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(Octaethylporphyrinato)rhodium(IIT) chloride, (OEP)RhMC], reacts with benzene in the presence of AgClO,
or AgBF, to give the phenyl-rhodium(III) complex. Anisole, toluene, and chlorobenzene are similarly
metalated exclusively at the para positions. The metalation of methyl benzoate, on the other hand, gives
a 92:8 mixture of meta- and para-metalated isomers. The reactivities of arenes follow the Hammett equation
with the p value of ~5.43. The observed substituent effects both on reactivity and orientation unambiguously
characterize the present reaction as an electrophilic aromatic metalation with a [(OEP)Rh™]* intermediate
generated from the anion exchange of (OEP)Rh!ICl with silver salts. The slow step in the reaction is
coordination of arene to form [(OEP)Rh(arene)]”, which subsequently loses a proton. Arenes thus activated
with rhodium undergo photochemical homolysis of the C-Rh bond as well as its halogen-induced heterolysis.
The photolysis in benzene leads to 4-substituted biphenyls and the halogenolysis gives p-haloarenes with

extremely high regioselectivities (>99%).

The activation of chemically inert carbon-hydrogen
bonds under mild conditions constitutes a rapidly growing
research area in recent years.>® The homogeneous acti-
vation of arene C~H bonds by metal complexes involves
either oxidative or electrophilic addition of the metal to
an arene C-H bond.? The great majority of intramolecular
or intermolecular arene C-H bond activations by transi-
tion-metal species in lower oxidation states involves oxi-
dative addition mechanisms.?®> Some non-transition-
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metal ions such as Hg?*, T1**, and Pb** are known to act
as electrophiles capable of metalation of arenes. 618 A
number of reactions of arenes are catalyzed by transi-
tion-metal ions, where arylmetal complexes are often
proposed as plausible intermediates. In some cases,
transition-metal electrophiles lead to isolable arylmetal
complexes as is seen in many organic electrophilic sub-
stitution reactions; examples include intramolecular ortho
metalations!*®%% and intermolecular aromatic platina-
tion.? In the latter reaction, the observed substituent
effects are different from those in classical electrophilic
aromatic substitution. While the interaction of olefins with
electrophilic transition-metal centers is well understood,??%
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Table I. Microanalyses and Yields of (OEP)Rh"'C{H,X

caled found
compd X yield, % formula C H N C H N
2 p-OCH, 46 CyHs:N,ORh 69.53 6.92 7.54 69.08 6.84 7.42
4 p-Cl 18 CHeN,CIRh 67.51 6.48 7.50 67.36 6.50 7.44
5 m-CO,CH, 22 C,:H;;N,O,Rh 68.56 6.67 7.27 68.19 6.74 6.93

it still remains to be clarified how transition-metal elec-
trophiles eompare with such electrophiles as NO,* used
in usual electrophilic aromatic substitution. In this study
we have investigated the activation of arenes by a Rh!!!
electrophile and subsequent functionalization of the co-
ordinated arenes.

Results

Metalation of Benzene. In the presence of a slightly
greater than molar amount of AgClO, or AgBF,, (octa-
ethylporphyrinate)rhodium(IIT) chloride, (OEP)Rh™C],
readily reacted with benzene under mild conditions (<50
°C) to give the s-bonded phenyl-rhodium(III) complex 1
(eq 1) in yields of 40 (with AgClO4) and 70% (with AgBF,)

ClO, o
(OEP)RRICI + CH,X —=

(OEP)RI;I(HC%-I;p -X

2, X = OCH,
3,X = CH,
4, X = Cl
(1)

after purification.?* The product was unambiguously
identified by comparison with authentic 1 obtained by the
published procedure (eq 2, X = H).?> In the absence of

(OEP)RhCI + X-p-CgH,Li — (OEP)Rh™C¢H -p-X
2

a silver salt no reaction took place. The formation of 1 was
completely inhibited by the presence of potential donor
cosolvents such as methanol, tetrahydrofuran, and pyri-
dine, but not by dioxygen. The TLC monitoring of the
reaction indicated a facile exchange of Cl- of (OEP)RhC]
with ClO,” or BF, of the silver salt followed by the gradual
conversion of the thus formed intermediate complex to 1.
The only noticeable side reaction was decomposition of the
intermediate to some extent as independently confirmed.
Treatment of (OEP)RhM™C] with a silver salt in dichloro-
methane afforded relatively unstable and hygroscopic
complexes (OEP)Rh'(CIO,) and (OEP)Rh™(BF,) in yields
of 56 and 51%, respectively, with concomitant precipita-
tion of AgCl. The isolated perchlorate and tetrafluoro-
borate species were independently shown to undergo re-
action with benzene to generate 1 without the participation
of a silver salt. The silver ion assisted phenylation of
(OEP)RHKUCI with a 1:1 mixture of benzene and benzene-d;
gave rise to 1 and 1-d; in nearly the same amounts de-
termined from comparison of the integrated intensities of
the axial phenyl and the meso protons in NMR spectrum.
The present result indicates essentially no kinetic deu-
terium isotope effect (ky/kp =~ 1).

