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Reaction Profiling of Visible Light-Mediated [2+1] 
Dearomatization vs Alkylation of Electron-Rich Arenes with 
Aryldiazoacetates: Real-Time NMR Monitoring, Kinetics, and 
Computational Analysis
Karlo Petrić,a Ana Čikoš, b Ivana Nikšić-Franjić,a Guy C. Lloyd-Jones,*c Matija Gredičak,*a and Nikola 
Topolovčan*a

An in-depth mechanistic and kinetic analysis of dearomative [2+1] reaction between electron-rich arenes and aryldiazoesters 
for the regioselective and diastereoselective synthesis of norcaradienes is reported.  Profiling the reaction through the LED-
NMR analysis gave kinetic insights to product formation, and unwanted side-reactions, and the influence of electron density 
profile on cyclopropanation vs alkylation in the key dearomative step is elucidated by theoretical analysis. Synthetic utility 
of obtained meso norcaradienes was evaluated through their desymmetrization into products with six contiguous 
stereogenic centres, while reactive functional groups allow for subsequent manipulation into more complex carbocycles.

Introduction
The concept of dearomatization has progressively emerged as a 
key approach in organic synthesis, as it represents a 
straightforward conversion of abundant aromatic feedstock 
into higher-order carbocycles without the need for laborious 
functional group interconversions. In addition to already well-
established protocols, the employment of visible light has 
emerged as a reliable tool with applications to various 
dearomatization reactions.[1,2]

Recent findings on the photolysis of donor-acceptor 
aryldiazoacetates under blue light irradiation, resulting in the 
formation of highly reactive carbenes, have unlocked their 
synthetic potential in cheletropic reactions with a range of 
trapping agents.[3] A distinct photochemical behaviour of donor-
acceptor aryldiazoacetates has already been substantially 
exploited, and the current corpus of work has given a strong 
momentum for further exploratory studies.[4–7] A notable ability 
of photogenerated carbenes to undergo a dearomative [2+1] 
cycloaddition with aromatic and heteroaromatic systems has 
prompted focused investigations into the extent of this 
transformation.[8] The outcome of carbene transfer reactions 
with indoles or benzenes under blue light irradiation strongly 
depends on the nucleophilicity of the aromatic ring. In the case 
of indoles, depleted electron density at the C-3 position 
attained by installing an electron-withdrawing group on the 
nitrogen atom results in cyclopropanation. At the same time, 

the C-3 alkylated product is formed with more electron-rich N-
methylated indole (Scheme 1, a).[9,10] A similar trend was also 
observed in benzene and its derivatives, where electron-rich 
arenes, used as solvents, were transformed into the alkylation 
products,[11] while a substantial effect of electron-neutral 
functionality reflected on the preferred dearomatization over 
the alkylation process (Scheme 1, b and c).[12]

Access to norcaradienes through carbene transfer onto 
benzenes enables rapid build-up of molecular complexity, 
making this process a platform for the introduction of other 
functional groups.[13–18] In the context of this work, it is also 
important to mention that the complementary transition-
metal-catalyzed carbene insertion is effective in transforming 
simple aromatic starting compounds into more complex 
molecules.[19–21] However, while these types of 
dearomatizations are synthetically valuable, the lack of a 
detailed correlation between the chemoselectivity and electron 
distribution in electronically distinct arenes hampers the 
exploitation of their full synthetic potential. Thus, with this 
work, we offer a comprehensive profiling of the competitive 
dearomatization/alkylation processes, intending to shine a light 
on the factors behind the observed reactivity (Scheme 1, d).

a.Division of Organic Chemistry and Biochemistry, Ruđer Bošković Institute, 
Bijenička cesta 54, 10 000 Zagreb, Croatia

b.NMR Centre, Ruđer Bošković Institute, Bijenička cesta 54, 10 000 Zagreb, Croatia
c. School of Chemistry, University of Edinburgh, Edinburgh EH9 3FJ, United Kingdom
Supplementary Information available: [details of any supplementary information 
available should be included here]. See DOI: 10.1039/x0xx00000x

