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ABSTRACT: Electric field acceleration of alkyl hydroperoxide activation to acylate amines in the scanning tunneling microscopy-
break junction (STM-BJ) is reported. Alkyl hydroperoxide mixtures, generated from hydrocarbon autoxidation in air, were found to 
be competent reagents for the functionalization of gold surfaces. Intermolecular coupling on the surface in the presence of amines 
was observed, yielding normal alkyl amides. This novel mode of alkyl hydroperoxide activation to generate acylium equivalents was 
found to be responsive to the magnitude of the bias in the break junction, indicating an electric field influence on this novel reactivity.

Electric fields influence reaction profiles by stabilization of 
charge-separated transition states. This hypothesis has long 
been supported by computational studies in enzymatic catalysis, 
where the high efficiencies of enzymes can only be fully 
accounted for when electric field stabilization of the reaction 
transition state is considered.1,2 Although mostly investigated 
computationally,3,4 a body of experimental validations of this 
electric field effect has recently emerged in enzymatic 
catalysis,5,6 scanning tunneling microscope (STM), electrical 
devices,7 and organic reactions.8 These examples highlight the 
potential for harnessing oriented electric fields as a new 
paradigm in biasing reaction rate,9 chemoselectivity,10 and 
stereoselectivity.11 However, synthetically viable control and 
manipulation of the field remain rare and challenging. 

Several recent examples demonstrate that an external electric 
field (EEF) in an STM-BJ catalyzes chemical reactions 
(Scheme 1). Darwish, Ciampi, Diez-Perez, and Coote et al. 
showed that an oriented EEF applied between an STM gold tip 
and a gold substrate can enhance the rate of a Diels-Alder 
reaction.12 One of us reported the first bulk solution 
isomerization catalyzed by an electric field, using the STM-
break junction (STM-BJ) technique to influence the 
isomerization of a cis-[3]cumulene to a trans-[3]cumulene.13 
The increased isomerization rate and perturbation of product 
equilibrium by the EEF demonstrate that the electric field can 
affect both reaction kinetics and thermodynamics. 

Herein we report the unusual reactivity behavior of N,N′-
dimethylethylenediamine (DMEDA) under EEF in the STM-
BJ, where mono-acylation resulting in amide products bearing 
normal alkyl chains of various lengths is detected in tetradecane 
(Figure 1a). In order to monitor the reaction in situ, 
measurements of conductance of the reactants and products in 
bulk solution were recorded. The conductance was measured 
via the STM-BJ technique at room temperature. A gold tip was 
driven in and out of contact with a gold substrate using 
tetradecane (TD) as the solvent. The electric field was applied 
between a gold STM tip and a gold substrate, while the strength 
of the field was modulated by the bias applied. 

Logarithmically binned one-dimensional (1D) conductance 
histograms compiled from thousands of measured traces in TD 
at a modest bias of 100 mV for DMEDA showed one 
conductance peak at 1.1 ´ 10-3 G0 at the beginning of the 
measurement; a second peak was observed growing over this 

timeframe at a conductance of 0.9 ´ 10-4 G0 (Figure 1b and SI 
Figure 2-2). The corresponding two-dimensional (2D) 
conductance-displacement histograms are shown in SI Figure 
2-1. We attribute the higher conductance peak with shorter 
plateau to the reactant DMEDA and the lower conductance peak 
with longer plateau to the major products of the in situ reaction. 
Subsequent analysis of the reaction mixture by LC-MSE 
identified the major products in the reaction as a series of 
monoacylated DMEDA derivatives bearing alkyl chains of 
different lengths (Figure 1c, SI Figure 2-9 to 2-22). The 
reactivity on the gold substrate alone, albeit lower than with an 
applied field in the STM-BJ (vide infra), was amenable to scale-
up using a larger gold-coated substrate. A sufficient quantity of 
the products was generated in this fashion; separation and 
isolation of the reaction mixture ultimately led to the product 
structural assignment as mono n-alkyl amides of DMEDA (SI 
Figure 2-3 to 2-7). Independently synthesized authentic product 
standards were found to be a match for the product, as their LC 
retention times were in agreement with products in the STM 
reaction (SI Figure 2-23). Conductance measurements of ex-situ 

Scheme 1. Chemical reactions catalyzed by EEF 

 



 

synthesized product in the STM-BJ accurately matched the 
shape and intensity measured for the low conductance peak 
formed over time in the DMEDA solution. Similarly, the 2D 
conductance histograms measured for product standards also 
matched the reaction 2D histogram (SI Figure 2-1).  

We next investigated the source of the n-alkyl chain. DMEDA 
contains a privileged scaffold that enables the cleavage of the 
central C−C bond, under harsh pyrolysis conditions14 or 
oxidative conditions with chemical,15 photoredox,16 or 
electrochemical oxidation.17 However, measurements of 
DMEDA isotopologues bearing unnatural isotopes at all 
possible positions ultimately yielded no detectable isotope 
incorporation on the alkyl chain in the product (Figure 2a), 
precluding the fragmentation and reassembly of DMEDA as the 
source of the n-alkyl acylium equivalent. 