Metalation of Substituted Benzenes. Anisole, tolu-
ene, and chlorobenzene reacted similarly with (OEP)-

(24) Fleischer and Lavallee (Fleischer, E. B.; Lavallee, D. J. Am.
Chem. Soc. 1967, 89, 7132) reported the formatlon of a phenylrhodium-
(IV) derivative, (TPP)Rh‘V(C.;I'Is)(Cl), from the reaction of tetra-
phenylporphyrin (TPP) and [Rh(CO),Cl], in benzene. This and the
present phenylation reactions may be related, but the lack of mechanistic
information as well as the difference in rhodium oxidation states allows
no further comparison.

(25) Ogoshi, H.; Setsune, J.; Omura, T.; Yoshida, Z. J. Am. Chem. Soc.
1975, 97, 6461.

Table II. 'H NMR Spectral Data for Aryl Ligands in
(OEP)RWIC.H,X (5 from Me,Si)**

complex ortho H meta H para H CH;

1 -0.39 (d) 449 (t) 5.11()

2 -0.44 (d) ~4.1° 2.57 (s)
3 -0.43 (d) 4.31 (d) 0.88 (s)
4 -0.49 (d) 4.43 (d)

5 -0.19¢ (dq), 4.54 (t) 5.70 (dg)¢ 3.20 (s)

0.269 (q)
6 ~-0.26 (d) 5.18 (d) 3.13 (s)

¢ Spectra were obtained for CDCl; solutions with tetramethyl-
silane as standard using either 200- (for 1, 2, 3, 4, and 6) or 270-
MHz machine (for 5): s, singlet; d, doublet; t, triplet; q, quartet;
dq, double quartet. Ortho, meta, and para are in reference to
rhodium. ®J_ ., = 7-8 Hz. Overlapping with CH,CH;. e =
1.7 and 2.8 Hz.

RhMC] in the presence of AgClO, to give the corresponding
aryl-rhodium(III) complexes 2-4 (eq 1). The tolyl complex
3, obtained in 46% yield, was identified by NMR spectral
comparison with authentic 3 prepared according to eq 2
(X = CH,).% The yields and analytical data of new
aryl-rhodium(III) complexes are shown in Table I. The
highly regioselectivée para metalation of substituted
benzenes was demonstrated by the 'H NMR spectra of 24,
in which the aromatic proton resonances appeared as a pair
of doublets in 1:1 integrated ratio for two types of protons,
one being highly and the other moderately shielded due
to the porphyrin ring current effect. (Table II). These
were readily assigned to the ortho and meta protons re-
spectively to rhodium on the basis of their geometrical
parameters and the isoshielding map of organorhodium
porphyrins.® Exclusive para metalation was always ob-
served when the reaction conditions (time and tempera-
ture) were altered. Furthermore, the aryl-rhodium com-
plexes were found to be quite stable under the present
reaction conditions even in the presence of aqueous HCI
or HCIO,. These facts are indicative of an essentially
irreversible electrophilic metalation of arenes.

The metalation of methyl benzoate required more
drastic conditions than those used for the substituted
benzenes above. At 90 °C in the presence of a silver salt,
the ester reacted with (OEP)Rh™C] and afforded in 24%
total yield a chromatography-separable mixture of two
aryl-rhodium(IIT) complexes in a ratio of 92:8 (eq 3). The

AgClO, or
(OEP)RB™CI + CgHCO,CH; —

(OEP)RAIICH,-m-CO,CH, +
5(92%)
(OEP)RhIIIC(6H4'p'COQCH3 (3)
6

Yo

minor one 6 was readily assigned as the para-metalated
isomer from the NMR spectrum which showed an A,B,
aromatic proton resonance. The NMR spectrum of the
major isomer 5 showed two highly shielded ortho (to
rhodium) proton resonances and the two remaining proton
resonances at lower field. The observed splitting and
coupling patterns (Table II) were consistent with the
structure in which the position meta to the methoxy-
carbonyl group was metalated. In Table I the analytical
data are shown.
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Figure 1. Hammett plots for reactivities of arenes in the
Ag*-assisted metalation with (OEP)Rh™CL: kx and ky stand
respectively for the statistically corrected reactivity of an arene
and benzene.

The competitive metalation reactions of C;H;X (X =
H, OCHj,, CH;,, Cl, and CO,CHj;) show relative rate in-
creases with increasing electron-donating abilities of the
substituents X (relative rate): OCHj; (71.4), CH; (10.7),
H (1 after statistical correction for 6 H), Cl (0.143), and
CO,CH; (0.062, statistically not corrected). The isomer
distribution in eq 3 allows the respective reactivities of
meta and para hydrogens of methyl benzoate to be eval-
uated; meta H (0.029 after statistical correction for 2 H)
and para H (0.005). The logarithmic relative rates are
correlated with substituent constants ¢ or ¢* in the Ham-
mett-type equations. Use of ¢ results in a better correla-
tion (correlation coefficient 0.995) and gives a p value of
-5.43 (Figure 1). Interestingly, this p value is comparable
to that for the nitration of monosubstituted benzenes with
NO,*,%8 a typical example of electrophilic aromatic sub-
stitution.

