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Aromatic and Benzylic C—H Bond Activation in Therefore, it is not surprising that RICOu(por) species
the System Bis(dicarbonylrhodium(l))- undergo relatively facile oxidative addition reactions with
porphyrinate —Hydrocarbon Solvent various alkyl and aryl iodides, carboxylic acid anhydrides,

aldehydes, and methyl ketorfeldowever, insertion into a strong
arene C-H bond is much more challenging, and only a limited
number of Rhcomplexes capable of such chemistry have been
Department of Chemistry, Stanford University, discov_ered’.Such presumed reactivity of E(I(_T:O)4(por) could
Stanford, California 94305 conceivably be promoted by the synergetic effect of the two
metal centers. We are particularly interested in the different
Receied October 4, 2000 reactivities of similar complexes containing one or several metal
centers because such information could assist in designing better
catalysts. In addition, since RICO)(por) is a common starting
material for most other Rh(por) derivatives, a direct reaction
Porphyrin complexes of botfdRh" and d Rh' are known between a hydrocarbon and (porpRBO), can be an efficient
to activate C-H bonds. Electrophilic aromatic metalation by synthetic route to some organometallic'Rpor) species. Such
Rh'"(OEP)" ! has been reported to show remarkable regiose- complexes have attracted attention in part because they are
lectivity, yielding exclusively para-metalated arenes!'RDEP)- pertinent to the reactivity of cobalamine in vitamin,B
(p-CsH4X) with ortho/para-directing substituents (> CHa,
OCH, Cl). The meta isomers RHOEP)-CsHaX) have been  Results and Discussion

observed in reactions with benzonitrile and methyl benzbate. e _
) X . Carefully purified samples of RECO)(por) (por= OEP or
Ortho metalation does not proceed for steric reasons. Usiflg Rh TPP) fail to react with benzene or toluene after prolonged

g)E?F' Cﬁta%t'c genr\]/atlzatlon .Of arenes h'fls been aCh'eveqhheating at reflux under rigorously anaerobic and anhydrous
n the other hand, these species are not known to react withyqjitions. In the presence of at least 3 equiv e@OHinder

aliphatic C—H bonds. In contrast, mor!omeric metalloradical N, Rh(CO)(TPP) reacts slowly with toluene at 8 yielding
Rh“—porphyrln complexes, Rigoor), readﬂy react with methane Rh(TPP)(CHPh). Arene metalation of toluene or activation of
and ben_zyhc C-H bonds, as well as SH and Sr-H bon_ds, benzene is not observed. The reactive species under these
but are inert toward aromatic sgbgtra%é?.oth the d anf'.g' conditions is undoubtedly REGTPP). Thus, if a solution of Rh
uration of RA and the steric restrictions Of. the porphyrin I|ganq (CON(TPP) in CXCeDs containing three equiv of 4D is heated
prohibit the oxidative-insertion mechanism. The reaction is ;4 'sealed NMR tube at 8T for a few hours. two high-field
thought to proceed by concerted homolysis of thetCbond IH NMR resonances corresponding to Rk’\-bound hydrides

by two RH'(por) centers via a linear termolecular transition state ; ;

. ; ) . . appear. The doublet at40.23 ppm is that of the known species
(TS). While the trigonal-bipyramidal geometry of the TS in the Rh(TPP)H11aThe position {36.76 ppm) and the large value
case of an aliphatic substrate ensures sufficient separation,¢ .o spin-coupling constanin 1 = 42 Hz) of the second
between the RKpor) moieties, activation of non-3C—H

bond Id . | h of th | signal indicate a Rh(por)H unit, rather than a non-porphyrin
onds would require too close an approach of the two metal- p, hydridel® while the slight deshielding of this signal relative
loporphyrins, destabilizing the corresponding TS. Such steric to that in Rh(TPP)H suggests the presence of a ligand trans to

factors are believed to be responsible for the inertness bf Rh the hydride, XRh(TPP)A! The nature of X is presently
(por) toward aromatic €H bonds. unknown. A small amount of RKTPP) is also observed.

