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ABSTRACT: The discovery of thermal and photochemical control by Woodward and Hoffmann revolutionized how we 
understand chemical reactivity. Similarly, we now describe the first example of a carbene that exhibits differing thermal 
and photochemical reactivity. When a singlet ground state N,N’-diamidocarbene 1 was photolyzed at 380 nm, excitation to 
a triplet state was observed. The triplet state electronic structure was characteristic of the expected biradical σ1pπ

1 spin 
configuration according to a combination of spectroscopic and computational methods. Surprisingly, the triplet state of 1 
was found to engage a series of arenes in thermally reversible Büchner ring expansion reactions, marking the first examples 
where both cyclopropanation and ring expansion of arenes were rendered reversible. Not only are these photochemical 
reactions different from the known thermal chemistry of 1, the reversibility enabled us to perform the first examples of 
photochemically induced arene exchange/expansion reactions at a single carbon center. 

Introduction 
The ability to access divergent reactivity of organic mole-
cules by using thermal or photochemical control was ex-
quisitely described by Woodward and Hoffmann in a series 
of papers dating back to 1965.1 From this work, the so-
called “Woodward-Hoffmann rules” established a distinc-
tion between the stereospecificity observed under thermal 
and photochemical control based on the topology of or-
bital interactions.1 In parallel to these findings, advances in 
quantum mechanics and molecular orbital theory helped 
to delineate the dichotomy between the structure and re-
activity of triplet and singlet ground state carbenes.2 While 
the origin of triplet carbenes dates back to the early 1800’s 
when Dumas attempted to dehydrate methanol,3 the exist-
ence of singlet carbenes was first elucidated in the late 
1950s by Breslow4 and Wanzlick.5 Now there are numerous 
examples describing the rational preparation of triplet and 
singlet carbenes.2 Due to the biradical nature of the triplet 
ground state, where two nonbonding electrons with paral-
lel spins populate orthogonal σ and pπ orbitals (σ1pπ

1 or 3B1 
spin configuration, Figure 1A),2c, 6 these carbenes are typi-
cally considered to be transient species, with the longest 
lived species having a half-life of approximately one week 
in solution.2e, 7 However, these reactive intermediates hold 
great promise to access distinct and complex structural 
motifs which are highly desirable in the field of organic 
chemistry, drug discovery and organic ferro-magnetics.8  

In contrast to the transient nature of triplet carbenes, 
singlet carbenes are comprised of two non-bonding, spin-
paired valence electrons that occupy a single orbital (typi-
cally σ2 or 1A1 spin configuration, Figure 1B),2c, 6 making 

them more amenable to isolation. After the successful iso-
lation and characterization of the first stable singlet car-
benes by the groups of Bertrand in 19889 and Arduengo in 
1991,10 these molecules rose to prominence as the ligands of 
choice in areas ranging from homogenous11 and organoca-
talysis12 to the stabilization of highly reactive main group 
species.13 

 

Figure 1. Electronic spin states of triplet (A) and singlet (B) 
carbenes. 

Despite numerous modifications to the structure of sin-
glet and triplet carbenes, there has been minimal success 
in preparing isolable triplet analogues, or singlet carbenes 
that display triplet reactivity. The most notable examples 
of singlet carbenes that exhibit moderate triplet reactivity 
are the cyclic(alkyl)amino carbenes (CAACs)14 and the di-
amidocarbenes (DACs)15 reported by Bertrand and 
Bielawski, respectively. Both CAACs and DACs were shown 
to thermally undergo [2+1] cycloaddition reactions in the 
presence of unsaturated organic molecules,16 activate am-
monia,17 inserts into activated C-H bonds,14a, 18 and complex 
carbon monoxide.19 Additionally, CAACs have been shown 
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to split H2,17a a feat typically reserved for transition metal 
complexes.  