Cleavage of Aryl-Rhodium(III) Bonds. The present
aryl-rhodium(III) complexes underwent facile cleavage of
the C-Rh bond induced by halogen. Treatment of complex
1 with iodine at room temperature gave iodobenzene in
nearly quantitative yield together with (OEP)Rh!I (eq 4).

(OEP)RhMC4H; + I, — (OEP)RhM + C.H;I  (4)

Bromine and chlorine reacted similarly with 1 to afford
bromobenzene and chlorobenzene in ~100 and 94% yields,
respectively. Iodination and bromination of the tolyl
complex 3 derived from the present metalation {eq 1) gave
the corresponding p-halotoluenes in nearly quantitative
chemical yields and with extremely high regioselectivities
(>99%). This trend is also found for the bromination of
the anisyl complex 2. The regioselective para metalation
shown by the analysis of !H NMR spectra of 2 and 3 has
thus been put on a more quantitative level.

Complex 1, like homologous organocobalt deriva-
tives, 232 underwent photolysis of the carbon-metal bond.

(26) Nitration of monosubstituted benzenes with NO,* in acetic an-
hydride at 18 °C gives a p value of -5.926: Roberts, J. D.; Stewart, R.;
Caserio, M. C. “Organic Chemistry”; W. A. Benjamin: Menlo Park, CA,
1971; p 664. Also see: (a) Roberts, J. D.; Sanford, J. K.; Sixma, F. L. J;
Cerfontain, H.; Zakt, R. J. Am. Chem. Soc. 1954, 76, 4525. (b) Brown,
H. C.; Okamoto, Y. Ibid. 1957, 79, 1913.

(27) (a) Mok, C. Y.; Endicott, J. F. J. Am. Chem. Soc. 1977, 99, 1276,
(b) Mok, C. Y.; Endicott, J. F. Ibid. 1978, 100, 123.

(28) Pailes, W. H.; Hogenkamp, H. P. C, Biochemistry 1968, 7, 4160.

(29) Schrauzer, G. N.; Lee, L. P.; Sibert, J. W. J. Am. Chem. Soc. 1970,
92, 2997.

(30) Hogenkamp. H. P. C. Biochemistry 1966, 5, 417.

(31) (a) Pratt, J. M. J. Chem. Soc. 1964, 5154. (b) Pratt, J. M,;
Whitear, B. R. D. J. Chem. Soc. A 1971, 252.
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Irradiation of a degassed benzene solution of 1 led to the
formation of biphenyl in 85% yield. Photolysis of 2 and
3 gave 4-methoxy- and 4-methylbiphenyl, respectively,
arising from homolytic aromatic substitution® of the
solvent benzene with the photogenerated para-substituted
phenyl radicals. In neither case was 4,4’-disubstituted
biphenyl detected, a product which may result from radical
coupling.

Discussion

Electrophilic Aromatic Metalation. Substituent
effects in electrophilic aromatic substitution have been
thoroughly investigated.3* The substituents employed in
this study cover the three categories; OCH, and CH; (ortho
and para orienting with activation), Cl (ortho and para
orienting with deactivation), and CO,CHj; (meta orienting
with deactivation). The observed substituent effects on
both reactivity (Figure 1) and orientation (eq 1 and 3)
clearly characterize the present reaction as an (ionic)
electrophilic aromatic metalation with a cationic inter-
mediate, [(OEP)Rh™]*, generated from the anion exchange
of (OEP)Rh™C] with silver salts. As in the recent catalytic
transformations of olefins by [Pd(CH;CN),1(BF,),,% the
role of Cl0,™ or BF,” would be that of noncoordinating
counteranions, thus accommodating vacant coordination
sites and enhancing the electrophilicity of the central
metal. This explanation is compatible with the observed
inhibition of the reaction by coordinating cosolvents. The
absence of an ortho attack may be due to a steric effect.
Mechanisms involving radical species are not consistent
with the observed large negative p value and regioselec-
tivity.3> Furthermore, there is no evidence of cleavage of
potentially reactive methyl C-H bonds of toluene and
anisole. The lack of an inhibitory effect by dioxygen
provides further evidence for the exclusion of radical
mechanisms. The substituent effects observed here are
in marked contrast to those found in oxidative addition
processes of lower valent transition metals to the arene
C-H bonds: these reactions are facilitated by electron-
withdrawing groups®®® and usually give nonregioselective
isomer mixtures (vide infra); in some cases metalation of
alky! side chains takes place.io¢f

An interesting comparison can be made between the
present aromatic metalation and aromatic nitration with
NO,*. Both reactions give rise to comparable Hammett
o values and are free from kinetic deuterium isotope ef-
fects.’® An indication of this is that [(OEP)RhII]* of a
similar electrophilicity as NO,* attacks the arene in the
rate-determining step to form [(OEP)Rh™ (arene)]*, which
subsequently undergoes rapid loss of a proton as in ni-
tration (eq 5). Relevant to the deprotonation step is the

slow

[(OEP)RhIT]* + CoH, ——
[(OEP)RRIT(CAH}* — 1 (5)

recent report of the protonation—deprotonation intercon-
version of o-aryl and n?-arene complexes of [(n-C;H;)Re-

(32) (a) Gianotti, C.; Gaudemer, A.; Fontaine, C. Tetrahedron Lett.
1970, 3209. (b) Gianotti, C.; Bolton, J. R. J. Organomet. Chem. 1974, 80,
379.