Page 1 of 14 Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 4

:5
4:

56
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6QO00072J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00072j


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

N2

O

OR +
N

N N

CO2R
CO2RorH

H

PG = EWG (Boc, Ts) PG = EDG (Me)

+ R H H

as solvent
N

O

N2

Me N

O

Me

R

or

N
O

Me

R

R = electron-neutral
group R = EDG (OMe)

N2

O

OR + R

CO2R
H H

as solvent

R

R = electron-neutral
group

Photogenerated-carbene transfer
to arenes and heteroarenes

ref. 9,10

ref. 12

ref. 11

a)

c)

b)

PG

PG PG

Dearomatization vs alkylation

Exclusive dearomatization

Dearomatization Alkylation

Dearomatization Alkylation

Blue
LEDs

Blue
LEDs

Blue
LEDs

This work

N2

O

OR + EDGEDG
CO2R

H

HEDG

EDG
EDGEDG

Blue
LEDs

or
RO2C

Prediction of chemoselectivity
based on the electron distribution

dearomatization vs alkylation

 Electron-rich arene
 Strategic EDG-positioning

d)

 LED-NMR analysis
 Kinetic profiling
 DFT analysis

molecular
enrichment

Scheme 1. Relevant visible light-mediated dearomatizations and our work

In addition, from the synthetic perspective and within the 
framework of known findings on the photochemically induced 
synthesis of norcaradienes and their subsequent 
transformation, we have identified several areas where further 
progress could be made (Figure 1). The main issues to be 
addressed are i) reducing the excess of arene required for 
dearomative cyclopropanation, ii) dearomatization of arenes 
with embedded transformable functional group, iii) 
dearomatization of electron-rich arenes by suppressing 
undesired alkylation, and iv) further structural build-up of 
formed norcaradienes enabled by the presence of transformable 
functionality. Present challenges are reflections of current 
limitations, and bridging the gap between the inability to 
dearomatize electron-rich arenes and the dormant chemical 
potential of diversely functionalized norcaradienes would 
contribute to this rapidly expanding field.

Ar

as solvent

Ar
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Ar CO2R

alkene chemistryintroduced
transformability

Ar

stoichiometric

Ar

= electron-rich
 high reactivity

embeded
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diverse

functionalization

Known
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Figure 1. Limitations and challenges of visible light-mediated dearomatization of arenes

Since competitive alkylation in indoles could be suppressed by 
tuning the electronic nature of the C2-C3 bond, we envisioned 
that a similar strategy might be translated onto benzene 
derivatives as well. The electron-donating functional group in 
benzene imprints its mesomeric effect by increasing the 
nucleophilicity of ortho- and para-positioned carbon atoms, 
which serve as attachment points for photogenerated carbenes, 
thus resulting in the alkylation products (Figure 2, a). We 
envisioned that the vicinal placement of an isoelectronic or 
electronically similar group would exhibit a cancelling effect by 
suppressing the nucleophilicity of α and β positions (Figure 2, 
b). In that way, the overall electron distribution would resemble 
electron-neutral benzene with three distinct cyclopropanation 
sites that might give three different regioisomers, most 
probably the one with the least steric hindrance.
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Figure 2. a) Alkylation vs b) dearomatization governed by the electronic nature of arenes

With a focus on elucidating the factors that govern the 
dearomatization process over the parasitic alkylation side-
reaction we herein report a visible light-mediated 
cyclopropanation of electron-rich arenes with concomitant 
molecular decoration, enabled by the chemistry of functional 
groups responsible for increased electron density. The overall 
synthetic design consists of sequential i) dearomatization 
through cyclopropanation, ii) construction of σ-
bishomobenzenes, and iii) cyclopropane-ring opening (Scheme 
2).

