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Metalloradical (M*) reactions with substrates like H2 and CH4, 
where atom abstractions are highly endothermic, can proceed by 
a concerted interaction of two metalloradicals with the substrate 
through a four-centered transition state (TS).1-4 Reactions that 
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utilize this type of pathway have relatively low activation 
enthalpies because of extensive bond-making in the TS, but they 
generally occur slowly because of the kinetic disadvantages for 
termolecular processes and the large activation entropies associ
ated with organizing three particles in the TS.1-4 (Tetramesi-
tylporphyrinato)rhodium(II) ((TMP)Rh"') is an example of a 
stable metalloradical that accomplishes activation of CH4 and 
H2 through a four-centered TS1 -2 and manifests unusual selectivity 
among metal complexes that activate C-H bonds5-9 by exhibiting 
a kinetic preference for methane activation compared with the 
reactivity of other aliphatic and aromatic hydrocarbons. This 
selective methane reactivity has its origin in the steric demands 
of the trimolecular transition state which favors the smallest 
substrate.' A potential approach for obtaining improved kinetics 
is to incorporate two metalloradical centers into a single molecular 
unit in a manner that provides a bimolecular reaction pathway. 
The only previously reported dirhodium diporphyrin complex 
(Rh2DPB) contains porphyrin units attached to biphenylene at 
an interporphyrin distance that preorganizes and supports RhIL-
Rh" bond formation.10 This article reports on the formation of 
a dirhodium diporphyrin complex in which the porphyrin steric 
requirements prohibit Rhn-Rh" bonding and the resulting 
bimetalloradical complex ('Rh(CH2^Rh') reacts with H2 and 
CH4 at rates that are substantially larger than those for (TMP)-
Rh" and (tetraxylylporphyrinato)rhodium(H) dimer, [(TXP)-
Rh]2. 

A diporphyrin ligand (3) in which the porphyrin units are 
tethered by a diether (-0(CH2)60-) spacer was obtained by the 
reaction sequence described in Scheme I.11'12 Subsequent 
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Table 1. Initial Rates (M s"1) for Reactions of (Por)Rh" 
Complexes with H2 and CH4 (296 K)"-* 

•Rh(CH2)6Rh' ((TXP)Rh)2 (TMP)RtT 

H2 

CH4 

(2.7 ±0.1) X 10-« 
(2.5 ± 0.3) X ICH 

(4.4 ± 0.3) X 10-1" 
(1.7 ±0.2) X 10-" 

(4.0 ± 0.3) X 10-9 
(1.9 ±0.2) X lO-'o 

" The initial rates were calculated from the observed rate constants 
using the same molar concentration of substrates and Rh(II) sites. 
[Rh(II)Ji = 2.55 X 10-4 M, [H2]j = [CH4Ji = 2.30 X 1(H M. »Initial 
rate = (d [Rh(II) J /d«),-o = 2(d['Rh(CH2)6Rh.[/dO,-o = 2(d[((TX-
P)Rh)2] /dt),.0 = (d[(TMP)Rh']/dr),-o. 
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conversion to the dirhodium(H) derivative is accomplished by 
procedures1,13'14 outlined in Scheme 2. The dimethyl derivative 
4 photolyzes in benzene to form a dirhodium(II) complex 
('Rh(CH2)6Rh' (5)) which is shown to be a persistent bimet
alloradical through observation of Curie behavior for the porphyrin 
pyrrole contact shifts (350-200 K) and EPR spectra in toluene 
glass (90 K) that are characteristic of low-spin rhodium(H)15 (g| 
= 1.93, g± = 2.66; /4103Rh(^) « 159 MHz). Mesityl groups in 
the diporphyrin ligand prohibit Rh"-Rh" bonding, and 5 thus 
provides a stable bimetalloradical for comparative studies with 
(TMP)Rh"'. The bimetalloradical, 'Rh(CH2)6Rh' (5), readily 
reacts with CH4 and H2 in C6D6 (T = 296 K; PHl = 0.70 atm, 
PCH, = 1.0 atm) to form HRh(CH2J6RhCH3 (6) and HRh(CHj)6-
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Table 2. Rate Constants for CH Bond Reactions of -Rh(CH2J6Rh' with Substrates at 296 K" 

substrate H2 CH4 CH3CH3 

Zt(M-1S"1) (9.SiCS)XlO-1 (8.6 ± 0.3) X 10"3 (1.5 ± 0.1) X 10"5 

CH3OH 
(5.3 ± 0.3) X 10-5 

' Rate = /CfRh(CH2J6Rh'] [HX]; X = H, CH3, CH2CH3, CH2OH. 
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Figure 1. Comparison of the change in molar concentrations of rhodium-
(II) centers with time for the reactions OfCH4 with 'Rh(CH2)6Rh' (5), 
(TMP)Rh', and ((TXP)Rh)2 (T = 296 K, P0H4 =