(33) Detar, D. F.; Long, R. A. J,; Bradley, J.; Duncan, P. J. Am. Chem.
Soc. 1967, 89, 4051.

(34) Gould, E. S. “Mechanism and Structure in Organic Chemistry”;
Henry Holt and Co.: New York, 1960; pp 412-471.

(35) Homolytic aromatic substitution usually gives considerable
amounts of meta-substituted products. See, for example: (a) Hey, D. H;
Pengilly, B. W.; Williams, G. H. J. Chem. Soc. 1955, 6; 1956, 1463. (b)
Cowley, B. R.; Norman, R. O. C.; Waters, W. A. Ibid. 1959, 1799. (c)
Kovacic, P.; Reid, C. G.; Britton, M. J. J. Org. Chem. 1970, 35, 2152. (d)
Davies, D. L.; Hey, D. H.; Summers, B. J. Chem. Soc. C 1971, 2681.
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Table ITI. Isomer Distribution in Aromatic Substitution

isomer distributn, %

entry reaction substrate C;H; X, X = reagent ortho meta para ref

1 bromination CH, [(OEP)Rh!]*, Br, 0 <1 >99 this work
2 iodination CH, [(OEP)RWI]*, 1, 0 <1 >99 this work
3 bromination OCH, [(OEP)Rh™M]*, Br, 0 <1 >99 this work
4 nitration CH, NO,* - 56.5 3.5 40 a
5 metalation (Hg) CH;, Hg(CH,CO,),? ~20 ~10 ~T70¢ 16
6 metalation (T1) CH, TI(CF,CO,)5 9 4 87d 17
7 metalation (Pt) CH, H,PtCl, 0 ca. 50 ca. 50 21¢
8 chlorination Cl PtCl> 1 61-62 38-39 37
9 metalation (Fe)® CH, Fe(dmpe)f 0 62 38 5e

10 metalation (Rh)8 CH, Rh[C4(CH,);][P(CH,)s] 0 67 33 6

11 metalation (Re)” CH;, [(C;H5)Re(NO)(CO)]* 0 6 94 36

12 metalation (Re)"* CF; [(CsH;)Re(NO)(CO)]* 0 84 16 36

13 chlorination OCH, HOC], o-CDf 4 0 96 j

14 metalation (Rh) CO,CH, [(OEP)Rh1]* ~0 92 8 this work

15 nitration CO,CH,CH;, NO,* 28.3 68.4 3.3 a

16 metalation (W) CO,CHj,4 (CsH;) W 0 26 74 4f

@ Reference 26, p 568. ®Under perchloric acid catalysis. ©Isomer distribution extraporated to zero reaction time. The distribution changes
with reaction time to approach a statistical distribution of the three. ¢At 22 °C. At higher temperatures, thermally induced reorientation
results in predominant meta substitution: Taylor, E. C.; Kienzle, F.; Robey, R. L.; McKillop, A.; Hunt, J. D. J. Am. Chem. Soc. 1971, 93,
4845, ¢Isomer distribution from exchange reaction of HFe(CyH;)(dmpe), + CgH;CH; = HFe(C¢H;CH,)(dmpe), + C;;Hy. /dmpe = (C-
H,),PCH,CH,P(CH,),. ¢Isomer distribution from oxidative addition to coordinated toluene in a n? fashion. *Isomer distribution from
deprotonation of n’-arene complex of [(C;H;)Re(NO)(CO)1*. i a-Cyclodextrin (9.39 X 10 M). /Breslow, R.; Campbell, P. J. Am. Chem. Sac.

1969, 91, 3085. *Photochemically generated from (C;H;);WH,,.

(NO)(CO)]*.*¢ Such a formulation of a cationic n>-arene
complex, rather than an n!-arenium cation, may apply to
the present intermediate in eq 5, and this might also ex-
plain, at least partially, a better correlation of reactivities
with substituent constants ¢ (r = 0.995) than with ¢* (r
= 0.979), in contrast to usual electrophilic aromatic sub-
stitution.

Electrophilic interactions of transition-metal ions may
be involved in a number of reactions of arenes? including
metal-catalyzed hydrogen isotope exchange®”3® and oxi-
dation of arenes.?” A class of facile, intramolecular aro-
matic metalations is known as ortho metalation or cyclo-
metalation.*?1%20 However, these intramolecular reactions
preclude a systematic study on the substituent effects as
presented here, and in most of metal-catalyzed reactions
aryl-metal complexes only have been proposed as inter-
mediates. In some cases, reductive elimination follows
initial oxidative addition so that the metal retains its or-
iginal formal valency.!®® When simple transition-metal
salts or complexes are used, further complexities arise from
facile ligand exchanges; this may lead to many species
usually not readily identified unambiguously and may
leave many mechanistic possibilities.?” In this respect the
rigid porphyrin ligand has a great significance.