Finally, mononuclear 4RH (por)” species are not reactive ¢, in jeq heating leads to further decrease in the intensity of
toward any type of €H bonds. However, it has been known

since 1967 that heating solutions of a bimetallic Bbrphyrin
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Table 1. Product Distribution and Yields of Organometallic Rh(por) Derivatives under Various Experimental Coriditions

reactn isolated organometallic species total isolated
solvent reactr, °C time, h (molar ratio) yield, %
Rhy(CON(TPP)
CeHs 80 (reflux) 12 Rh(TPP)Ph 809(P
CsHsCHs 80 or 110 12 Rh(TPP)CiPh 75-90°
CsHsOCHs 80 12 Rh(TPP)CLDPh 85
CsHsCl 110 24 Rh(TPP)(+-CsH4Cl), 15
Rh(TPP)p-CeH4Cl) (2:1)
CeHsF 85 (reflux) 24 none -
CeHsCRs 102 (reflux) 24 none —
CsHsCN 150 24 Rh(TPP)CH 5
CeHsCHg® 80 12 Rh(TPP)t-CsHsCHs), 65
Rh(TPP)p-CeHsCHz) (2:1)
CsHe—CsHsCHz 80 12 Rh(TPP)t+CsHsCHg), 65
(1:2¥ Rh(TPP)p-CeHsCHs),
Rh(TPP)Ph (3:2:6)
Rhy(COu(OEP)
CsHs 80 (reflux) 12 Rh(OEP)Ph 1530°
CsHsCH3 80 12 Rh(OEP)t+-CeHsCHy), 20
Rh(OEP)p-CsHsCHg),
Rh(OEP)(CHPh),
Rh(OEP)Ph, Rh(OEP)Me
(4:2:3:0.5: 0.5)
Rh'(OEP)(Pk)
CgHsCHg? 80 2 Rh(OEP){+CsHsCHs), 100 by
Rh(OEP)p-CsHsCHs) (1.6:1) NMR

a|n the presence of traces ob® and Q unless noted otherwisé Range of yields observed in three repe&inhydrous solvent? Anhydrous
and anaerobic conditions.

H,C
Rh(TPP)(p-CsH4CH3)
Rh(OEP)
H
481, 110°C, C4HCH,
toluene
O, 2
).( RHI(TPP)* Rhy(CO)4(TPP) —— Rh(TPP)H
CeHsCH 02
g5 g
Rho(TPP),
=~ aniree)
Rh(TPP)(m-CgH;CH
( )( 64 3) J@Rh(OEP) CGHG CGH50H3
HsC
H
\ J \NR 1/2 Rh(TPP)(CHzPh)
Y
path A path B

Figure 1. Proposed reaction sequence leading to activation of aromatic and benzyib@hds in the system RICO)(TPP)-aromatic hydrocarbon.
The starting material and the final products are in bold; the intermediates in italics have been obsétyedMR.

the TH NMR signals corresponding to RIEO}(TPP) and solution of anhydrous RACO)(TPP) in anhydrous toluene,
appearance of those corresponding to Rh(TPP)(Ds). which was saturated with dry air and briefly degassed prior to
Formation of Rh(TPP)D is also evident. A similar reaction is dissolving RR(CO)(TPP), yielded a statistical mixture of meta-
observed with a sample of Rh(TPP)H in €IdDs/H,0 mixtures  and para-metalated tolyls, Rh(TPR)CsH4CHs) and Rh(TPP)-

at 80-110°C. The presence of 4D is essential, as anhydrous  (p-CgH,CHs). In a similar experiment using a 1:1 benzene
Rh(TPP)H does not undergo homolysis of the-Rhbond under — tq)ene solvent, a mixture of the tolyl and phenyl complexes,
these conditions andis therefore unreactive toward hydrocattons. enriched in the former, was isolated (Table 1). In a control
These data suggest that neithet Rtr RH' states are the active ’ .
species in thearene metalation which is a side reaction in
refluxing benzene solutions of RICOu(por). Such a transfor-
mation most likely proceeds by aneA mechanism via an