Our group’s recent interest in the redox-chemistry of 
main group complexes supported by the DAC, N,N′-
dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene, 1,20  
triggered us to explore the photochemistry of this unique 
carbene. Similar to Woodward and Hoffmann’s revelation 

of thermal and photochemical control, we now disclose 
that DAC 1 exhibits a photochemical reactivity profile that 
is unique from the thermal reactions reported by 
Bielawski.18 In this article, we present the first example of a 
singlet carbene capable of achieving triplet reactivity. 
Upon irradiation with UV light, DAC 1 is excited to a triplet 
electronic state which we have then utilized to perform the 
first reversible Büchner ring expansion reactions.21,22,23

 

22  

Figure 2. (A) Photochemically (left) and thermally (right) controlled reactions with DAC 1 and various arenes, (B) UV – visible 
absorption spectrum of 1 in benzene (red line) and TD-DFT (CAM-B3LYP, pcm) vertical transition for 1 (black vertical line, height 
corresponds to the oscillator strength) in benzene, and (C) single crystal X-ray structure of 2a (hydrogen atoms are omitted for 
clarity), Pertinent Metric Parameters (atomic distances in Å): C4–C25: 1.516(3), C5–C26: 1.346(3), C26–C27: 1.435(3), C26–C28: 
1.350(3), C28–C29: 1.437(3), C29–C30: 1.342(3), C30–C4: 1.509(3), Mes = 2,4,6-trimethylphenyl). 

 

Results and discussion 
Synthesis and Characterization 

To investigate the photochemical reactivity of DAC 1, we 
photolyzed the carbene (0.27 mmol) in benzene (2 mL) at 
380 nm (Figure 2A) using a home-built photoreactor (see 
ESI). The excitation wavelength was determined by meas-
uring the UV-visible spectrum of 1 in benzene (Figure 2B). 
We also calculated the vertical electronic transitions for 1 
in benzene ((TDDFT, CAM-B3LYP, pcm) using the gas-
phase optimized structure (B3LYP, vide infra). Im-
portantly, the calculated singlet transition energies and os-
cillator strengths showed a good fit to the experimental 
spectrum of 1 (Figure 2B). Upon excitation of 1 in benzene 
at 380 nm, we found complete conversion to a new product 
by 1H NMR. From this reaction mixture, compound 2a was 
successfully isolated as an off-white solid in 94% yield by 
precipitation from hexanes (Figure 2A). The 1H NMR spec-
trum of the isolated product, 2a (C6D6), revealed diagnostic 

proton signals in the alkene region between δ = 5 – 6 ppm 
(ESI), consistent with the formation of the DAC-
cycloheptatriene spirocyclic structure shown in Figure 2.24 
As additional confirmation, single crystals of 2a were ob-
tained and subjected to a X-ray diffraction analysis (Figure 
2C), which revealed the presence of alternating C-C and 
C=C bonds (see Figure 2 caption) within the seven-mem-
bered ring.  

Upon examination of the literature, we found that the 
insertion/ring expansion of carbenes into arenes is the 
well-known Büchner ring-expansion reaction; however, 
this chemistry had only been observed for triplet ground 
state carbenes.25 In Büchner ring expansion reactions, the 
initial cyclopropanation product,16a the bicyclic norcaradi-
ene tautomer exists in equilibrium with the monocyclic cy-
cloheptatriene tautomer formed by thermally allowed dis-
rotatory electrocyclic ring opening.26 Given that Büchner 
ring-expansion reactions had never been observed using 
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singlet ground state carbenes, we were prompted to fur-
ther explore this unique photochemistry of 1. When a vari-
ety of aromatic solvents and aryl halides were photolyzed 
(380 nm) with 1, complexes 2b – 2f were isolated in good 
yield (Figure 2A). The 1H NMR (C6D6) spectra of 2b – 2e 
were also consistent with the formation of cyclohepta-

triene tautomers as evidenced by characteristic proton sig-
nals in the alkene region (δ = 5 – 6, Figure 3), and all reac-
tions were regiospecific, yielding a single isomer (> 95%) in 
all cases with the exception of the reaction with fluoroben-
zene which afforded a second isomer as a minor product 
(see ESI).  

 

Figure 3.  1H NMR spectra of 2b – 2e (alkene region) in C6D6. 

Importantly, we examined the photochemical reactivity of 
other singlet carbenes (Figure 4) including: a cyclic (al-
kyl)amino carbene (CAAC),14a mono amido(amino) car-
bene (MAAC),27 and the N-heterocyclic carbene iPr28 by ir-
radiating them at their corresponding absorption λmax (see 
ESI, Figure S22) in benzene and found that the triplet ex-
cited state was only accessible for 1. Whereas the CAAC de-
composed during photolysis in benzene, MAAC and IPr 
displayed no photochemical reactivity (see ESI for data). 
Collectively, these results demonstrated that DAC 1 is 
unique, and orthogonal reactivity profiles can be accessed 
under thermal or photochemical control. 