Regioselectivity. In Table III are summarized the
isomer distributions in aromatic substitutions. The crucial
factors in the extremely regioselective (>99%) para sub-
stitution (metalation and subsequent halogenation) of
toluene and anisole (entries 1-3) are (1) the electrophilic
attack of the central metal and (2) the planar and bulky
porphyrin ligand which effectively prevents otherwise facile
ortho substitution (entry 4). A steric inhibition of ortho
attack due to inclusion complex formation has been noted
(entry 13). The mercuration and thallation are predom-
inantly para orienting (entry 5 and 6) (but see footnotes
¢ and d of Table III). The platination of arenes with
H,PtVCl, may involve an electrophilic mechanism on the

(36) Sweet, J. R.; Graham, W. A. G. J. Am. Chem. Soc. 1983, 105, 305.

(37) Garnett, J. L.; West, J. C. Aust. J. Chem. 1974, 27, 129 and
references therein.

(38) Preece, M.; Robinson, S. D. Inorg. Chim. Acta 1978, 29, L199 and
references therein.

(39) Garnett, J. L.; Long, M. A.; Vining, R. F. W. J. Chem. Soc., Chem.
Commun. 1972, 1172.

basis of reactivity correlation:?'4 p = —3.6 which should
be compared with the present p of =5.43. Aromatic au-
ration might proceed through a similar mechanism.*
However, the observed meta/para ratio in the platination
of toluene (entry 7) is apparently not consistent with the
electrophilic mechanism. A similar trend has been re-
ported for the aromatic chlorination with PtClg® (entry
8), where aryl-platinum complexes are intermediates.?!"%
In fact the latter reaction gives the meta/para ratio very
close to the statistical one (meta/para = 2:1), and this is
also characteristic of the oxidative addition processes of
lower valent transition metals (entries 9 and 10). The
platination might also involve similar mechanisms.*!
Furthermore, it is interesting to compare the isomer dis-
tributions in the case of meta-directing alkoxycarbonyl
substituents (entries 14-16). This brief survey of the
substituent effects is intended to show that the hitherto
known metalation reactions of arenes with transition-metal
species are rather nonregioselective, irrespective of the
mechanisms involved. There is, however, at least one clear
example of electrophilic aromatic metalation that follows
the directive effects of electrophilic aromatic substitution
(entries 11 and 12), as in the present case.

A significance of homogeneous C~H bond activation by
transition metals lies in further conversion of the resulting
C-M bonds.*>* The present system provides a way to
the functionalization of arenes via activation by transition
metals. For simple arenes, there is no precedent for such
a high regioselectivity as observed here for the halogenation
of toluene and anisole. The present halogenolysis of the
carbon-rhodium bond probably takes place in a similar

(40) (a) Kharasch, M. S.; Isbell, H. S. J. Am. Chem. Soc. 1931, 53,
3053. (b) Kharasch, M. S.; Bech, P. M. Ibid. 1934, 56, 2057. (c) Nizova,
G. V.; Shul’pin, G. B. React. Kinet. Catal. Lett. 1982, 20, 69.

(41) In the isotope exchange and oxidation reactions of arenes with
Pt! halides, the active catalyst is shown to be a Pt species which forms
aryl-Pt" complexes as intermediates.’” Furthermore, the aryl-Pt!! com-
plexes formed from reactions of arenes with Na,PtCl, undergo oxidation
with H,PtClg to give aryl-Pt'V complexes.?!?

(42) The formation of aryl-metal complexes was proposed in a number
of reactions of arenes with palladium salts such as oxidative coupling,
arene—olefin coupling, and carboxylation. See, for example: (a) Moritani,
L; Fujiwara, Y. Synthesis 1973, 524. (b) Fujiwara, Y.; Kawauchi, T;
Taniguchi, M. J. Chem. Soc., Chem. Commun. 1980, 220.

(43) For organic syntheses via arylthallium complexes, see: Taylor, E.
C.; McKillop, A. Acc. Chem. Res. 1970, 3, 338.
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manner as reported for the electrophilic cleavage of the
carbon-cobalt bond with halogen.**** In fact, a close
similarity of the electronic spectra of (OEP)Rh™aryl and
(OEP)RhIICI indicates a significant carbanion character
of the coordinated aryl ligands.

In principle it seems to be possible to carry out the
present functionalization of arenes in a catalytic manner
with respect to rhodium porphyrin. Various functionali-
zations of the C-Rh bond other than halogenation also
seem promising, since rhodium is homologous to cobalt and
there is a rich chemistry in organocobalt complexes.