experiment, which was run under identical conditions, with the
exception that water-saturated toluene was used as a solvent,
Rh(TPP)(CHPh) was cleanly produced. These observations

electrophilic RH!(por) derivative, apparently arising from a Su9gest that apparent activation of aromatic and benzyhef C

relatively facile oxidation of the starting material, REO)- bonds in solutions of RUCOM(por) in aromatic hydrocarbon

(por), by adventitious ©'2 Thus, heating at 86C under N a solvents at elevated temperatures arises frof{gein) and RH -
(por) derivatives, rather than representing the intrinsic reactivity

(11) Deshielding of the hydride in Rh(por)H upon coordination of an axial 0f Rhp(CO)(por).
ligand has been observed before: (a) Collman, J. P.; Boulata¥, R.
Am. Chem. Soc200Q 122, 11812-11821. (b) Collman, J. P.; Ha,

Y.; Guilard, R.; Lopez, M.-Alnorg. Chem 1993 32, 1788-1794. (12) (a) Grodowski, J.; Neta, P.; Hambright, P.Phys. Chem1995 99,
(c) Wayland, B. B.; Balkus, K. J.; Farnos, M. @rganometallics 6019-6023. (b) Wayland, B. B.; Newman, A. Riorg. Chem 1981
1989 8, 950-955. (d) Coffin, V. L.; Brennen, W.; Wayland, B. B. 20, 3093-3097. (c) James, R. R.; Stynes, D. ¥.Am. Chem. Soc

Am. Chem. Sod 988 110, 6063-6069. 1972 94, 6225-6226.
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In order to test this hypothesis further we have examined the
reactions of RH(OEP)(Pk) and RH!'(TPP)(Q) with toluene
at elevated temperatures. Electrophilic metalation of arenes with
RHh!"(OEP)" was reported to yielg-aryls irrespectively of the
reaction temperaturR® However, we have found that, at 8G,
Rh'(OEP)(PF) reacts with anhydrous toluene undenyielding
a mixture of m and p-tolyls. The product distribution is
comparable to that observed in the RO u(TPP)-anhydrous
toluene system (Table 1). Oxidation of RBO)(TPP) with Q
produces a relatively stable superoxido derivative, Rh(TPP)-
(Oy), rather than the more reactive “naked”'Rjpor)" elec-
trophile. Nonetheless, heating a toluene solution of Rh(TR#P)(O
at reflux overnight produces a mixture of tihe and p-tolyl
complexes. No reaction was observed witfHeF.

A plausible set of reactions which accounts for production
of Rh(por) alkyl complexes upon heating solutions op(RIO)- Figure 2. ORTEP drawing of Rh(TPP)Ph (50% probability thermal
(por) in an aromatic hydrocarbon under various experimental ellipsoids) showing the atom number scheme. Hydrogen atoms are
conditions is shown in Figure 1. In the presence of traces of °Mitted for clarity.

H20, Rh(TPP)H is producet;** which is converted to Rk Table 2. Crystallographic Data for Rh(TPP)Ph
(TPP) either via the RhH bond homolysis or by reaction with —

" 15 - d . empirical formula GeHa7N4RN
adventitious @15 The monomeric RK(por) species reacts with fw 878.92
substrates that possess activated; Gifoups (toluene and cryst dimens (mm) 0.26 0.17 x 0.10
anisole, vide infra), generating the observed organometallic lattice params a=12.1483(3) A
products, Rh(TPP)(C#Ph) and Rh(TPP)(C#DPh), and Rh- b= 12.5044(3) A
(TPP)H. During the course of the reaction, significant amounts °=_1961-7S%364§4) A
of the intermediate, Rh(TPP)H, were detectedi$\NMR. The g; 110 975()(17
active RH(TPP) is regenerated via a reaction of Rh(TPP)H with y= 114:425(13
O, or the thermal homolysis of the RfH bond!€ The former V=2116.5(1) &
reaction also scavenges traces of, Guppressing further space group P1 (No. 2)
oxidation to electrophilic RR(TPP) species. In contrast, in a Zvalue 2 o
solvent that does not react with RITPP) (such as benzene), ET'C Ro é'ggsg 0135

