh) 0 25
1249(s) 1250 ¥(Cs04) (53) + v(Cs0s) (17) + 6(C=0) (16) 1 0.9 19 25 25.1 7.4
1151 (w)
1101 (m) B(=CH)
1046 (w)
1030 (m)
994 (W) r||(CH3)
970 (w)
963(m) 962 v(0,0,) (83) 20 28 53 22 24.4 0.5
860 (w) r(CHs)
846 (w)
808(w) 796 y(C=0) (100) 0 2.9 2.3 5 6 6.5
779(m) 777 v(Cs03) (54) + v(RhOs) (32) n.o. 34.2 0.7 9 6.7 40.2
766 (s)
746 (s)
732 (s)
711 (s) Va V', V(PG)
705 (sh) y(=CH)
697 (s) 6(C=C)
685 (m)
650 (m)
636 (m)
579(m) 575 v(RhQy) (62) 23 234 18.2 6 4.4 4.2
545(m) 543 v(RhGs) (28) + v(Cs03) (34) + 6(C=0) (14) 17 219 13.2 8 5.4 19.2
525 (w)
501 (s)
457 (m) 0a 0's, 0S(PG)
449 (m)
431 (w)
396 (vw)
380(m) 379(376) O6(C=0) (33)+ »(RhP) (19)+ 6(0,04Cs) (14) 2 3.5(5) 5 5 7.5(11) 5.9
360(w) 358(360) v(RhP) (45)+ 04PGs) (24) + 6(C=0) (21) 0 3.31) 3.4 0 4(0.2) 3.9
352 (w) ?
322(ms) 323(331) v(RhCI) (67)+ 6(C=0) (26) 1 1(8) 24 4 3(4.6) 2
303(w) 302(296) o(C=O0) (63)+ v(Cs04) (24) + v(RhCI) (24) n.o. 22) 5.5 n.o. 10.35.7) 6.5

an.o.= not observed. The Cl atom is assumeghsto the peroxo group. Values itelics are given for the same molecules with the chlorine
atom in acis position with regard to the peroxo borfdPED = potential energy distribution.

different situation is found for the €0 bonds, for which the example maleic anhydrid®, the out-of-plane motiory(CO)

value obtained for the bond relevant to the peroxo group is 50% is found at a higher frequency (796 ch than in CQ

higher (4.8 instead of 3.2 mdynA) than the oxo. Anyway, complexes, where this mode is observed around 550! éfn

all of these values are lower than those habitually encounteredand is higher than the corresponding in-plane bendi{@0).

for similar bonds (see initial values in Table 1). Values This vibration is, in fact, highly mixed with several other modes

calculated for the -0 and G=0 bonds, as well as those found (»(C—0), v(Rh—0), »(Rh—Cl), and bending motions of the

for the in-plane and out-of-plane deformation motions of the cycle) at different wavenumbers (1250, 543, 379, 358, 323, and

0304C0Os moiety fall within normal values. mainly 303 cntl). This explains why small isotopic shifts are
Only five interaction force constants were necessary to fit observed for Ri-P and RR-Cl stretching modes itfO labeled

the calculation of normal modes. Among them, interactions Species.

between RhP stretching and £&/mmetric deformation, and One question which the NMR spectrabtould not answer

CO stretchings and in-plane=@ bending, respectively, have s if the Cl atom is in a@ransor cis position with regard to the

the usual values. Interactions between both RhO (0.3 mdyn peroxo bond. We have performed other calculations with the

rad 1) and CO (0.57 mdyn rad) stretching modes depend on  same valence force field. Only the position of Cl has been

the cyclic structure of the compound. Table 2 shows the results changed, leaving all other structural parameters identical.

of coupling on the frequencies and potential energy distribution Calculated frequencies and isotopic shifts are the same for all

of the motions. modes, except for 380, 360, 322, and 303 &nin the low-
The high-frequency»(CO) mode at 1250 cm can be frequency region. Table 2 shows in italics calculated frequen-
considered as the asymmetric stretching motion of tk@,0 cies and isotopic shifts for molecul2saand4 with ClI cisto the

moiety, whereas the symmetic counterpart is lowered to 777 peroxo group. Available experimental data strongly support the
cm L. As already observed in similar compounds (see for “trans’ structure (see isotopic shifts obtained for modes at 380,
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322, and 303 cm'). However, we have not observed values
for the 6(CO) + »(Rh—CI) motion in isotopically labeled
species that would have allowed an unambiguous conclusion
in favor of thetrans position of ClI with regard to the peroxo
bond.