Concluding Remarks

From the mechanistic viewpoint, this work provides an
unambiguous example of intermolecular electrophilic
aromatic metalations with transition metals in a single
step. On all the criteria we stand on, except for a rather
minor difference in the reactivity correlation with ¢ vs. ¢,
the present Rh!! electrophile behaves quite similarly to
NO,*, a typical electrophile in classical electrophilic aro-
matic substitution; there is no special metal effect. From
the synthetic viewpoint, the arenes thus activated by Rh!
indeed undergo extremely regioselective functionalization,

Experimental Section

General Analyses. IR spectra were obtained by using KBr
disks on a Hitachi 260-10 spectrophotometer. 'H NMR spectra
were taken on a JEOL JNM-PMX 60, INM-FX 200, or JNM-GX
270 spectrometer using tetramethylsilane as internal reference.
Electronic spectra were recorded on a Hitachi 200-10 or 320
spectrophotometer. Elemental analyses were performed at the
Microanalysis Center of Kyoto University. Gas chromatographic
analyses were made with a Shimadzu GC-4C gas chromatograph
using helium as a carrier gas. Identification of the reaction
products was performed by coinjection with authentic samples
on columns of poly(ethylene glycol) 60M, silicone SE-30, and
azoxydianisole SG. Column chromatographic separations were
carried out with silica gel (Wakogel C-200) and alumina (Merck
90, activity II-IIT). Silica gel 60 Fys, (Merck) was used for analytical
and preparative thin-layer chromatography (TLC).

Materials. (Octaethylporphyrinato)rhodium(III) chloride
[(OEP)RhMCI]] was prepared by a slight modification of the
published procedure.? A mixture of octaethylporphyrin (1 g) and
[Rh(CO),Cl], (1.2 g) in benzene (1 L) was stirred at room tem-
perature for 6 h. About 700 mL of the solvent was removed, and
the concentrated solution left was refluxed for 2 h. Usual workup
and chromatographic (silica gel) purification followed by re-
crystallization from dichloromethane-hexane afforded the rho-
dium porphyrin in yields of 75-80%. Silver salts (AgClO, and
AgBF,) were dried at 80 °C in vacuo for 1-2 h just before use.
Thiophene-free benzene was crystallized three times; one-fourth
was discarded each time as unfrozen liquid. It was then dried
over calcium hydride and finally distilled through a 35-cm Vigreux
column. Toluene, anisole, chlorobenzene, and methyl benzoate
were also purified by standard procedures.

Metalation of Arenes. A dried 200-mL three-necked flask
equipped with a reflux condenser, N, inlet, addition funnel, and
a magnetic stirring bar was charged with a solution of AgCIO,
or AgBF, (10 mg) in an arene (50 mL). To this was added a
solution of (OEP)RhMICI (20 mg) in the arene (50 mL) over a
period of 2 h at 50 °C (for benzene, toluene, anisole, and chlo-
robenzene) or 90 °C (for methyl benzoate). The mixture was
further stirred at room temperature for 48 h. The solvent was
removed in vacuo, and the residue was chromatographed first on
alumina and then on silica gel. The reddish orange fraction eluted
with benzene—hexane (4:1 by volume) (for 1, 3, and 4) or with
benzene (for 2 and mixture of 5 and 6) was evaporated to dryness.

(44) Dodd, D.; Jhonsox:x, M. D. J. Chem. Soc., Chem. Commun. 1971,
571.

(45) Jensen, F. R.; Madan, V.; Buchanan, D. H. J. Am. Chem. Soc.
1971, 93, 5283.

Aoyama et al.

The residue was further purified by recrystallization from di-
chloromethane-methanol to give reddish orange needles of
phenyl- (1, 8.5 mg (40%) with AgClO, and 14.9 mg (70%) with
AgBF,), p-anisyl- (2, 10.2 mg (46%) with AgClO,), p-tolyl- (8,
10.0 mg (46%) with AgClO,), and p-chlorophenyl-Rh™ (4, 4.0
mg (18%) with AgClO,) complexes. The isomeric mixture of
(methoxycarbonyl)phenyl-RhI complexes 5 and 6 was separated
by means of preparative TLC using benzene-hexane (85:15 by
volume) as eluant: 5 (R, 0.23; 5.1 mg (22%) with AgClO,) and
6 (R;0.15; 0.5 mg (2%) with AgClO,). The electronic spectra for
solutions in CH,Cl, showed A, (log €) as follows: 1, 394 nm (5.00),
509 (3.96), 542 (4.58); 2, 393 nm (5.09), 510 (4.08), 542 (4.66); 3,
394 nm (5.11), 508 (4.12), 542 (4.70); 4, 394 nm (5.09), 509 (4.06),
544 (4.69); 5, 394 nm (5.22), 510 (4.16), 543 (4.69).

