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Substantial Inverse Isotope Effects in the Hydrogen Atom Abstraction from
[(L)ClRhIII�H/D]+ Macrocyclic Complexes by Methyl Radicals in Aqueous

Solutions

Lioubov Kats,[a] Eric Maimon,[b] and Dan Meyerstein*[a, c]

The reaction given in Equation (1) is of importance in a
large variety of radical-induced processes. The mechanism
of such reactions has been studied only for R= R’ and has
still not been fully elucidated. All the reactions studied are
relatively fast with k1�1 � 107

m
�1 s�1.[1–5]

½ðLÞmMnþ1�R� þ CR0 H2O
��!½MnðLÞm� þRR0=RHþR0OH or

ROHþR0H

ð1Þ

In principle, such reactions might proceed by means of
either of the following mechanisms [Eq. (2) or (3)]:

Recent results[4] for the reaction given in Equation (4)
were interpreted as indicating that the reaction proceeds by
means of the mechanism outlined in Equation (3). It
seemed of interest to check whether this is generally true.

½ðNH3Þ5CoIII�CH3�2þ þ CCH3
H2O
��!½CoðH2OÞ6�2þ þ 5 NH4

þ þ C2H6

ð4Þ

For this purpose it was decided to study the reactions of a
variety of radicals, CR’ (with a stable [(L)mMn+1�R] com-
plex). It was decided to choose as a first example an
[(L)mMn+1�H] complex as the hydride ligand imposes no
steric hindrance. The first reaction chosen was that given in
Equation (5) in which L=1,4,8,11-tetraazacyclotetradecane
(cyclam).

½ðLÞClRhIII�H�þ þ CCH3
H2O
��!½ðLÞClRhIIðH2OÞ�þ þ CH4 ð5Þ

Experimental Section

Materials : All solutions were prepared from analytical-
grade chemicals and distilled water that was passed
through a Millipore setup, the final resistance being above
10 MWcm�1. The trans- and cis-[(L)ClRhIII�H]+ com-
plexes were synthesized according to published proce-
dures.[6, 7]

Irradiation : The samples were irradiated by a short pulse
from the electron linac of the Hebrew University of Jerusalem or in a G-
220 Gammacell 60Co–g source with a dose rate of 16.5 Gy min�1.

Gas chromatography analysis : GC analyses were performed on a HP
5890 gas chromatograph on a pack Q column with FID and TCD detec-
tors.

Formation of methyl radicals : When ionizing radiation is absorbed by a
dilute aqueous solution the process can be described by Equation (6):[8]

H2O g;e�
��! e�aqð2:65Þ; �OHð2:65Þ;H � ð0:60Þ;H2ð0:45Þ;H2O2ð0:75Þ;H3Oþð2:65Þð6Þ

The values in the parentheses are the relative yields of the products as
expressed by their G values (G values are defined as the number of
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molecules/species of each product formed per 100 eV radiation absorbed
in the solution). The distribution of these products in the solution after
1� 10�7 s is homogeneous.[8] In N2O saturated solutions, [N2O] =2�
10�2

m, e�aq is converted into COH radicals through Equation (7).[9] Thus, G-ACHTUNGTRENNUNG(COH)=6.0 in N2O saturated solution is obtained.

e�aqþN2O! N2 þ COHþOH� k ¼ 8:7� 109
m
�1 s�1 ð7Þ

The reaction in Equation (7) competes with that given in Equation (8);
therefore, one has to work at pH�3.0 in order to not affect GACHTUNGTRENNUNG(COH) too
much.

e�aqþH3Oþ ! CHþH2O k ¼ 2:2� 1010
m
�1 s�1 ½9� ð8Þ

When (CH3)2SO is added to N2O saturated solutions the reactions given
in Equations (9) and (10) convert the COH radicals into CCH3 radicals,
with G ACHTUNGTRENNUNG(CCH3) =6.0.[10]

COHþ ðCH3Þ2SO! CðCH3Þ2SCðOÞOH k ¼ 7:0� 109
m
�1 s�1 ð9Þ

ðCH3Þ2SCðOÞOH! CH3SðOÞOHþ CCH3 k ¼ 1:5� 107
m
�1 s�1 ð10Þ

In the absence of other solutes the CCH3 radicals thus formed are trans-
formed into CH4 and C2H6 through the reactions given in Equations (11)
and (12), respectively.