 

Figure 4. Structures of carbenes, CAAC, MAAC, and iPr ex-
plored in this study, (Et = ethyl, Dipp = 2,6-diiso-
propylphenyl).  

 

Kinetic Studies 

We conducted a Hammett analysis of these photochemical 
reactions by photolyzing 1 in the presence of additional 
arenes with a variety of electron-donating and withdraw-
ing substituents. In addition to the arenes described above, 
1 was photolyzed in iodobenzene, nitrobenzene, and N,N-
dimethylaniline. Photolysis of 1 in iodobenzene and nitro-
benzene yielded ca. 5% of the ring expansion products, and 
we attribute this low yield to rapid photodissociation of 
these arenes in the presence of ultraviolet radiation.29 In 
contrast, the photolysis of 1 in N,N-dimethylaniline af-
forded a C-H insertion product 2f (Figure 2A). The salient 
spectroscopic features in the 1H NMR (C6D6) spectrum of 

2f include a triplet at δ = 5.64 (CH) and a doublet at δ = 
3.38 (CH2), similar results have obtained previously for the 
addition of toluene to 1 by Bielawski.18 

The photokinetics of these reactions were investigated 
using UV-vis spectroscopy by monitoring the decrease in 
the absorbance of 1 (λmax = 380 nm) under pseudo-first 
order conditions upon photolysis in the presence of the re-
spective arene (see ESI for full photokinetic data). Plots of 
the absorbance of 1 versus time for R = H, CH3, F, Cl and 
Br were first order, and log plots gave straight lines (see 
ESI), with the rate constants and half-lives ranging from 3.0 
x 10-3 – 1.3 x 10-2 s-1 and 53.3 – 138.6 s, respectively. The 
formation of 2a was shown to occur approximately three 
times faster than 2c, 2d, or 2e, and we demonstrated that 1 
inserts into benzene faster by photolyzing a 1:1 (v:v) ben-
zene:bromobenzene solution of the carbene which gave a 
product distribution 2a:2e of 66:33 (see ESI). Despite ob-
taining excellent kinetic data for the photolysis of 1 in these 
arenes, the Hammett analysis did not give any discernible 
correlation. This was not surprising given that the pur-
ported triplet excited state of DAC 1 should be a biradical 
which would react rapidly regardless of the arene substitu-
ent. Moreover, we note that irradiation of the ring-ex-
panded products 2a–2d may facilitate the thermal rever-
sion described below (vide infra), and thus further compli-
cate the Hammett analysis. 

 

Characterization of the Triplet Excited State 

We next focused our efforts on characterizing the triplet 
excited state of 1. Gratifyingly, irradiation of 1 (380 nm) in 
a 2-methyltetrahydrofuran (2MTHF) glass at 77 K resulted 
in a blue emission, which we attributed to relaxation from 
the triplet excited state to the singlet ground state. The 
emission spectrum (Figure 5A) was dominated by a broad 
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(fwhm = 3783 cm-1), unstructured emission band at 440 nm 
which exhibited an exponential decay with a mean lifetime 
of 46 μs (Figure 5B). The same emission band could also be 
observed when using a 350, 360 or 390 nm excitation. The 

long microsecond lifetime observed was indicative of emis-
sion from a triplet state and corroborated our assignment 
of the excited state of 1. To further characterize the triplet 
excited state, we studied the singlet and triplet spin states 
of 1 in silico (B3LYP, Figure 5C and 5D, respectively). 

 

Figure 5. (A) Photoemission spectrum of 1 in 2MTHF glass at 77 K with 380 nm excitation, (B) exponential decay lifetime curve 
for 1 in 2MTHF glass at 77 K with 380 nm excitation, (C) gas phase optimized singlet structure of 1, (1S), (D) gas phase optimized 
triplet structure of 1 (1T), (E-H): selected orbitals of 1S and 1T (isovalue = 0.04, B3LYP for 1S, ROB3LYP for 1T, (E) HOMO of 1S, (F) 
HOMO and HOMO-1 of 1T, (G) LUMO of 1S, (H) LUMO of 1T. Hydrogen atoms have been omitted for clarity. Atom colors: blue = 
N, gray = C, red = O. Numbers in parentheses are energies in Hartrees. 