Competition Reactions. A 1:1 molar mixture of anisole
(standard) and C¢Hs;X (X = H, CHj, or Cl) was subjected to
AgClO,-assisted metalation with (OEP)Rh™IC] as above. After
the workup as described above, the product mixture was chro-
matographed on silica gel. (OEP)RhC,H,-p-X (1, 3, or 4) was
eluted with benzene-hexane (1:1 by volume) and (OEP)-
Rh™MC¢H,-p-OCH; (2) with benzene—hexane (4:1 by volume); the
separation was complete in every case. Since the reactivity of
methyl benzoate was too low to compete with anisole, chloro-
benzene was taken as a second standard. The competitive
metalation of a 1:1 mixture of chlorobenzene and methyl benzoate
was carried out under the conditions required for that of methy!
benzoate. Chlorophenyl (4) and (methoxycarbonyl)phenyl (5 and
6) derivatives were separated by TLC. The relative reactivities
of arenes were based on the amounts (determined by electronic
spectroscopy) of the isolated aryl-Rh™ complexes in respective
competition runs. The molar extinction coefficients of 6 were
assumed to be the same as those of its isomer (5). Independent
experiments indicated that all of aryl-Rh™! complexes are stable
under the condition of metalation reaction and chromatographic
manipulation.

The competitive metalation of benzene and benzene-d; (Merck,
minimum 99%) was carried out similarly. The ratio of light and
heavy phenyl complexes was determined from the 'H NMR
spectrum. An integrated ratio of 4:1 of the meso-proton signal
to that of phenyl meta protons to rhodium indicated that
(OEP)RhCH, and (OEP)RhC,D; had been formed in ap-
proximately equal amounts.

(OEP)Rh'{(C10,) and (OEP)RhIY(BF,). A solution of
(OEP)RW™CI (20 mg) and AgClO, or AgBF, (10 mg) in 100 mL
of dichloromethane dried with CaH, was stirred at room tem-
perature under nitrogen for 2 days. Deposition of micropreci-
pitates of AgCl was observed. The solvent was removed, and the
residue was chromatographed on silica gel. Elution with a mixed
solvent of dichloromethane and ethyl acetate (9:1 by volume)
followed by recrystallization from dichloromethane~hexane af-
forded (OEP)RhI{(C1O,) (12.9 mg, 56%) or (OEP)Rh(BF,) (11.5
mg, 51%) as the dihydrated form. These complexes are hygro-
scopic, and they pick up water during manipulation of chroma-
tography on silica gel.

For the perchlorate complex: IR 1155, 1115, 1092 em™ (rqy0); %
'H NMR (CD,Cl,) 4 10.49 (br s, 4 H, meso H), 4.19 (m, 16 H, CH,),
1.92 (t, 24 H, CHy); electronic spectrum in CH,Cly, A, (log ¢)
396 nm (5.00), 516 (4.20), 549 (4.54). Anal. Caled for
C35H54ClN404Rh'2HQO: C, 5607, H, 627, N, 7.26. Found: C,
56.25; H, 6.44; N, 7.20.

For the tetrafluoroborate complex: IR 1115, 1089, 1070, 1060
cm™! (vgp);* TH NMR (CD,Cl,) 6 10.46 (br s, 4 H, meso H), 4.22
(m, 16 H, CH,), 1.97 (t, 24 H, CHy); electronic spectrum in CH,Cl,,
Amax (log €) 396 nm (5.26), 514 (4.20), 548 (4.51). Anal. Caled for
CyHsyBF N.Rh-2H,0: C, 57.01; H, 6.37; N, 7.38. Found: C, 57.35;
H, 6.42; N, 7.42.

A solution of the purified perchlorate or tetrafluoroborate
complex in benzene was stirred at room temperature. The gradual
formation of 1 was ascertained by TLC and absorption spec-
troscopy.

Halogenation. A solution of 1 (20 mg) in dichloromethane-
benzene (10:1 by volume, 30 mL) containing iodine (50-molar

(46) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and
Coordination Compounds”, 3rd ed.; Wiley: New York, 1977; p 136, pp
242-243.
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excess) was stirred at room temperature under nitrogen for 3 days.
The solution was washed three times with aqueous Na,S;0, or
NaHSO0; solution. The organic layer was dried (Na,SO,), and
the solvent was carefully removed in vacuo. The residue was
chromatographed on silica gel. Elution with benzene afforded
iodobenzene and (OEP)RhMI. These products were identified
by comparison of their chromatographic,and spectral behavior
with those of authentic samples.*’” Similarly, the iodination of
8 and bromination of 1, 2, and 3 with a 50-molar excess of bromine
in benzene (30 mL) were carried out. In the chlorination of 1,
chlorine gas was introduced with a stream of nitrogen into a
solution of 1 in benzene (30 mL) for 30 min, and the mixture was
worked up as described above. Gas chromatography was applied
to determine the analytical yields of haloarenes and isomer dis-
tributions therein, on columns of azoxydianisole SG (for halo-

(47) Abeysekera, A. M.; Grigg, R.; Trocha-Grimshaw, J.; Viswanatha,
V. J. Chem. Soc., Perkin Trans. 1 1977, 1395.

toluenes) and poly(ethylene glycol) 60M (for haloanisoles) with
durene as an internal standard.