(C) Studies with 180,. Calculated frequencies reported in
Table 2 show that moleculésand 3 are easily recognizable
when the isotopic shifts obtained on tr€O—O) mode are
considered. Indeed, molecugobtained by opening of the
Rh—O bond in reaction A has the maximum frequency shift
(53 cnm?) on this stretching mode because of the presence of
the80—180 bond, whereas molecu®e where only one oxygen
atom of the peroxo bond is isotopically labeled, presents a shift
almost reduced by half (28 ct¥). The experimental value (20
cm™1) is quite close to the latter, indicating molec@es the
most likely to be formed. Further support in favor of molecule
2 comes from the good agreement between calculated and
observed values relevant t§Rh—0O,), v(Rh—0O3) + v(Cs03)

+ 6(C=0) andd(0,04Cs) + 6(C=0) + v(Rh—P) (see Table
2).

Therefore, comparison of observed and calculated values on
the peroxocarbonate, obtained by reacting+8®, and2C'0,,
clearly shows that reaction A leads to molecRleThis result
is also confirmed by the isotopic shift obtained on the high-
frequency stretching modgCO) located at 1249 cm in the
unlabeled compound.

(D) Studies with 12C180,. Reaction B use¥0, and!2C!€0,.

The opening of one RRO bond should leave unchanged the
1(0,—0y) frequency, whereas opening of the-O bond leads
to a “half-labeled"%0—80 bond and to a frequency shift of
about 25 cml. The experimental (22 cm) and calculated
values Qcaicais 24.4 cn! for O—O splitting and 0.5 for RO
splitting) permit us to conclude that reaction B proceeds through
the opening of the &0 bond. This result is also supported
by other stretching modes such as the following: ¥@s0,)

+ ¥(Cs03) + 3(C=0) (Aobs = 25 cnT?; Acaica= 25.1 cn?);

(b) ¥(CsO3) + v(RhGs) which is located at 779 cm in the
unlabeled compounti for which Agpsis 9 cnt? (for this mode
the calculated isotopic shift is very important (40 ©nin
molecule5 and weak (7 cml) in molecule4); (c) v(RhGs) +
v(Cs03) + 6(C=0) (Aops= 8 cNTL; Acacafor 4 = 5.4 cnrd;
Acacd for 5= 19.2 cnrd).

In conclusion, Table 2 clearly shows that the agreement
between the calculated and found values for the@) O—C,
and O—Rh stretching is very good when specizand 4 of
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Scheme 3
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complexes with labeled C{brings to the synthesis an asym-
metrically labeled *G-O peroxo bond. In fact, depending on
the procedure used for the synthesis of the peroxocarbonate,
either a Rh-1%0—180 or a RR—180—1%0 peroxo bond is formed.
Such asymmetric peroxo groups were never observed before.
They constitute an opportunity of studying the reaction mech-
anism of oxygen transfer to oxophiles from the peroxocarbonate
moiety (see paragraph below).

(F) Reversibility of the Peroxocarbonate Moiety Forma-
tion. Interestingly, the reaction of dioxygemhodium com-
plexes [RhCI(Q)(P)] (P is PPREt or PEtPh) with CQ is
reversible. In fact3¥P NMR spectroscopy shows that [RhCI-
(COy)(P)] heated above 270 K can either convert into [RhCI-
(COs)(P)s] with oxygen transfer to the ancillary phosphine ligand
or revert to the starting RhCI(Pxomplex. The latter is the
only Rh compound formed when [RhCI(G)TP)] is irradiated
also at 213 K in the solid state with Raman radiations. Such
behavior is not documented in the literature for other peroxo-
carbonates.

Oxygen Transfer from Peroxocarbonate to Oxophiles.As
reported above, in general the peroxocarbonate complexes are
potential oxidants. RhCI(CEPELPh)y and RhCI(CQ)-
(PEtPh)s behave as oxidants toward phosphitiplefines?
and etherd. We have also observed that €® able to modulate
the oxidative ability of @ in the presence of a rhodium
phosphine catalyst. This is clearly due to the formation of
peroxocarbonates.

When styrene is reacted with, @ the presence of RhCI(PEt
Ph), the major product is benzaldehyde, with minor amounts
of epoxide and phenyl methyl ketone. These products were
formed according to a molecular ratio of 5:3:1, respectively.