CCH3 þ ðCH3Þ2SO! CH4 þ CCH2ðCH3ÞSO k ¼ 100m�1 s�1 ½15� ð11Þ

CCH3 þ CCH3 ! C2H6 k ¼ 1:2� 109
m
�1 s�1 ½16� ð12Þ

The relative yields of CH4 and C2H6 thus depend on the concentration of
(CH3)2SO and the dose rate of irradiation.

Results and Discussion

First, an effort to measure k5 [the rate constant for the reac-
tion given in Eq. (5)] with the pulse radiolysis technique by
following the disappearance of the absorption of the com-
plex at 300 nm was made. However even at the highest plau-
sible complex concentration, 1 �10�3

m, no reaction of the
CCH3 radicals with the complex was obtained, indicating that
at the high dose rate used in the pulse radiolysis experiment
reaction in Equation (5) is too slow to compete with that
given in Equation (12).

Then the effect of cis- and trans-[(L)ClRhIII�H]+ on the
yield of CH4 and C2H6 as determined by GC analysis in the
considerably lower dose-rate irradiation in a g source were
measured. The results are summed up in Table 1.

It was necessary to work at pH 3.0 ([HClO4]= 1�10�3
m)

due to the pH effect on the stability of the [(L)ClRhIII�H]+

complexes. At pH 3.0 the radical yield is somewhat smaller
than at pH 8.0 as the results demonstrate.

The results clearly demonstrate that:

1) The major product of the reaction given in Equation (5)
is CH4 as its yield increases with the complex concentra-
tion.

2) As G ACHTUNGTRENNUNG(CCH3)total =G ACHTUNGTRENNUNG(CH4)+2 GACHTUNGTRENNUNG(C2H6) is not affected by
the complex concentration clearly reaction given in
Equation (13) does not compete significantly with that

given in Equation (5). Indeed the formation of CH3Cl
was not observed by GC analysis.

½ðLÞClRhIII�H�þ þ CCH3
H2O
��!½ðLÞðH2OÞRhII�H�þ þ CH3Cl

ð13Þ

The k5 rate constants of reaction were determined as fol-
lows: as C2H6 is formed only from the reaction in Equa-
tion (12) and as its yield per second is measured the steady-
state concentration of the CCH3 radicals, [CCH3]ss, can be cal-
culated from Equation (14), the yield of CH4 then is given
by Equation (15)

GðC2H6Þ � ðdose rate ½Gy s�1�Þ � 10�7 ¼ k12½CCH3�2SS ð14Þ

GðCH4Þ � ðdose rate ½Gy s�1�Þ
¼ ðk11½CðCH3Þ2SO� þ k5½complex�Þ½CCH3�SS

ð15Þ

The k5 values thus obtained are summarized in Table 1.
The average value of k5 is (2.8�0.7)� 105 and (1.2�0.3) �
105

m
�1 s�1 for the trans and cis isomers, respectively.

In principle CH4 could be formed in the reaction given in
Equation (5) through CH atom abstraction from the ligand L.
In order to rule out this possibility it was decided to repeat
the experiment replacing [(L)ClRhIII�H]+ by [(L)ClRhIII�
D]+ . It was expected that this experiment will result in a rel-
atively large kinetic isotope effect (KIE) as all CH atom ab-
straction from C�H groups involve a large KIE.[11,12] The re-
sults of this experiment are summarized in Table 2.

One can see (G ACHTUNGTRENNUNG(CCH3)total is not affected by the complex
concentration) that as in the reaction of [(L)ClRhIII�H]+

complexes with methyl radicals, there is no Cl atom abstrac-
tion and no CH3Cl formation.

Table 1. Products from irradiated solutions containing 0.01 m and 0.02 m

(CH3)2SO at various concentrations of [(L)ClRhIII�H]+ complexes at
pH 3.0 ([HClO4]=1 � 10�3

m), dose rate= 16.5 Gy min�1.[a]

Complex
[m]

ACHTUNGTRENNUNG[(CH3)2SO]
[m]

CH4/
C2H6

G ACHTUNGTRENNUNG(CH4) G ACHTUNGTRENNUNG(C2H6) G ACHTUNGTRENNUNG(CCH3)total k5ACHTUNGTRENNUNG[m�1 s�1]

–[b] 0.01 0.36 0.88 2.46 5.80
–[b] 0.02 0.37 0.96 2.52 6.00
– 0.01 0.29 0.67 2.33 5.33
– 0.02 0.37 0.82 2.21 5.24
1 � 10�4 [c] 0.01 1.42 2.13 1.50 5.13 2.4 � 105