Photolysis. A solution of 1 (5 mg) in benzene (25 mL) in a
Pyrex flask was irradiated with a 100-W high-pressure mercury
lamp for 12 h. The solution was analyzed by gas chromatography.
The photolyses of 2 and 3 were carried out similarly. The organic
products, isolated by column chromatography on silica gel using
benzene-hexane (4:1 by volume), showed 'H NMR spectra
identical with those of 4-methoxy- and 4-methylbiphenyl, re-
spectively.
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Summary: On warming (CO)sW==C(NR,)SiPh; (NR, =
NMe,, 1a, NC;H,,, 1b) under vacuum, a CO ligand is
eliminated and 16-electron carbene complexes (CO),W=—
C(NR,)SiPh; (2a,b) are formed as stable compounds.
Analogous chromium and molybdenum complexes
(CO)M=C(NC;sH,,)SiPh; (M = Mo, 2¢, Cr, 2d) are al-
ready formed during the preparation of (CO);M==C-
{NCgH,,)SiPh; (1¢,d). The reaction is readily reversed on
bubbling CO through solutions of 2. X-ray structure de-
termination of (CO),W=C(NCsH,,)SiPh; (2b) shows that
the vacant coordination site at the metal is capped by a
phenyl group of the SiPh, substituent. However, the long
W-C(phenyl) distances exclude strong bonding interaction.
The driving force for the conversion of 1 to give 2 seems
to be relaxation of the steric strain within the carbene
ligand.

The dissociative loss of a carbonyl ligand is the initial
step in many reactions of Fischer-type carbene complexes
(CO);M=C(YR)R’ (M = Cr, Mo, W; YR = OR, SR, NR,,
. ete.), cis CO’s being particularly labile.? Some
(CO);Cr=C(NEty)X complexes (X = Cl, Br, I, SeR, TeR,
SnPh;, PbPh;) rearrange spontaneously to give trans-X-
(C0),Cr=CNEt, by an intramolecular process probably
involving concerted dissociation of a CO ligand and C,-
Cr-migration of the group X.2 In the synthetically im-

(1) Part 5. Hornig, H.; Walther, E.; Schubert, U. Organometallics
1985, 4, 1905.

(2) Casey, C. P.; Cesa, M. C. Organometallics 1982, 1, 87.

(3) Fischer, H.; Motsch, A.; Mairkl, R.; Ackermann, K.; Organo-
metallics 1985, 4, 726 and references cited therein.
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portant reactions of (CO);M=C(OR)R’ with alkenes or
alkynes, CO dissociation is the rate-determining first step,
which is followed by addition of the unsaturated molecule
to the vacant coordination site. In no case have the
16-electron (CO),M==C(YR)R’ intermediates been ob-
served directly.

We have now been able to isolate such complexes. If
solid (CO);W=C(NMe,)SiPh; (1a)*¢ or (CO);W=C-
(NC:H,()SiPhg (1b)8 (but not (CO);W=C(NEt,)SiPh,")
are warmed to 110 °C at 0.1-0.2 torr in a Schlenk tube,
the color changes from yellow to orange-red and the 16-
electron complexes (CO),W=C(NMe,)SiPh; (2a) or
(CO)W=C(NC;H,()SiPh; (2b) are obtained as major
products.® They can be separated from byproducts and
unreacted 1a,b by column chromatography on silica at 20
°C (pentane/ether, 25:1). Contrary to 2a and 2b the

(CO)sM=C(NR,)SiPh; =
la-d
CO + (CO)M=C(NR,)SiPh; (1)
2a—d
a, M =W, NR, = NMe;; b, M = W, NR, =
NC5H10; c, M= MO, NR2 = NC5H10; d, M=
Cr, NR, = NC;H,,

analogous complexes of molybdenum (2¢) and chromium

(4) Fischer, H. In “Transition Metal Carbene Complexes”; Détz, K. H.,
Fischer, H., Hofmann, P., Kreissl, F. R., Schubert, U., Weiss, K.; Verlag
Chemie: Weinheim/Bergstr., Germany, 1983. Casey, C. P.; Shusterman,
A. J.; Organometallics 1985, 4, 736 and references cited therein.

(5) Fischer, E. O.; Hollfelder, H.; Friedrich, P.; Kreissl, F. R.; Huttner,
G. Chem. Ber. 1977, 110, 3467.

(6) la was prepared by reaction of (CO);W=C(OEt)SiPh,® with
HNMe, in THF at +20 °C analogous to that of ref 5 and 1b—d by reaction
ot(': the corresponding (CQO);M=C(OEt)SiPh;’ with neat piperidine at +20
-

(7) Schubert, U.; Hérnig, H.; Erdmann, K.-U.; Weiss, K. J. Chem. Soc.
Chem. Commun. 1984, 13.

(8) Anal. Calcd for Cy5H,, NO,SIiW (2a): C, 49.11; H, 3.46; N, 2.29.
Found: C, 49.35; H, 3.43; N, 1.87. Anal. Caled for CpsHosNO,SiW (2b):
C, 51.62; H, 3.87; N, 2.15. Found: C, 51.62; H, 3.73; N, 1.72. Mass
spectrum of 2b (70 eV): m/e (relative intensity) 651 (1, M*), 595 (25, M
- 2C0), 567 (18, M - 3CQ), 539 (31, M - 4COQ), 507 (36), 446 (24), 259 (51,
SiPhy), 182 (100, SiPhy), 105 (86, SiPh).
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