The addition of CQproduces an inversion in the abundance
of the oxidized species formed from styrene. Indeed, the most

Chart 1 are considered, while no agreement is found for species@oundant species is now phenylacetaldehyde followed by styrene

3and5. This finding clearly supports the-©0 bond splitting
as the reaction mechanism for the formation of peroxocarbonate
from Rh—0O, and CQ.

This reaction pathway finds a rationale in the value of the
bond energy of RO (=60 kcal/mol}® and G—O (2848 kcal/
mol for most inorganic and organic peroxidé$).

Such a mechanism and situation are reminiscent of that of
organic dioxiranes (Scheme28¥or which the splitting of the
O—O0 bond is assumed to operate when, for example, ethylene
reacts with dioxirane to give an insertion reaction (ro8ée
Scheme 3).

(E) Synthesis of Asymmetrically Labeled®*0—180 Moi-
eties. The reaction we have observed of rhodiudioxygen

(18) Wayland, B. BPolyhedron1988 7, 1545.

(19) Curci, R.; Edwuards, J. O. Activation of Hydrogen Peroxide by Organic
Compounds. IrCatalytic Oxydations with bD, as Oxidant;Strukul,
G., Ed.; Catalysis, by Metal Complexes, Series; Reidel-Kluwer:
Dordrecht, Netherlands, 1992; Chapter 3.

(20) Adam, W.; Curci, R.; Edwards, J. @cc. Chem. Red.989 22, 205,
and references cited therein.

epoxide, phenyl methyl ketone, and benzaldehyde in the molar
ratio 5:5:3:1. Benzaldehyde, in this case, is formed only in a
minor amount.

Analogously, when RhCI(C&PE&Ph) was dissolved in
tetrahydrofuran (THF) at 273 K the formation of butyrolactone
was evident, although the main process was the oxygen transfer
to the P ligand. When diphos or bipy (2/@pyridyl) were used
as ligands, the O-transfer to the ligand was avoided, and only
the organic substrate was implied in the oxidation process. Rh-
(bipy)(C:H4)Cl alone in THF afforded, thus, 2-hydroxytetrahy-
drofuran and butyrolactone (turnover 30 and &) hour) as
the only oxidation products in the presence of£0, mixtures
(2:1 (v/v), 0.103 MPa total pressure) with an induction time of
roughly 2 h.

These results are quite interesting as they show that with
passage from £to peroxocarbonate it is possible to find effects
similar to those observed when dioxygenases or monooxygenase
are considered.

Peroxocarbonates are prone to transfer one single oxygen
atom to an oxophile or an olefin, while,@auses essentially
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the splitting of the olefinic double bond, using two oxygen were studied as Nujol mulls (Nujol was previously dried on sodium
atoms. This tendency is explained by the fact that peroxocar-wire and bubbled with argon). The extreme sensitivity of RhCI-

bonates convert into carbonates according to reaction 1. (COs)(PELPH) under laser irradiation prevented us from obtaining
Raman spectra (even with weak red exciting lines at low temperature).
“Rh(CO,)” + XY — “Rh(CO;)" + XYO Q) GC analysis were performed with a Dani HR 3800 gas chromato-

. . . . . . . graph equipped wita 2 mSE-30 @ a 2 mOV-17 packed column.
It is of interest at this point to investigate the reaction ~ Gc.us analysis was carried out with a HP 5890 gas chromatograph
mechanism of oxygen transfer. linked to a HP 5970 mass detector (capillary column: SE-30, 30 m
This was made possible by the availability of an asymmetri- 0.00032 m, 0.25m film thickness).

cally labeled peroxo group bonded to rhodium @RPFO— ) J
180—C or a RR-180—-160—C). Therefore, we have studied the Synthesis of CIRNtOOC(*0)**0)(PELPh)s and CIRN(*O™OC-

oxygen transfer reaction using phosphine as acceptor, which(160)80)(PEt,Ph). We report in detail the synthesis of CIR¥(LOC-
ir;wag(Oe:Sislljrlgple the reaction as only one product (phosphine oxide) (150)%0) (PEPh}; from RhCl(;10,)(PE4Ph); and G50, A similar

