
Subscriber access provided by UNIV OF SOUTHERN INDIANA

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

Tunneling Controls the Reaction Pathway in the Deformylation
of Aldehydes by a Nonheme Iron(III)-Hydroperoxo Complex:
Hydrogen Atom Abstraction versus Nucleophilic Addition

Seong Hee Bae, Xiao-Xi Li, Mi Sook Seo, Yong-Min Lee, Shunichi Fukuzumi, and Wonwoo Nam
J. Am. Chem. Soc., Just Accepted Manuscript • Publication Date (Web): 29 Apr 2019

Downloaded from http://pubs.acs.org on April 29, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Tunneling Controls the Reaction Pathway in the Deformylation of 
Aldehydes by a Nonheme Iron(III)-Hydroperoxo Complex: Hydro-
gen Atom Abstraction versus Nucleophilic Addition 
Seong Hee Bae,† Xiao-Xi Li,† Mi Sook Seo,† Yong-Min Lee,† Shunichi Fukuzumi,*,†,‡ and 
Wonwoo Nam*,†,§  
†Department of Chemistry and Nano Science, Ewha Womans University, Seoul 03760, Korea 
‡Faculty of Science and Engineering, Meijo University, SENTAN, Japan Science and Technology Agency (JST), Nagoya, Aichi 
468-8502, Japan 
§State Key Laboratory for Oxo Synthesis and Selective Oxidation, Suzhou Research Institute of LICP, Lanzhou Institute of Chem-
ical Physics (LICP), Chinese Academy of Sciences, Lanzhou 730000, China 

Supporting Information Placeholder

ABSTRACT: Mononuclear nonheme iron(III)-hydroperoxo 
intermediates play key roles in biological oxidation reactions. 
In the present study, we report a highly intriguing reactivity of 
a nonheme iron(III)-hydroperoxo complex, 
[(TMC)FeIII(OOH)]2+ (1), in the deformylation of aldehydes, 
such as 2-phenylpropionaldehyde (2-PPA) and its derivatives; 
that is, the reaction pathway of the aldehyde deformylation by 
1 varies depending on reaction conditions, such as tempera-
ture and substrate. At temperature above 248 K, the aldehyde 
deformylation occurs predominantly via a nucleophilic addi-
tion (NA) pathway. However, as the reaction temperature is 
lowered, the reaction pathway changes to a hydrogen atom 
transfer (HAT) pathway. Interestingly, the reaction rate be-
comes independent of temperature below 233 K with a huge 
kinetic isotope effect (KIE) value of 93 at 203 K, suggesting 
that the HAT reaction results from tunneling. In contrast, 
reactions with a deuterated 2-PPA at the α-position and 2-
methyl-2-phenylpropionaldehyde proceed exclusively via a NA 
pathway irrespective of the reaction temperature. We conclude 
that the bifurcation pathways between NA and HAT result 
from the tunneling effect in the HAT reaction by 1. To the 
best of our knowledge, this study reports the first example 
showing that tunneling plays a significant role in the activation 
of substrate C-H bonds by a mononuclear nonheme iron(III)-
hydroperoxo complex.  

Oxygen-containing iron species, such as iron(III)-superoxo, 
iron(III)-peroxo, iron(III)-hydroperoxo, and iron(IV)-oxo, are 
key intermediates in the activation of dioxygen by mononucle-
ar nonheme iron enzymes and their model compounds.1,2 
Among the iron-oxygen species, nonheme iron(III)-
hydroperoxo intermediates have shown an interesting ampho-
teric reactivity in electrophilic and nucleophilic reactions,3,4 
compared to the nucleophilic reactivity of iron(III)-peroxo 
species5 and the electrophilic reactivity of iron(IV)-oxo spe-
cies.2 Other metal-hydroperoxo complexes have also shown 
reactivities as electrophiles in hydrogen atom transfer (HAT) 
and oxygen atom transfer (OAT) reactions and as nucleophiles 
in aldehyde deformylation reactions.6 However, chemical 
properties and reactivities of the nonheme metal-

hydroperoxide intermediates are less clearly understood and 
remain to be elusive. 