The optimized triplet structure, 1T, (Figure 5D) showed 
significant differences with regards to bond angles in com-
parison with the singlet structure, 1S (Figure 5C). Specifi-
cally, an increase in the N15–C1–N16 bond angle from 115o 
in 1S to 122o in 1T was observed, consistent with increased 
triplet carbene character as reported by Bielawski.30 Close 
inspection of the resulting frontier orbitals of 1S and 1T (Fig-
ure 5E-5H, respectively) reveal that while the singlet 
HOMO is dominated by a lone pair of electrons occupying 
a sp2-like orbital (Figure 5E), the two highest occupied or-
bitals of 1T are consistent with the expected biradical σ1pπ

1 
(3B1) spin configuration as evidenced by the restricted, 
open-shell orbitals. Specifically, the HOMO-1 was charac-
teristic of the singly occupied σ orbital whereas the HOMO 

was the singly occupied pπ orbital (Figure 5F). Similarly, 
the LUMO of 1S is predominantly the vacant pπ orbital at 
the carbene carbon (Figure 5G) whereas the LUMO of 1T is 
localized primarily in the mesityl substituents (Figure 5H). 
Interestingly, the localization of the LUMO in 1S is different 
than what Bertrand recently reported for the 5-membered 
DAC; however, in addition to the smaller ring size, that 
DAC featured N-methyl substituents, which may lead to 
the observed disparity.31 The Mulliken spin density at the 
carbene carbon (1.67) in the DFT calculation of 1T also sup-
ported biradical character. Indeed, no other atoms were 
found to have spin densities greater than 0.08, indicating 
that the spin unpaired electrons are localized at the car-
bene carbon in 1T. Collectively, these computational data 
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were consistent with the predicted biradical character of 
the triplet excited state of 1, and with the observed absorp-
tion band of 1 being dominated by a HOMO-to-LUMO 
transition.  

The TD-DFT calculations provided the vertical elec-
tronic transitions of 1S in benzene which compared well 
with the experimental UV-visible absorption spectrum of 1 
(Figure 2B, vide supra), and which supported the assess-
ment that excitation of 1 is dominated by a HOMO–LUMO 
transition. For 1S, the destination orbital for all five lowest 
vertical singlet transitions is the LUMO as expected, and 

the departure orbitals are predominantly the HOMO 
through HOMO-6 (see ESI). In contrast to the singlet tran-
sitions, the orbital contributions for the lowest five triplet 
transitions were more complex, without dominant (> 80%) 
contributions. However, the lowest energy triplet transi-
tion, which consisted of HOMO–LUMO (58%) and 
HOMO-4–LUMO (26%) contributions, matched well with 
the lowest energy singlet transition (comprised of similar 
HOMO–LUMO (68%) and HOMO-4–LUMO (28%) con-
tributions), suggesting that facile singlet-triplet intersys-
tem crossing can take place at this level. 

 

Figure 6. (A) Proposed Jablonski diagram for the formation of 2a – 2e, (B) proposed mechanism for the formation of 2a – 2e. 

The calculated TD-DFT singlet–triplet (S–T) gap from 
these orbitals (48.1 kcal/mol) also compared well to the cal-
culated S–T gap in the gas phase (43.5 kcal/mol). Perhaps 
most importantly, these calculated S–T gap energies 
matched well with the experimental emission energy of 1 
in the 2MTHF glass (65.0 kcal/mol) which should corre-
spond to relaxation from the triplet excited to the singlet 
ground state. While the experimental emission energy was 
greater than the calculated S–T energy gaps, the rigid ma-
trix used to measure the emission of 1 (frozen 2MTHF) 
would inhibit geometric changes involved in the triplet re-
laxation giving a strained triplet geometry. Additionally, 
frozen solvents are oriented to the ground state and not 
the excited state, which often result in blue-shifted emis-
sions.32 Based on our calculations, and experimental obser-
vations, it appears that the photochemistry of 1 follows Ka-
sha’s rule,33 whereby photon emission takes place from the 
lower-lying excited triplet state of the carbene and not the 
higher energy singlet excited state. We also note that it 
may also be possible for direct excitation into the triplet 
excited state at lower energies, however this phenomenon 
was not observed experimentally. 