 1 0 atm, [Rh(II)Io = 
2.552 X 10-3 M). Inset: 1H NMR for the Rh-CH3 and Rh-H sites in 
HRh(CH2)6RhCH3 in C6D6 (SKb-H = -40.07 ppm, MKh.„ = 43.4 Hz; 
5RI>-CH, = -5.29 ppm, ./lWRh-cff, = 3.0 Hz). 
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Figure 2. Comparison of the change in molar concentrations of rhodium-
(II) centers with time for the reactions of H2 with 'Rh(CH2)6Rh* (5), 
(TMP)Rh', and ((TXP)Rh)2 (T = 296 K, PHi = 0.7 atm, [Rh(II)J0 = 
1.23 X 10-3 M). Inset: 1H NMR for the Rh-H group in HRh(CH2)6-
RhH in C6D6 (S^H = -40.07 ppm, Mtu*-H = 43.4 Hz). 

RhH (7) respectively (eqs 1 and 2). Substantial rate increases 

'Rh(CH2J6Rh' + CH 4 ^ HRh(CH2J6RhCH3 (1) 

'Rh(CH2)6Rh* + H2 =•* HRh(CH2)6RhH (2) 

are observed for reactions 1 and 2 compared with the corresponding 
reactions of (TMP)Rh' and ((TXP)Rh)2

1-2 (Figures 1 and 2; 
Table 1). Reactions 1 and 2 could occur through bimolecular or 
trimolecular transition states that utilize metalloradicals in one 
and two molecular units, respectively. Observation that the 
methane reaction (eq 1) is first order in 5, exclusively produces 

HRh(CH2J6RhCH3, and occurs with large rate enhancements 
over the trimolecular process for (TMP)Rh11' are indicative of 
a dominant bimolecular pathway. Preliminary equilibrium 

constant measurements by 1H NMR for reactions 1 and 2 at 296 
K (Kx = (2.0 ± 0.2) X 103; K2 = (2.3 ± 0.8) X 106) combined 
with the estimate that ASi0 and AS2

0 will be in the range of-20 
to -25 cal K'1 moh1 provides estimates of ~60 ± 2 and ~56 ± 
3 kcal moh1 for the Rh-H and Rh-CH3 bond dissociation 
enthalpies, respectively, in compounds 6 and 7, which are 
indistinguishable from values estimated for (TMP)Rh-H (60 
kcal mob1) and (TMP)Rh-CH3 (57 kcal moh1).1 

Ethane reacts with 5 exclusively at the C-H unit to form HRh-
(CH2)6RhCH2CH3 (8) (eq 3) rather than cleaving the C-C bond 
to produce the dimethyl complex 4, even though 4 is the 
thermodynamically favored product by more than 10 kcal moH 
(D (kcal moH): H3C-CH3, 90,16 H3CCH2-H, 100,16 Rh-H, 
~60 , Rh-CH3, ~56 , Rh-CH2CH3, ~491 7). The absence of 

* 3 

'Rh(CH 2) 6Rh' + CH 3CH 3 «•* HRh(CH2J6RhCH2CH3 (3) 

observed C-C bond cleavage is kinetic in origin and suggests that 
the interaction of the Rh11' center with the C-H unit is directing 
the overall near-concerted cleavage of the CH3CH2-H bond. 
Methanol and 5 also react with complete regiospecificity for the 
C-H unit to form HRh(CH2)6RhCH2OH (9) (eq 4) rather than 
C-O or O-H bond cleavage to form HORh(CH2J6RhCH3 or 
HRh(CH2J6RhOCH3, respectively. Ratios of the rate constants 

*4 

'Rh(CHj)6Rh* + CH 3OH * - HRh(CH2J6RhCH2OH (4) 

for the reaction of 5 with methane at 296 K to those for ethane 
(kx/k3 = 5.7 X 102J and methanol (fei/fc4 = 1.6 X 102J illustrate 
the kinetic preference for the methane C-H bond reaction over 
those for substrates where the C-H bonds are activated relative 
to CH4 (Table 2) (D(C-H) (kcal moh1): H3C-H, 105;16 CH3-
CH2-H, 100,16 HOCH2-H, 94).18 

The observed rate enhancement for substrate reactions of 5 
compared with (TMP)Rh' and [(TXP)Rh]2 illustrate the kinetic 
advantage that occurs by preorganization of two metalloradical 
units in a molecular species where reactions can proceed via a 
bimolecular pathway. Our current studies are directed toward 
obtaining additional rate enhancements through structural 
preorganization of the transition states for small molecule reactions 
with both homo- and heterobimetallic diporphyrin complexes. 
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