Very recently, Kumar, Sastri, de Visser, and their co-
workers reported an interesting observation that a manga-
nese(III)-peroxo complex reacts with 2-phenylpropionaldehyde 
(2-PPA) through a HAT pathway instead of the commonly 
proposed nucleophilic addition (NA) pathway in the de-
formylation of aldehydes by metal-peroxo species.7 Evidence 
proposing the HAT mechanism in the deformylation of 2-PPA 
by the Mn(III)-peroxo complex was the kinetic isotope effect 
(KIE) value of ~5.4 when 2-PPA and a deuterated 2-PPA at 
the α-position (α-[D1]-2-PPA) were used as substrates. In addi-
tion, 2-methyl-2-phenylpropionaldehyde (2-Me-2-PPA) did 
not react with the Mn(III)-peroxo complex. Thus, 2-PPA and 
its derivatives were shown to be excellent substrate probes that 
can be used in distinguishing the HAT vs NA pathways in 
oxidation reactions by metal-oxygen intermediates (Scheme 1). 

In the present study, we have investigated the reactions of a 
mononuclear nonheme iron(III)-hydroperoxo complex, 
[(TMC)FeIII(OOH)]2+ (1, TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane),3a with 2-PPA and its deriv-
atives to address the following fundamental questions: (1) Are 
the HAT and NA pathways competing to each other in the 

Scheme 1. Reaction Pathways, HAT vs NA, and Sub-
strates Used in the Mechanistic Study of Aldehyde De-
formylation by an Iron(III)-Hydroperoxo Intermediate  
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deformylation of aldehydes by 1 (i.e., HAT vs NA in Scheme 
1)? (2) If yes, what are the reaction conditions that modulate 
the reaction pathways? (3) Then, why (and how) are the reac-
tion pathways changed depending on the reaction conditions? 
We now report that the reaction pathway in the deformylation 
of aldehydes by 1 varies depending on the reaction conditions, 
such as temperature and substrate, and tunneling is an im-
portant factor that triggers the HAT reaction at low tempera-
ture. To the best of our knowledge, the present study reports 
the first example of tunneling effect that plays a significant role 
in the activation of substrate C-H bonds by a nonheme 
iron(III)-hydroperoxo complex.  

The iron(III)-hydroperoxo complex, 1, was prepared and 
characterized according to the published methods.3a Addition 
of 2-PPA to 1 in acetone/trifluoroethanol (v/v = 3:1) at 253 K 
under an Ar atmosphere resulted in the decay of 1 with the 
concurrent formation of [(TMC)FeIV(O)]2+ (Figure 1a). The 
[(TMC)FeIV(O)]2+ product was characterized using electron 
paramagnetic resonance (EPR) spectroscopy and cold-spray 
ionization mass spectrometer (CSI-MS) (Supporting Infor-
mation (SI), Figure S1); the yield of [(TMC)FeIV(O)]2+ was 
~100% based on the absorbance at 820 nm (ε = 400 M–1 cm–1 
for 1).8 Similarly, 1 reacted with α-[D1]-2-PPA under the iden-
tical conditions, showing that the reaction rate and spectral 
changes were the same as those of the reaction of 1 with 2-
PPA (see Figure 1a, inset (left panel); Figure S2); the second-
order rate constants, k2(H) and k2(D), for the reactions of 1 with 
2-PPA and α-[D1]-2-PPA, respectively, were determined to be 

the same (i.e., 1.0 M–1 s–1 at 253 K) (Table 1, entry 3; Figure 
S3b). In addition, product analysis of the 2-PPA and α-[D1]-2-
PPA reaction solutions revealed the formation of acetophe-
none as the product (85(4)% yield).  

We also performed the reactions of 1 with 2-PPA and α-
[D1]-2-PPA in the temperature range from 203 to 263 K; the 
k2(H) and k2(D) values were determined from the slopes of the 
linear plots of the pseudo-first-order rate constants vs concen-
trations of 2-PPA and α-[D1]-2-PPA (Table 1; Figure S3). 
First, the k2(H) and k2(D) values determined at temperatures 
above 248 K were the same, giving the k2(H)/k2(D) ratio of 1.0 
(Table 1, entries 1 – 4). Interestingly, as the reaction tempera-
ture was lowered, the k2(D) values became smaller than the 
k2(H) values, giving the k2(H)/k2(D) ratio of >1, and a large 
k2(H)/k2(D) ratio of 93 was obtained at 203 K (Table 1, entry 
13; Figure 1b).  