Page 2 of 14Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 4

:5
4:

56
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6QO00072J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00072j


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

dearomatization
secondary

cyclopropanation
further

functionalization

= Electron-donating
transformable group

N2 N2

Scheme 2. Dearomative approach toward functionalized carbocycles

The selection of an appropriate electron-rich arene is critical 
since the functional group on the arene has to fulfil several 
conditions. First of all, it has to significantly contribute to the 
alteration of the electron density of the aromatic ring compared 
to unsubstituted benzene, thus making it prone to competitive 
alkylation. Secondly, it has to be inert to reaction with 
aryldiazoacetates and to in situ-formed carbenes, and finally, it 
has to possess transformable ability that would allow 
subsequent modification. Free phenols and alcohols in general, 
together with anilines, are excluded from the available aromatic 
substrate pool because of their ability to undergo O-H and N-H 
functionalizations with photogenerated carbenes.[22–26] On the 
other hand, aryl-alkyl ethers should meet the required criteria, 
and a considerable amount of possible variations obtained 
through transposition of functional groups around the aromatic 
ring would allow studies on the correlation between the 
electron-donating ability and the positioning of the functional 
group on the reaction outcome.

Results and Discussion
Guided by previous conditions used for dearomatization of 
benzenes, we started our investigation using 1,2-
dimethoxybenzene 2a as a model substrate, and initial reaction 
with methyl 2-diazo-2-phenylacetate 1a afforded the 
norcaradiene 3aa. A high level of regio- and diastereoselectivity 
was accompanied by rather low efficiency of the 
dearomatization process under the used reaction conditions. In 
order to increase the yield of the cyclopropanated product, 
reaction parameters such as solvent, concentration, reaction 
time, and ratio between reagents were selectively changed, and 
a maximum of 36% isolated yield was achieved (for screening of 
reaction conditions see Supporting Information). 
The rather low yield of the norcaradiene 3aa can be attributed 
to the formation of a considerable amount of side products 
isolated from the reaction mixtures (Figure 3). The 
dearomatization event leading to norcaradiene 3aa is followed 
by two reactions that directly diminish its yield: the secondary 
cyclopropanation resulting in σ-bishomobenzene 4aa and the 
formation of cyclohexatriene 5. On the other hand, the high 
reactivity of in situ-formed carbenes is evident through the 
formation of dimer 6, the formal product of the reaction 
between two carbene molecules. Azine 7 is formed when the in 
situ-generated carbene reacts with the starting aryldiazoester 
2a. It is evident that the side-reaction of the limiting reagent, 
together with the consumption of the formed norcaradiene, 
substantially affects the overall efficiency of the 
dearomatization process. It should be noted that all side 
products were isolated and confirmed by single-crystal X-ray 

analysis, except for product 5, which was confirmed by 2D NMR 
analysis.[27]
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O
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O
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30 °C, 24h

+

Expected product of dearomatization

Side products

Figure 3. Products formed in the reaction between the aryldiazoester 1a and 1,2-
dimethoxybenzene 2a, and their crystal structures.

The formation of side-products 6 and 7 is a general issue in the 
reactions of diazoacetates, as unstabilized carbenes are highly 
reactive, thereby interfering with the effectiveness of the 
desired transformation.[28–31] Although Koenigs showed that 
this issue could be lessened by generating diazoesters through 
the Bamford-Stevens reaction of tosyl hydrazones,[10]  
determining the timeline of formation for each of the formed 
products would provide more insight into how to either 
minimize or completely suppress undesired side-product 
formation in favor of the dearomatization process. For this 
purpose, we monitored in situ the progress of the reaction using 
LED-NMR, where the sample was irradiated with a blue LED 
lamp at 470 nm, with continuous measurement of ¹H NMR 
spectra. The consumption of the aryldiazoacetate 1a is 
accompanied by the generation of dearomatized products 3aa, 
4aa, and 5, plus the carbene side products, 6 and 7. The 
continuous in situ NMR analysis avoids the possibility of 
mechanistic ambiguities arising from product interconversion 
during isolation (Figure 4a). In addition, the on-off experiments 
(Figure 4b) exclude the interference of any significant 
background reactions, thus indicating direct or indirect light-
dependent formation of all of the products. We also compared 
the reactivity of the norcaradiene 3aa and 1,2-
dimethoxybenzene 2a in the presence of aryldiazoacetate 1a 
(Figure 4c). The rate of reaction of 2a is significantly lower than 
that of 3aa, which is converted to σ-bishomobenzene 4aa. 
Kinetic simulations, (see later), indicate that 3aa is five-fold 
more reactive than 2a to the carbene intermediate. We were 
thus intrigued by why the formation of products of type 4aa had 
not previously been reported in the literature during the 
dearomatization of benzene and its derivatives. We 
hypothesized that the presence of the methoxy groups activate 
the double bonds in 3aa for secondary cyclopropanation. To 
test this, we prepared the known norcaradiene 3aa-deOMe and 
compared its reactivity with 3aa under standard reaction 
conditions, using 1.0 equivalent of the carbene precursor 1a 
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(Figure 4d). Kinetic simulations, vide infra, of the reaction 
progress monitored by LED-NMR showed that the norcaradiene 
3aa is four-fold more reactive than 3aa-deOMe to the carbene 