Based on the observation that we predominately observe n-
heptanoate (+7 C) of DMEDA when the reaction is run in 
phenyloctane (octylbenzene, OB) (Figure 3a, SI Figure 4-29, 4-
30), we rationalized that this selectivity could originate from the 
functionalization of the weakest benzylic C–H bond, followed 
by a formal β-scission event to generate a heptyl fragment 
which is then trapped by DMEDA (SI Figure 4-36). We 
subsequently evaluated the hypothesis that functionalization of 
the solvent was generating the n-alkyl acylium. However, we 
were able to definitively exclude this possibility when we 
measured deuterium-labeled TD and OB (3a-c), and did not 
detect deuterium incorporation on the product alkyl chain 
(Figure 2b). Similarly, we determined the presence of an 
internal standard, 1-methyl-2-phenylindole, did not affect the 
product distribution, and was unlikely to be the source of the 
alkyl chain (SI Figure 4-27). Lastly, as all reactions were 
conducted in air, we evaluated the possible impact of various 
components of air on the reaction; however, reaction mixtures 
purged with O2, CO2, air, or Ar yielded identical mixtures of 
products (SI Figure 4-26). 

The exclusion of all reaction components as the alkyl source 
necessitated that a trace impurity in the reaction mixture was 
the alkyl source. We evaluated possible n-alkyl precursors 
bearing functional groups that could conceivably generate an 
acylium equivalent under reaction conditions. However, 
alcohol, aldehyde, carboxylic acid, bromide, amine, and alkene 
were found to be incompetent reagents to transfer alkyl chains 
(Figure 2c). The empirical observation that fresh TD was orders 
of magnitude less reactive than older TD that has been exposed 
to air for longer led us to interrogate autoxidation products as 
the possible alkyl source (SI Figure 4-29, 4-30). The 
predominant n-heptyl transfer from OB would also be 

 

Figure 2. Investigation of the alkyl source. (a) attempted 
labeling of reaction products with DMEDA isotopologues; (b) 
attempted labeling of reaction products with solvent 
isotopologues; (c) attempted labeling of reaction products with 
additives; (d) mass spectrum of +8 C product showing deuterium 
incorporation when deuterated hydroperoxide 4j is added. 

 

Figure 1. Reaction conductance and LC chromatogram. (a) 
reaction scheme; (b) logarithmically binned 1D histograms of 
conductance traces for DMEDA and ex-situ synthesized 
products;  (c) representative LC-MS trace of the STM-BJ 
reaction mixture (* DMEDA and products were derivatized by 
propionic anhydride for visualization of DMEDA by LC-MS). 

 

 

 
Figure 3. Solvent dependence and surface functionalization. (a) 
reaction yields in TD and OB; (b) reaction yields when DMEDA 
is deposited on a gold substrate (A), gold substrate functionalized 
with DMEDA and n-OctOOH (4i) then washed (B), and gold 
substrate functionalized with n-OctOOH (4i) then washed (C). 



 

consistent with this hypothesis, as the formal benzylic oxidation 
and β-scission to yield the heptyl fragment would be accelerated 
by autoxidation.18 Higher alkanes, such as TD, autoxidize more 
readily due to the higher presence of secondary C–H bonds;19 
accordingly we then examined hydroperoxides, the primary 
autoxidation product of n-alkanes as the possible alkyl chain 
precursor.20–22 While none of the secondary decomposition 
products of autoxidation, namely alcohol, aldehyde, and 
carboxylic acids influenced reaction outcome when added 
exogenously, we discovered that n-alkyl hydroperoxides 
significantly increased the reactivity. Subsequent 
measurements of a deuterium-labeled hydroperoxide furnished 
product with the expected isotopic labeling on the product alkyl 
chain (Figure 2d); this definitively supported the contention that 
n-alkyl hydroperoxides are competent precursors for the alkyl 
acylium equivalents under reaction conditions.  

We observed the same electric field effect with hydroperoxide 
as an additive in the reaction mixture: reactions in the STM-BJ 
with mild biases gave increased yields in comparison to ones on 
gold only (Figure 4). To isolate the effect of the electric field on 
this reaction from the effect of the gold substrate, the same 
DMEDA solution was deposited on two steel substrates: one 
with electric fields applied through the STM-BJ and one 
without the electric field. Measurements were recorded at the 
same intervals for comparison. Subsequent analysis of the 
reaction mixture by LC-MS in Figure 4 showed the reaction in 
the STM-BJ with applied biases gave increased yield in 
comparison with steel substrate only. 

Intrigued by the apparent high reactivity on the gold surface, we 
investigated this novel interaction of gold with the 
hydroperoxide further. We found that functionalization of the 
gold substrate by the hydroperoxide for a brief contact of 10 s 
was sufficient, whereupon even after extensive washing of the 
surface, subsequent addition of DMEDA to the washed 
substrate could afford detectable products (Figure 3b, SI Figure 
4-34). The interaction between the Au substrate and the 
hydroperoxides could provide a potential pathway for mixtures 
of hydroperoxides to funnel to their normal alkyl equivalents; 
we only detect n-alkyl amides in this system while autoxidation 
of hydrocarbons typically generates secondary alkyl 
hydroperoxides.19 Gold may also play a role in the C−C 
cleavage of TD-derived hydroperoxides to generate the shorter 
normal alkyl chains we observe. (SI Figure 4-36) 

In summary, we report that the activation of alkyl 
hydroperoxide for amine acylation is accelerated by the 
presence of an EEF. The hydroperoxides, readily generated by 
autoxidation of higher normal alkanes, were found to efficiently 
functionalize gold surfaces, and sequester amine coupling 
partners to afford alkyl amides. This novel field-catalyzed 
reactivity supports the hypothesis that electric fields accelerate 
organic reactions by stabilization of charge-separated transition 
states, and may have implications for the sequestration of 
hydrocarbon lubricant degradation products to afford value-
added normal alkyl amides. 
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