1
. . . procedure was followed for the synthesis of CRRB{FOC(0)%0O)(PEL-
When CIRh{®0™*0C(0)O)(PEPh) was dissolved in Cl pp), starting from RhClf2-1%0,)(PE&Ph), and GFO.
Cl; at room temperature, the O-transfer reaction to phosphine A solid sample of RhCH2-180,)(PEtPh); (0.300 g, 0.45 mmol) was
took place according to eq 2. The GC-MS analysis of the solu- dissolved in toluene (30 mL) saturated witH®0, at 243 K. The
— solution was then added with pentane (50 mL) and stored overnight at
1816 8 . 243 K. The yellow solid that separated was filtered under Ar, washed
CIRh("O OC(O)l O)(P) with pentane, and drieid vacua Anal. Calcd for GiH4sCI80,1%0,P5-
RhCI(CO)(P), + P=%0 P=PEtPh (2) Rh: C,51.93; H, 6.32; P, 12.97; Cl, 4.94. Found: C, 51.83; H, 6.42;

i ; . . P, 12.87; Cl, 4.84.
tion has allowed to determine that the phosphine oxide formed

—

contained more than 8M0% 180. This suggests that the The same procedure affords the PEtBbmplexes CIRR{O¥OC-
. . 1

oxygen atom of the peroxo group transferred is that linked to (1s0y150)(PEtPR); and CIRh{EO®OCE0)E0)(PELPh)s.

Rh, more than that linked to carbon. This result is confirmed  styrene Oxidation by O; in the Presence of RhCI(PEfPh)s. A

. ! ! 0.100 mg (0.16 mmol) amount of RhCI(BEh) was dissolved in 20
it 1
also by the reaction of ClRpr SOCGSO) %)(PEEPhb that mL of toluene, and 2 mL of styrene was added. The reaction mixture

affords RhCI(CQ)(P), and P='%0 when dissolved in C}Cl, was stirred at 278 K under 0.1 MPa of, @ressure. Samples were

at room temperature with a similar selectivity (880% O withdrawn each hour and analyzed by GC. The reaction was stopped
on phosphine oxide). when no further conversion of styrene was observed.

More detailed studies are in progress in order to elucidate if ~ Styrene Oxidation by O,/CO; in the Presence of RhCI(PEPh)s.
this specific step of the oxidative reaction takes plaizean A 0.100 mg (0.16 mmol) amount of RhCI(REh) was dissolved in
O—0 bond splitting followed by the reaction with the entering 20 mL of toluene, and 2 mL of styrene was added. The reaction mixture
oxophile orsia an intramolecular reaction. was reacted with a £CO, mixture (1:1 molar ratio; total pressure

0.1 MPa) at 278 K. Samples were withdrawn each hour and analyzed

Experimental Section by GC. The reaction was stopped when no further conversion of styrene

was observed.

General Procedure. Unless otherwise stated, all reactions and THF Oxidation to Butyrolactone by CIRh(CO 4)(PEt,Ph)s. A
manipulations were conducted under a dinitrogen op @@osphere 0.150 g (0.21 mmol) amount of CIRh(GMPEPh); was dissolved in
by using vacuum-line techniques. All solvents were dried as described 5 mL of THF at 273 K. The GC analysis of the reaction mixture shows
in the literaturé! and stored under dinitrogen. G@>99.95%) and the formation of butyrolactone, the main process being in these
0> (299.998%) were from SIO SpA, '8, (97.7%%0) was from conditions the oxidation of the P ligand.
CEA-ORIS and®0; (99% '*0) from SIC. RhCI(Pjcomplexes were O-Transfer to Phosphine Ligand. A 0.150 g (0.21 mmol) amount
prepared from [RhCI(€H4)]2 (Aldrich) and the corresponding phos-  of CIRh(80%OC(€0)L80)(PEsPh) was dissolved in 5 mL of Ci
phines (Aldrich) according to previously reported experimental pro- Cl,. The solution was stirred at 313 Krfd h and analyzed by GC-
cedures? The synthesis of RhGJf-O,)(P) (P = PEPh, PEtP}) has MS. The GC-MS analysis showed the formation®=P(EtPh)

been described elsewhéfe.The same procedure, usi§0,, was and0=P(EtPh) in molar ratio 85:15. The experiment was repeated
followed in this work for the preparation of Rh@#-%0,)(PEtPh),. in the same conditions using CIRAYBOCE0)0)(PEsPh). In this

1P NMR spectra were obtained at 81 MHz with a Varian XL-200  case %0=P(E:Ph); and 1%0=P(EtPh); were formed in 15:85 molar
instrument. 3P chemical shifts are referred to 85%R; using the ratio.

high-frequency-positive convention.
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