 

Proposed Mechanism 

The calculations that were conducted on 1T appeared to ac-
curately model the reactive excited state of the di-
amidocarbene. The restricted open-shell orbitals and con-
comitant high spin density localized on the carbene center 

are characteristic of a triplet biradical that is capable of in-
serting into arenes through a Büchner ring expansion 
mechanism. Moreover, the unique low-lying LUMO of 1 re-
sults a relatively small HOMO–LUMO energy gap when 
compared to other isolable carbenes.34 Based on these data, 
we postulate that excitation of 1 leads to population of the 
singlet excited state (SX) followed by rapid intersystem 
crossing to the associated triplet state (TX) which then en-
gages the arene in the observed Büchner ring expansion re-
actions according to the simplified Jablonski diagram 
shown in Figure 6A. Similarly, the proposed mechanism for 
the formation of 2a – 2e from 1 and the corresponding 
arene via photolysis at 380 nm is shown in Figure 6B. It is 
important to note that carbenes CAAC, MAAC and iPr did 
not show similar photochemical reactivity like 1 (DAC). We 
attribute this disparity to a combination of effects: (i) the 
higher HOMO–LUMO energy gaps in CAAC, MAAC and 
iPr when compared to DAC, and (ii) the lower lying LUMO 
of the DAC, which collectively, would impede excitation to 
a singlet excited state, and subsequent intersystem cross-
ing to the necessary triplet state for the other carbenes. 

 

Reversibility and Arene Exchange Studies 

While storing compounds 2 during characterization, we 
observed that these complexes readily reverted to their re-
actant components 1 and the corresponding arene. This 
was surprising as norcaradienes and cycloheptatrienes pre-
pared via Büchner ring-expansion reactions are typically 
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thermally robust.25b, 35 To the best of our knowledge, these 
observations represented unprecedented examples of re-
versible Büchner ring-expansions. We first became aware 
of this unusual behavior from 2e where the 1H NMR spec-
trum of this compound in C6D6 revealed the slow reversion 
to 1 and bromobenzene at room temperature (Figure 7A 

(left)). Analysis of the same NMR sample of 2e after 48 h 
by 1H NMR spectroscopy showed complete reversion (see 
ESI). Similarly, 2b, 2c and 2d displayed complete reversion 
at room temperature to form 1 and their respective arenes. 
The only complex that exhibited any prolonged stability 
was 2a which was found to be stable in solution for  

 

Figure 7. (A): reversibility of Büchner ring expansion reactions; and (B): stacked 1H NMR spectra of 2e in C6D6 (bottom), photolysis 
of 2e in C6D6 after 4 h (second from bottom), photolysis of 2e in C6D6 after 8 h (second from top), and of 2a in C6D6 (top). 

weeks at room temperature. However, heating a solution 
of 2a to 60 oC for 2 h yielded 1 and benzene in >95% yield 
(see ESI). With the exception of 2a, we also found that 2b 
– 2e reverted to their corresponding starting materials 
even in the solid state at room temperature as observed by 
1H NMR analysis of the isolated compounds within 2-3 days 
after synthesis. In agreement with this view, we note that 
the single crystal X-ray analysis of chlorobenzene adduct, 
2d, could not be properly refined without modeling signif-
icant electron density corresponding to a free disordered 
chlorobenzene molecule that was released from DAC 1 
even at 100K (see ESI for full discussion). Complex 2e dis-
played the fastest retro Büchner ring-expansion, while 2a 
was found to be the slowest (order of reversibility in solu-
tion and/or solid state at room temperature: 2e > 2d > 2c > 
2b > 2a). 

Based on the observed rates of the retro Büchner ring ex-
pansions, we next investigated the potential to intercon-
vert between different compounds of 2 (Figure 7A (right)). 
Remarkably, we found that the photolysis of 2e (R = Br) in 
excess C6D6 for 8h in a sealed quartz NMR tube led to the 

complete exchange of the arene to afford compound 2a' 
(where all hydrogen atoms are deuterated for this experi-
ment shown in Figure 7B) with liberation of bromoben-
zene. The stacked 1H NMR spectra shown Figure 7B depict 
the clean conversion from 2e to 2a at time = 0 hours (bot-
tom) to 8 hours (second from top), with the 1H NMR spec-
trum of pure 2a (top) for reference. Although the olefinic 
signals of 2a' (o) are not observable due to the incorpora-
tion of deuterium from the C6D6 solvent, the clear disap-
pearance of 2e (x) with the formation of bromobenzene (*) 
and the aliphatic and aromatic signals of 2a can be seen. 
Similarly, photolysis of 2d (R = Cl) in excess benzene 
yielded 50:50 mixture of 2d:2a after 5 hours (see ESI). We 
also note that the reversion of 2d into 50% 1 and 50% chlo-
robenzene takes approximately 13 hours at room tempera-
ture (see ESI), indicating that irradiation of compounds 2 
may facilitate the retro Büchner ring expansions. Interest-
ingly, when the benzene complex 2a was photolyzed in an 
excess of either bromobenzene or chlorobenzene, the cor-
responding exchange reactions to give 2e or 2d, respec-
tively were not observed to occur (see ESI).  
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These results suggested that 2e and 2d can be used to 
perform the first examples of photochemically-induced 
arene ring expansion exchange reactions, but 2a was too 
thermally stable to undergo similar photochemical ex-
change. 