intermediate, resulting in σ-bishomobenzene 4aa being 
generated in excess over 4aa-deOMe.

Figure 4. LED-NMR experiments. Continuous light irradiation at 470 nm, in methylene chloride-d2 at 25 °C was used in all reactions. a) Reaction profile of a reaction between 1a and 
2a showing product formation, b) ON/OFF experiments in reaction between 1a and 2a, c) Comparison of reactivity between 1a, 2a and 3aa, d) Comparison of reactivity between 1a, 
3aa and 3aa-deOMe 

The temporal concentration data from the in-situ LED-NMR 
monitoring were analyzed by kinetic simulations using a 
sequential partitioning model.[32,33] In this model, the 470 nm 
emission from the LED passes through the reaction mixture in 
the NMR tube at a constant light intensity (L = E M–1s–1) with a 
fraction, f1, being absorbed by the diazo chromophore in 1a 
with Beer-Lambert behaviour, [1a] l. The resulting excited 
state, 1a*, either undergoes relaxation (1-q) or fragments (q) to 
generate N2 and the carbene. The nascent carbene is captured 
by 2a, 3aa, and 1a, to generate 3aa, 4aa, 5, 6, and 7, and steady-

state conditions are attained. The temporal evolution of the 
system can then be predicted based on the rate of carbene 
generation, Lf1q, and five partitioning factors, f2, f3, f4, f5, and f6. 
Nonlinear regression of the variables against the experimental 
data gives a satisfactory correlation (Figure 5, see the 
Supporting Information for full details). The sigmoidal profile for 
the generation of 4aa confirms that it is dependent on the 
development of the less reactive precursor 3aa. Conversely, the 
non-sigmoidal profile for 5 shows that it is generated directly 
from 2a, and not via rearrangement of 3aa.
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Figure 5. Partitioning model[32,33] for the kinetics of the light-mediated reaction of 1a with 2a evolving after an initial period during which steady-state conditions are attained, 
together with an example of the model (solid lines) and experimental data (open circles) acquired by LED-1H-NMR. The model was fitted by temporal evolution (Euler, t = 10 s, 5000 
steps) minimising the SSE against four experimental datasets and iteration of the six fitting coefficients. In the example shown, L(q) = 1.010–5 Ms–1, l = 11 M–1, k3/k2 = 0.26, k4/k2 = 
5.27, k5/k2 = 1.05, and k6/k2 = 0.24. For full details and further examples, see the Supporting Information

The LED-NMR and kinetic simulations, Figures 4 and 5, lead to 
four main conclusions that can rationalize the effectiveness of 
the dearomatization reaction of 1,2-dimethoxybenzene 2a: i) 
the consumption of starting materials and the formation of all 
of the side-products is a simultaneous process, ii) the products 
are formed exclusively under the irradiation with blue light, iii) 
the product of dearomatization (norcaradiene) is more reactive 
than the arene from which it was obtained, and iv) the 
cycloheptatriene ('Buchner') product 5 is generated directly 
from 2a, i.e., not via a photo or thermally induced 
rearrangement of the norcaradiene 3aa. These key mechanistic 
insights show that suppressing the four simultaneous side 
reactions in favour of the norcaradiene is challenging. The 
extent of this limitation in terms of the aromatic substrate was 
explored (Scheme 3), focusing on the possibility for further 
modification of the norcaradiene through the presence of 
transformable functional groups. Exchange of one methoxy for 
the easily removable MOM protection group afforded 
norcaradiene product 3ba in modest yield, since the 
dearomatization reaction was again accompanied by the 
formation of several side-products.  Moving from a 1,2- to a 1,3-
disubstitution pattern induced a large change in the reactivity 
of the arene, with only the alkylation products 8da and 8ea 
isolated. The same reactivity was expressed in the trisubstituted 
arene, where again, prevalent substitution took place over the 