h''(TPP) species are more readily produced, ultimately result- (wR2y 086 (0.135)
Rh( p yp ’ y GOF indicator 1.86

ing in arene activation. The same outcome is obtained in
anhydrous toluene, probably because a sufficient concentration
of Rh(TPP)H does not build up in the absence ofOH 0 L . i .
Generation of both Rh(TPRWCeH4CHs) and Rh(TPP-CeHa- RK'"(por) derivatives. Slnpe various degrges _of decomposition
CHs) under the latter conditions apparently reflects the reversible Nave been observed during careful purification obRIO)-

formation of Wheland complexé&since these isomers do not  (Pr) (por = OEP or TPP, see Experimental Section), the
interconvert even after prolonged heating in toluene. synthetic utility of this reaction was studied using crude samples.

While the above data indicate that the long-known benzene Likewise, to find_the sim_plest synth_etic protocols,_we used
activation observed in solutions of REO)(por) does not solvents “as received” which were briefly degas&eHinally,

reflect the intrinsic reactivity of the Rispecies, such transfor- Er(]:%i)((pgrr)"tr(])?/\?; dlgth?fggeen(i rt]o czfctzzgzi :/S:rcetl\clglr?i?a(?:)i%n der
mations can provide a suitable synthetic route to organometallic P » Y ) .
as uniform conditions as were experimentally achievable (see

(13) RIy(CONTPP) | ed o und hotoinduced int Experimental Section).
was also reported to undergo a photoinducead intramo- . . . .
lecular redox reaction producing iipor) and metallic RA Thg aromatic €&H bond activation was observed in benzene
(14) (a) Yamamoto, S.; Hoshino, M.; Yasufuki, K.; Imamura, Morg. solutions of RB(CO)(TPP), but metalation of both toluene and
Chem 1984 23, 195-198. (b) Hoshino, M.; Yasufuku, Klnorg. anisole proceeded exclusively at the methyl group (Table 1).

Chem 1985 24, 4408-4410. (c) Hoshino, M.; Yasufuku, K.; Konishi, ; Y ; : ; )
S.. Imamura, MInorg. Chem 1984 23, 1982-1984. Arenes bearing electron-withdrawing substituents yielded Rh

(15) This reaction has occasionally been used for preparative purposes ofaryls either in poor yields (§4sCl) or not at all (GHsF, GsHs-

R1= 3 |IFol — IFcll/ZIFol; WR2 = [F(W(Fo? — F?)I)/ T w(F?)T M2

converting Rh(ponH into the corresponding dimer@bor): Refer- CFs, CeHsCN). Analogous reactions of R{COu(OEP) were
Sgcggléél 38397%5“" H.; Setsune, J.; Yoshidal. 2m. Chem. S0977, qualitatively similar, but displayed poorer regioselectivity, yields,
(16) It has been reported that conversion of Rh(por)H intd(Rtr) is and reproducibility, compared with the TPP analogue. For

promoted by metallic RE? in the reactions studied deposits of metallic ~ example, toluene underwent activation of both aromatic and
Rh appear only at late stages of the transformation and this Rh-assistedhenzylic G-H bonds, as well as an apparemh&,—Cmethy bond

%%??&‘)?)Of;tg;?]gfaﬁg,ﬁ?"”H 's probably not a dominant pathway for 105y age (Table 1320 The different reactivity of RECO)-