2 � 10�4 [c] 0.01 5.28 3.71 0.70 5.11 3.1 � 105

6 � 10�4 [c] 0.01 46.5 5.60 0.12 5.84 3.8 � 105

1 � 10�4 [c] 0.02 1.52 2.36 1.55 5.46 2.4 � 105

2 � 10�4 [c] 0.02 4.28 3.73 0.87 5.47 2.7 � 105

6 � 10�4 [c] 0.02 37.0 5.12 0.14 5.40 3.2 � 105

1 � 10�4 [d] 0.01 0.72 1.27 1.89 5.05 1.20 � 105

2 � 10�4 [d] 0.01 1.09 1.77 1.62 5.01 9.3 � 104

6 � 10�4 [d] 0.01 6.51 3.82 0.59 5.00 1.15 � 105

1 � 10�4 [d] 0.02 0.89 1.60 1.81 5.22 1.47 � 105

2 � 10�4 [d] 0.02 1.73 2.34 1.38 5.10 1.30 � 105

6 � 10�4 [d] 0.02 4.62 3.48 0.75 4.98 9.1 � 104

[a] Each result is the average of at least a triplicate; error limit of the
yields �15 %, of the rate constants �25 %. [b] At pH=8.0. [c] trans
Isomer. [d] cis Isomer.
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The k5 values thus obtained for the deuterated complexes
are summarized in Table 2. The average value of k5, that is,
the rate constant for the reactions of [(L)ClRhIII�D]+ com-
plexes (two isomers) with methyl radical, is (4.8�1.2) �105

and (1.8�0.6)� 105
m
�1 s�1 for the trans and cis isomers, re-

spectively.
From these results the kinetic isotope effects were calcu-

lated to be k ACHTUNGTRENNUNG(trans-[(L)ClRhIII�H]+)/kACHTUNGTRENNUNG(trans-[(L)ClRhIII�
D]+)=0.58�0.20 and kACHTUNGTRENNUNG(cis-
[(L)ClRhIII�H]+)/k ACHTUNGTRENNUNG(cis-
[(L)ClRhIII�D]+)= 0.66�0.30.
Surprisingly, the results show
that k5(D)>k5(H), that is, in-
verse isotope effects are ob-
served.

Inverse apparent kinetic isotope effects are commonly at-
tributed to the involvement of an equilibrium process[13–15]

with an inverse equilibrium isotope effect, as an elementary
reaction cannot involve an inverse isotope effect. Such in-
verse isotope effects have been observed for reductive cou-
pling of alkyl hydrides[13–27] and less commonly aryl hy-
drides.[13,27–29] It is difficult to envisage an equilibrium step
for the reaction given in Equation (3a).

½ðLÞClRhIII�H�þ þ CCH3 !½ðLÞClRhII � � �H � � � CH3�þ !
½ðLÞClRhIIIðH2OÞ�þ þ CH4

ð3aÞ

Therefore, the results suggest that the reaction measured
involves a reductive C�H coupling, that is, the reaction
given in Equation (2a):

However, as the isotope effect is measured for a reaction
in competition with reactions given in Equations (11) and
(12), clearly the equilibrium step in Equation (2a), for anal-
ogous reactions of which inverse kinetic isotope effects were
reported, is not sufficient as the methyl radicals react in a
step that does not involve the Rh�H bond cleavage. Thus it
is proposed that the hydrogen atom abstraction studied pro-
ceeds through the reaction given in Equation (2b):

The suggestion that the first step is also an equilibrium re-
action is also reasonable due to the steric constraints around
the central Rh ion that has seven ligands.

Conclusion

1) Methyl radicals abstract an hydrogen atom and not a
chlorine atom from [(L)ClRhIII ACHTUNGTRENNUNG(H2O)]+ .

2) The mechanism of the hydrogen atom abstraction in-
volves formation of a Rh�C bond followed by reductive
coupling and methane release as outlined in Equa-
tion (2b). This mechanism differs from that suggested for
the reaction in Equation (4).[4] Clearly we cannot con-
clude from this study that reaction in Equation (1)
always proceeds by means of the mechanism in Equa-
tion (2). Thus further studies are required to determine
the precise mechanism of this reaction [Eqs. (2) or (3)].

3) This is the first hydrogen atom abstraction reaction stud-
ied with an inverse kinetic isotope effect. Thus the re-
sults suggest that the mechanism of hydrogen abstraction
from M�H groups might differ considerably from that
from C�H groups.
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