dearomatization, leading to 8fa. On the other hand, in the case 
of 2,3-dimethoxynaphthalene, the cyclopropanation occurred 
at the distal aromatic ring, affording the dearomatization 
product 3ca in rather satisfactory isolated yield, considering the 
overall effectiveness of the reaction. Similar products were 
previously prepared using 10.0 equivalents of polycyclic 
arene.[12] Comparing the obtained yields, it appears that the 
reaction between highly electron-rich arenes, leading to 
alkylation products, as exemplified by 1,3,5-
trimethoxybenzene, is much faster than the dearomatization 
processes, where the simultaneous formation of several side-
products is allowed.
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The observed reactivity can be attributed to the electronic 
profile of the substituted electron-rich arenes. In the case of 
1,2-disubstituted arenes, regioselective cyclopropanation at 
only one of the possible reactive sites is most probably a 
consequence of similar local atom charge distribution between 
two neighbouring carbon atoms on which transformation 
occurs. On the other hand, if the atom charge distribution 
between neighbouring atoms is substantial, then the alkylation 
products are formed. The regioselectivity of the studied 
substrates is fundamentally governed by the underlying 
electronic distribution, as evidenced by the high correlation 
between Mulliken (M), Natural Bond Orbital – NBO (N), and 
Hirshfeld (H) charges. For substrate 2a, the three charge 
schemes consistently show a symmetric electronic environment 
at the reactive centers; the Mulliken charges (≈ -0.285), the NBO 
charges (-0.237), and the Hirshfeld charges (-0.069) are identical 
for atoms C4 and C5 (Figure 6). This electronic equivalence is 
further supported by the ESP map of 2a, which displays a 
uniform negative potential (red zone) distributed across the C4–
C5 bond, facilitating exclusive cyclopropanation. In contrast, 2d 
exhibits a sharp electronic polarization characterized by a 
significant disparity in partial atomic charges between the 
reactive centers. The most pronounced differences are 
observed between C4/C6 and C5, with NBO charges of -0.343 
vs. -0.177 and Hirshfeld charges of -0.088 vs. -0.047, 
respectively. The ESP map for 2d confirms this electronic 
asymmetry, revealing localized nucleophilic 'hotspots' at the 
C4/C6 positions. This marked differentiation in the electronic 
environment across the aromatic ring prioritizes site-specific 
interaction at these positions, providing a clear rationale for the 
prevalence of alkylation over dearomatization in this isomer. 
This is supported by the fact that in all other cases (8ea and 8fa), 
alkylation occurs at the most available or most nucleophilic 
sites, meaning that there is a substantial impact of the electron 
density distribution on the reaction outcome.

Figure 6. Electrostatic map potential (ESP), charge distribution, Mulliken partial atomic 
charges (M), Natural Bond Orbital (N), and Hirshfeld charges (H) of 1,2-
dimethoxybenzene 2a and 1,3-dimethoxybenzene 2d at M06-2X-D3/6-311+G(2d,p) level 
of theory in dichloromethane (SMD solvent model)

Furthermore, the Fukui index analysis provides a deeper 
predictive basis for the experimental regioselectivity (Figure 7). 
For 1,2-dimethoxybenzene 2a, the symmetric distribution of 
f(+) and f(-) indices across C4 and C5 facilitates exclusive 
cyclopropanation. Conversely, for 1,3-dimethoxybenzene 2d, 
the indices are significantly larger at C4/C6 relative to C5. This 
electronic localization prioritizes site-specific alkylation and 
explains the shift in reactivity compared to the 1,2-substituted 
isomer.