Further, as the Eyring plots are shown in Figure 2, a linear 
correlation of ln(k2(D)/T) vs T–1 was observed in the reaction of 
1 and α-[D1]-2-PPA in the whole temperature range (Figure 2, 
red circles), affording an activation enthalpy (ΔH‡) of 13 kcal 
mol–1 and an activation entropy (ΔS‡) of –8.5 cal mol–1 K–1. 
Interestingly, in the reaction of 1 and 2-PPA, a linear correla-

 
Figure 1. (a) UV-vis spectral changes observed in the reaction of 1 
(0.50 mM) and 2-PPA (5.0 mM) in acetone/trifluoroethanol (v/v = 
3:1) at 253 K. Insets show the time profiles for the decay of 1 in the 
reactions of 1 (0.50 mM) with 2-PPA (5.0 mM; blue circles) and α-
[D1]-2-PPA (5.0 mM; red circles) at 253 K (left panel) and 1 (0.50 
mM) with 2-PPA (20 mM; blue circle) and α-[D1]-2-PPA (200 mM; 
red circle) at 203 K (right panel). (b) Plots of pseudo-first-order rate 
constants (kobs) vs concentrations of 2-PPA (blue circles) and α-[D1]-2-
PPA (red circles) in the reactions of 1 with 2-PPA and α-[D1]-2-PPA 
at 203 K. 

 
Figure 2. Eyring plots of ln(k2/T) vs T–1 for the deformylation reac-
tions of 2-PPA (blue circles) and α-[D1]-2-PPA (red circles) by 1. 

Table 1. Rate Constants, k2(H) and k2(D), Determined in the Reac-
tions of 1 with 2-PPA and α-[D1]-2-PPA at Various Temperaturesa 

entry temp.  
(K) 

k2(H) and k2(D), M–1 s–1 
k2(H)/k2(D) 

2-PPA α-[D1]-2-PPA 

1 263 3.0 3.0 1.0 

2 268 1.7 1.7 1.0 

3 253 1.0 1.0 1.0 

4 248 7.3 × 10–1 7.3 × 10–1 1.0 

5 243 4.3 × 10–1 4.0 × 10–1 1.1 

6 238 2.9 × 10–1 2.3 × 10–1 1.3 

7 233 1.9 × 10–1 1.1 × 10–1 1.7 

8 228 1.7 × 10–1 6.1 × 10–2 2.8 

9 223. 1.6 × 10–1 3.4 × 10–2 4.7 

10 218 1.6 × 10–1 1.8 × 10–2 8.9 

11 213 1.5 × 10–1 8.0 × 10–3 19 

12 208 1.4 × 10–1 3.8 × 10–3 37 

13 203 1.4 × 10–1 1.5 × 10–3 93 
aSee experimental conditions in SI, Experimental Section. 
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tion of ln(k2(H)/T) vs T–1 was observed at temperatures above 
248 K (Figure 2, blue circles) but curved from 248 K to 233 K. 
At temperatures below 233 K, the reaction rates, k2(H), were 
temperature-independent (Figure 2, blue line). It is noted that 
the temperature insensitivity of the reaction rate with a large 
k2(H)/k2(D) ratio is the indication of the involvement of tunnel-
ing (vide infra).9-11  

Another substrate probe that we used in this mechanistic 
study was 2-methyl-2-phenylpropionaldehyde (2-Me-2-PPA) 
(see the structure in Scheme 1); Kumar, Sastri, de Visser, and 
their co-workers reported that their Mn(III)-peroxo complex 
did not react with 2-Me-2-PPA, since the Mn(III)-peroxo re-
acted with aldehyde solely via a HAT pathway.7 In our study, 
however, a linear correlation of ln(k2/T) vs T–1 was observed in 
the reaction of 1 and 2-Me-2-PPA (Figure S4 and Table S1); 
the low reactivity of 2-Me-2-PPA, compared to that of α-[D1]-
2-PPA, is probably due to a steric effect and/or an electronic 
effect of substrates in nucleophilic reactions (e.g., 2o-CHO for 
α-[D1]-2-PPA vs 3o-CHO for 2-Me-2-PPA).  