(17) Reversible formation of Wheland-type complexes has been proposed (OEP) reflects both its higher susceptibility to oxidation, as a
to account for generation of para/meta isomers in metalation of toluene result of strongew-donor properties of the OEP ligand, and

with Pt(IV) species: (a) Shilov, A. E.; Shul'pin, G. EEhem. Re. ; ; ;
1997, 97, 2879-2932. (b) Shul'pin, G. B.: Nizova, G. V.. Nikitaev, more facile homolysis of the (OEP)R# bond. This leads to

A.T.J. Organomet. Cheni984 276, 115-153. The ratio of tolyl to competition between the two reaction pathways (A and B, Figure
phenyl derivatives observed for a reaction in a 1:1 benzévieene 1) and observation of both aromatic and aliphatic metalation in
mixture was higher than expected from statistical arguments, which the same reaction

suggests either that the reaction is not completely under thermodynamic '
control or that the Wheland-type complex derived from benzene is
thermodynamically less stable than the corresponding toluene deriva- (18) Reactions in thoroughly degassed solvents were much slower and
tive. manifested poor yields.
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Figure 3. ORTEP view of Rh(TPP)Ph (50% probability thermal
ellipsoids) along the RRC axis.

30—38

32—28

Figure 4. Displacement (in pm) of the atoms of the porphyrin core

Notes

atoms of the TPP aha C atom of the phenyl group make up

a slightly distorted square-pyramidal coordination around Rh.
The Rh-C bond at 1.984(6) A is within the range of values
observed in other organometallic Rh(por) derivatives (1-896
2.078 A). The axial phenyl group is almost perpendicular to
the least-squares plane of the porphyrin core (the corresponding
angle is 88.8) and is oriented away from the N atoms (the-N3
Rh—C45-C50 angle of 40.9 (Figure 3). This relative orienta-
tion of aromatic axial ligands (such as phenyl or pyridine) and
the M—N vectors decreases steric interactions between the ortho
hydrogens and the porphyrin c#eA rather significant “saddle”
distortion of the TPP core in Rh(TPP)Ph (Figure 4) is most
likely caused by the same forces. As is often the case, this
distortion is accompanied by shortening of the-fh bonds
(average RRN distance of 2.024 A). Interestingly, while the
macrocycle undergoes a relatively large distortion, the displace-
ment of Rh from the least-squares plane of the chelating
nitrogens is only 0.03 A.
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(19) Metal-assisted cleavage of-C bonds both on metal surfaé&and
by metal complexes in solutié® is known. The latter, however, is
limited to special substraté® The generation of Rh(OEP)Ph and Rh-
(OEP)Me in the RE(CO)(OEP)-toluene system may provide an
interesting lead in search for metal complexes capable-o€ ®ond
activation in relatively unreactive substrates. However, at this time
any conclusions regarding the mechanistic aspects of the observed
C—C bond cleavage in the above system are precluded by the
complexity of the RA(CO)(OEP)-toluene reaction mixture. The
possibility of heterogeneous<C bond activation on metallic Rhis
less likely, since in such a case-C bond cleavage should not be
limited to the OEP derivatives. However, which of the three species
(Rh),(CO)(OEP), RH(OEP), or RH (OEP)X, present in the reaction
mixture in significant relative amountss responsible for the €C
bond activation is not obvious.

and Rh from the 24-atom least-squares plane. Positive values correspong0) (a) See, for example: Hagedorn, C. J.; Weiss, M. J.; Kim, T. W.;

to displacement toward the phenyl axial ligand. Relative orientation of

the phenyl axial ligand is shown in bold lines.

Finally, Rh(TPP)Ph, generated in one such reaction was
studied crystallographically (Figure 2, Table 2). The four N

Weinberg, W. H.J. Am. Chem. Soc2001 123 929-940 and
references therein. (b) For a comprehensive review, see: Rybtchinski,
B.; Milstein, D. Angew. Chem., Int. EA999 38, 870-883.

(21) Scheidt, W. R. InThe Porphyrin Handbogkkadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 3,
pp 49-112.