Figure 7. Graphical representation of the positive, zero, and negative Fukui indices of 2a 
and 2d calculated at the M06-2X/6-31++G(d) level of theory in dichloromethane (PCM 
solvation model).

To further rationalize the selectivity of the cyclopropanation 
reaction of 2a, we studied the dearomatization reaction by DFT 
calculations at the M06-2X-D3/6-311+G(2d,p) (solvent = 
dichloromethane) level of theory (Figure 8). We initiated our 
calculations with the free singlet carbene, which can undergo 
cyclopropanation reaction with  2a occurring at the positions 4 
and 5, which are equivalent due to symmetry reasons, and also 
the Mulliken partial atomic charges are basically identical at 
these positions. Also, at the same level of theory, the triplet 
state of the methyl 2-phenylacetate carbene was calculated. 
The results show that the triplet state is more stable than the 
singlet state by a narrow margin of 0.96 kcal/mol. While this 
small energy gap falls within the typical range of computational 
error, the triplet pathway was ruled out based on 
thermodynamic feasibility. Specifically, the formation of the 
observed products 3aa and 8da from the triplet carbene is 
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calculated to be significantly endergonic, with Gibbs free 
energies of 20.02 kcal/mol and 12.16 kcal/mol, respectively. 
These values indicate that the triplet pathway is inconsistent 
with the experimental results.
Furthermore, the involvement of a free singlet carbene as the 
active species is consistent with previous studies on closely 
related chemical systems, such as the photochemical 
cyclopropanation of cyclooctatetraene and other 
(poly)unsaturated carbocycles reported by Koenigs and co-
workers. Consequently, the singlet carbene pathway was used 
as the basis for the transition state analysis and mechanistic 
discussions presented in this study. 
We could identify two possible transition state structures 
because of the different „anti-parallel“ (TS1-2a) and „parallel“ 
(TS2-2a) orientations of aromatic rings. According to the 
reaction profile, TS2-2a with parallel orientation of benzene 
rings has a 4.93 kcal mol-1 lower reaction barrier than TS1-2a 
with anti-parallel orientation. This difference in Gibbs free 
energy accounts for the observed high stereoselectivity, and 
aromatic stacking interactions play a crucial role, which renders 
the TS2-2a more favourable than TS1-2a. Both transition states 
are reactant-like with C-C distances in a range: 2.3-2.7 Å, while 
intermediates and products end with the formation of one or 
two C-C bond(s), d = 1.5 Å. Interpolation of the reaction paths 
between INT1-2a/INT2-2a and products 3aa′/3aa enabled us to 
locate the ring-closing transition states TS3-2a and TS4-2a, 
respectively, although their energies are very similar to those of 
the preceding intermediates. Moreover, the energy difference 
between these two transition states is less than 2 kcal/mol, 
while on the other hand, 3aa product formation is more 
favourable for 5.85 kcal/mol compared to 3aa'. 
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Figure 8. Reaction profile of cyclopropanation of 2a and relevant structures: RC – reactant complex, TS – transition states, INT – intermediates (distances in Å). M06-2X-D3/6-
311+G(2d,p) level of theory in dichloromethane (SMD solvent model)