The results presented above are interpreted as follows: (1) 
In the reactions of 1 with α-[D1]-2-PPA and 2-Me-2-PPA, the 
deformylation occurs solely via a NA pathway irrespective of 
reaction temperature. (2) In the reaction of 1 and 2-PPA, a NA 
pathway is dominant at the temperatures above 248 K, but a 
HAT pathway is being involved at the temperature below 243 
K and becomes dominant at lower temperatures, affording 
large k2(H)/k2(D) values (e.g., k2(H)/k2(D) of 93 at 203 K) (Ta-
ble 1; Figure 1b). Thus, based on the observations of a large 
k2(H)/k2(D) ratio and the temperature insensitivity of the reac-
tion rate at low temperatures, we propose that the reaction of 
1 and 2-PPA occurs via a H-atom abstraction and tunneling 
plays a pivotal role in overriding the NA pathway.12  

We then carried out the reactions of 1 with 2-PPA and α-
[D1]-2-PPA in the presence of 18O2 at 253 K and found that 
no 18O was incorporated into the acetophenone product (Fig-
ure S5b) (Scheme 2A); the [(TMC)FeIV(O)]2+ product did not 
contain 18O either (Figure S6a). Interestingly, when the reac-
tion of 1 and 2-PPA was carried out in the presence of 18O2 at 
213 K, a significant amount of 18O was found in the acetophe-
none product with the formation of [(TMC)FeIV(16O)]2+ 
(Scheme 2A; Figures S5d and S6b). However, no 18O-
incorporation into the acetophenone product was observed in 
the reaction of 1 and α-[D1]-2-PPA at 213 and 253 K. Simi-

larly, when the reactions of 1 with 2-PPA and α-[D1]-2-PPA 
were carried out in the presence of CCl3Br at 213 and 253 K, 
we observed the formation of a brominated 2-PPA product 
only in the reaction of 1 and 2-PPA at 213 K (Scheme 2B; 
Figures S7 and S8). Other reactions, such as the reaction of 1 
and 2-PPA at 253 K and the reactions of 1 and α-[D1]-2-PPA 
at 213 and 253 K, did not yield the brominated 2-PPA prod-
uct but acetophenone as the product (Scheme 2B; Figures S7a 
and S9). Based on the results of the 18O2 and CCl3Br experi-
ments, we propose that a carbon radical species was generated 
from a H-atom abstraction of 2-PPA by 1 at 213 K (see 
Scheme 3A).13 In other reactions, such as the reaction of 1 and 
2-PPA at 253 K and the reactions of 1 and α-[D1]-2-PPA at 
213 and 253 K, such a carbon radical species was not generat-
ed (see Scheme 3B). We therefore conclude that the reaction of 
1 and 2-PPA at 213 K occurs via a HAT pathway (Scheme 
3A), whereas the reaction of 1 and 2-PPA at 253 K and the 
reactions of 1 and α-[D1]-2-PPA at 253 and 213 K occur via a 
NA pathway (Scheme 3B).  

In conclusion, we have demonstrated that the reaction 
pathway in the deformylation of 2-PPA by a nonheme ion(III)-
hydroperoxo complex (1) changes depending on reaction con-
ditions, such as reaction temperature and substrate; (1) a HAT 
pathway in the reaction of 1 and 2-PPA at temperatures below 
233 K and (2) a NA pathway in the reaction of 1 and 2-PPA at 
temperature above 248 K and in the reactions of 1 and 2-PPA 
derivatives (e.g., α-[D1]-2-PPA and 2-Me-2-PPA) irrespective 
of reaction temperature. More importantly, we have shown 
that tunneling plays a significant role in the HAT reaction. 
Thus, this study has provided valuable insights into controlling 
the reaction pathway by tunneling effect as the third reactivity 
paradigm in addition to the thermodynamic and kinetic con-
trol.14 In future study, we will attempt to elucidate the funda-
mental aspects of the tunneling effect on the C-H bond activa-
tion of hydrocarbons by nonheme iron-hydroperoxo interme-
diates as well as the detailed mechanisms of the HAT and NA 
pathways in the deformylation reaction by the nonheme 
iron(III)-hydroperoxo complex, 1. 

Scheme 2. Reactions of 1 with 2-PPA and α-[D1]-2-PPA 
Carried Out in the Presence of 18O2 and CCl3Br  

 

Scheme 3. Proposed Mechanisms for the Reactions of 1 
with 2-PPA and α-[D1]-2-PPA  
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