In addition, the 2D NCI (Non-Covalent Interaction) isosurfaces 
provide a clear spatial representation of the stabilization 
differences between the two transition states (TS1-2a and 
TS2-2a), leading to two different diastereoisomers. A 
significantly larger and more continuous green isosurface is 
observed between the aromatic rings of the reactants in TS2-
2a (Figure 9). This indicates a superior spatial overlap of the -
 systems, facilitating extensive non-covalent stabilization 
that effectively lowers the transition state energy. In contrast, 
the NCI surface for TS1-2a appears smaller and more 
fragmented. This suggests that the reactants in this 
orientation are either poorly aligned or further apart, resulting 
in weaker dispersion-based stabilization and a consequently 
higher activation barrier. While the global profiles of the RDG 
(Reduced Density Gradient) plots for both transition states 
show similar features, a detailed examination of the "spikes" 
reveals the quantitative advantage of TS2-2a. In the van der 
Waals region (green zone, sign(2) ≈ 0), TS2-2a exhibits a 
denser population of points that descend closer to the X-axis 
(RDG values < 0.2). This confirms that the non-covalent 
stabilization in TS2-2a is more localized and energetically 
significant. The "attractive" region of the plot (cyan/green 
transition, -0.02 < sign(2) < -0.01 a.u.) shows more 
pronounced and better-defined spikes for TS2-2a. These 
spikes serve as a direct electronic signature of the attractive -
 stacking interactions that stabilize the TS2-2a geometry over 
TS1-2a. Both structures show similar spikes in the repulsive 
region (red/yellow zone, +0.01 to +0.02 a.u.), suggesting that 
the difference in their relative stability is primarily driven by 
the magnitude of attractive dispersion forces rather than a 
significant difference in steric hindrance.

Figure 9. Non-covalent interaction (NCI) analysis of the competing transition 
states, a) TS2-2a (favourable) and b) TS1-2a (unfavourable). (left) NCI 
isosurfaces (isovalue = 0.5 a.u.) and (right) Reduced Density Gradient (RDG) 
scatter plots. The blue-green-red color scale indicates the nature of the 
interactions, ranging from strong attraction to strong repulsion.

To clarify more deeply the preferential formation of 3aa 
product, we evaluated HOMO and LUMO orbitals of the TS 
structures and products, as shown in Figure 10. The relevant 
orbitals have π-character, but a larger orbital overlap can be 

observed in both TS2-2a and 3aa, stressing once more the 
importance of aromatic π-π stacking interactions in stabilizing 
transition state structures and reaction products.

a) TS2-2a

b) TS1-2a
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Figure 10. HOMO and LUMO orbitals of the a) TS structures and b) reaction products of cyclopropanation of 2a. M06-2X-D3/6-311+G(2d,p) level of theory in dichloromethane 
(SMD solvent model), isovalue = 0.03, density = 0.0004

We next probed the reaction of 1,3-dimethoxybenzene 2d and 
methyl 2-phenylacetate carbene to explain the formation of 
the substitution product on the C4/C6 atom. Initially, the 
addition of carbene across the aromatic ring proceeds through 
the TS1-2d. As shown in Figure 11, the reaction barrier is 10.97 
kcal mol-1, slightly lower than for 2a, and the transition state is 
also an „early“ one (relevant C-C distance of 2.48 Å) leading to 
the dearomatized intermediate INT1-2d. Then, the 
intramolecular protonation of the ester group in INT1-2d 
proceeds via TS2-2d, a proton-transfer transition state 
characterized by a relatively high harmonic vibrational 
frequency (≈ -500 cm-1) for this reaction mode. In TS2-2d, the 
partially negatively charged oxygen atom of the ester group 

abstracts a hydrogen atom from the cyclohexadiene moiety, 
leading to the aromatized intermediate INT2-2d, which 
contains the ester group in its enol form. For the 
transformation between INT2-2d and the final product, we 
located a higher-order saddle point characterized by several 
imaginary vibrational modes (not shown in the energy profile). 
One of these modes corresponds to C–H bond formation. The 
formation of the substitution product on the C4 atom is highly 
exergonic (-66.71 kcal/mol), almost double compared to the 
cyclopropanation product 3aa. This supports the fact that for 
1,3-dimethoxybenzene 2d, there is no competition between 
cyclopropanation and aromatic substitution product, and only 
the substitution product 8da is being formed.

Figure 11. Reaction profile of alkylation of 1,3-dimethoxybenzene 2d and relevant structures: RC – reactant complex, TS – transition states, INT – intermediates (distances in Å). 
M06-2X-D3/6-311+G(2d,p) level of theory in dichloromethane (SMD solvent model)

Since the dearomatization is limited to 1,2-disubstituted 
electron-rich arenes, we continued our investigation by 
screening the effect of electronic and structural changes in 
aryldiazoesters on the efficiency of the dearomatization 
process. Changing the position and electron properties of the 
substituent on the aromatic ring of aryldiazoesters only had a 

marginal effect on the yield of reaction, and norcaradienes 
3aa-3ae were isolated in comparable yields. Similar reactivity 
was exhibited by replacing the methyl ester with ethyl and 
isopropyl esters in diazoacetates that gave the 
dearomatization products 3ag and 3ah. Slightly better 
performance was observed with the benzyl ester that afforded 
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the norcaradienes 3i and 3j in 45% and 36% isolated yield, 
respectively (Scheme 4). It should be noted that all 
norcaradienes were obtained in >20:1 diastereoisomeric ratio.
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Scheme 4. Substrate scope – aryldiazoesters

The σ-bishomobenzene 4aa, isolated as a side-product, has 
interesting structural features that could be exploited in 
architecting advanced intermediates towards more complex 
cyclohexanes. Thus, the high reactivity of the norcaradiene 
3aa formed in the subsequent cyclopropanation prompted us 
to explore the extent of this transformation (Scheme 5). 
Addition of various aryldiazoesters onto norcaradiene 3aa 
afforded a series of σ-bishomobenzenes 4aa-4ji with isolated 
yields in the range 53-89%. Despite the full consumption of the 
starting norcaradiene, the low yield in some cases can be 
attributed to the difficulties in isolating the products from 
several side products. The stereoselective approach of 
carbene to either of the two double bonds can proceed only 
from the opposite side of the phenyl ring in 3aa, which results 
in high diastereoselectivity. In addition, secondary 
cyclopropanation affords compounds with six contiguous 
centers of chirality, of which two are quaternary and one is 
tetrasubstituted.

OMe

O
OMe

OMe

O

OMe
OMe

OMeO
OMe

OMe

O

N2

(6.0 eq)

R

OMe

O
OMe

OMe

O

OMe

OMe

O
OMe

OMe

O

OMe

OMe

O
OMe

OMe

O

OMe

OMe

O
OMe

OMe

O

OMe

OMe

O
OMe

OMe

O

OMe

MeCl

OMe

4ab, 74% 4ac, 89%4aa, 68%

4ae, 78%4ad, 72%

OMe

O
OMe

OMe

O

OEt

OMe

O
OMe

OMe

O

Oi-Pr

4ag, 53%

4ah, 53%

OMe

R

OMe

O
OBn

OMe

O

OBn

Cl

4ji, 55%

Blue LEDs

DCM (1.0M)
30 C, 24h

Scheme 5. Cyclopropanation of norcaradienes 3

The product utility of the formed norcaradienes was 
exemplified in the reaction of 3aa with in situ-generated 
benzyne (Scheme 6). The reaction cleanly resulted in the Diels-
Alder adduct 9. The 2D NMR analysis confirmed the formation 
of the expected exo-product, whose formation is a 
consequence of the stereochemistry of the starting 
norcaradiene 3aa. Finally, the retained transformability of the 
formed σ-homobenzene bearing two ether functionalities that 
originate from the starting dearomatized arene allows further 
build-up of molecular complexity. A standard demethylation 
protocol applied to 4aa resulted in chemoselective 
deprotection of just one methoxy ether with simultaneous 
cyclopropane ring opening that afforded enone 10 in a 2:1 
diastereoisomeric ratio. 
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Scheme 6. Transformations of formed products
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Conclusion
In conclusion, we   profiled the reaction between the electron-
rich arenes and aryldiazoacetates through the LED-NMR 
analysis that gave kinetic insights into product formation and 
unwanted side-reactions, while DFT calculations explained 
how the uneven electron density distribution of differently 
substituted electron-rich arenes affects the dearomatization 
vs alkylation processes. The synthetic utility of the 
norcaradienes possessing activated double bonds was 
exemplified in building more complex tricyclic structures 
bearing six contiguous centres of chirality. The presence of a 
transformable unit in σ-bishomobenzene allowed subsequent 
molecular decoration, thus showcasing their synthetic 
potential.
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