DFT calculations were performed to interrogate the 
thermodynamic parameters for the formation of 2a–2f and 
the reversibility of 2a–2e. The structures of 2a – 2f were 
optimized (see ESI) at the B3LYP level of theory with the 
6-31+G(d) basis set for the C, H, N and O atoms, while 
Def2-SVPD basis sets were used for F, Cl and Br atoms.36 

 

Figure 8. Calculated free energy diagram for the formation of 2a and 2e from 1, benzene and bromobenzene via ring expansion by 
photolysis at 380 nm. Energies of 2a, 2e, 2a’, 2e’, 2aTS1, 2eTS1, 2aTS2 and 2eTS2 were obtained from optimization calculations. 

Calculated gas-phase formation enthalpies and free en-
ergies for 2a – 2f are provided in the ESI. In agreement with 
the reversible nature of the Büchner ring expansion reac-
tions, the ΔH and ΔG values calculated for 2a – 2e were all 
endothermic (ΔH range: 15.7–16.7 kcal/mol) and ender-
gonic (ΔG range: 29.7–32.0 kcal/mol), whereas the for-
mation of 2f (R = NMe2, which does not form through the 
Büchner ring expansion) is exothermic (ΔH = -22.5 
kcal/mol) and exergonic (ΔG = -8 kcal/mol). To further un-
derstand the ability to photochemically convert 2e (R = Br) 
into 2a (R = H), we constructed a calculated free energy 
diagram for the formation of 2a and 2e from photolysis of 
1 with benzene (Figure 8, left) and bromobenzene (Figure 
8, right). For each reaction the free energies of the norca-
radiene intermediates (2a’ or 2e’), the transition states be-
tween the starting materials and the intermediate (2aTS1 or 
2eTS1), and the transition states between the intermediate 
and the cycloheptatriene products (2aTS2 or 2eTS2) were 
plotted. Transition states 2aTS1 and 2eTS1 were optimized 
with triplet spin states as the well-known mechanism for 
the cyclopropanation of alkenes with triplet carbenes pro-
poses triplet biradical transition states.37 In contrast, 2aTS2 

and 2eTS2 were optimized as singlet spin states because the 
ring-opening of the norcaradiene is a thermally-allowed, 
concerted process. For both reactions, the rate determin-
ing step was the formation of the norcaradiene intermedi-
ates, 2a’ and 2e’, which were both endergonic by 41.0 and 
41.4 kcal/mol, respectively with activation barriers defined 
by 2aTS1 and 2eTS1. For 2a, the transition state, 2aTS1, was 
found to be higher in energy (59.6 kcal/mol) than the cor-
responding transition state for 2e (2eTS1 = 58.5 kcal/mol), 
and the overall activation barrier from 2a back to DAC 1 
and benzene (28.5 kcal/mol) was higher than that calcu-
lated for 2e reverting to 1 and bromobenzene (26.6 
kcal/mol). While the ΔΔG between the retro Büchner ring 
expansions is small (only 1.9 kcal/mol), the calculated data 
were consistent with our experimental findings that 2a is 
more thermally stable than 2e. Similar results were also ob-
tained for the complexes 2b, 2c, and 2d (see ESI). To ad-
dress this issue further, we believe that the small calculated 
ΔΔG values can be attributed to the difficulty in accurately 
modeling excited electronic states. In these Büchner ring 
expansion reactions, the transition states result from the 
combination of an excited state DAC with a given arene, 
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and therefore are excited state species themselves. Alt-
hough the energies of these transition states corroborate 
that 2a is more thermally stable than the other ring-ex-
panded products, it is possible that the highest energy 
transition state structure may be poorly computed by our 
methods, despite the use of several different functionals 
and basis sets.   

 

Conclusion 
In summary, we have revised the long-standing precept 
that stable, isolable carbenes exist as a singlet ground state 
whereas transient carbenes are typically regarded as triplet 
ground state carbenes, is no longer valid. We now report 
that both spin states (and attendant reactivity), are acces-
sible for the diamidocarbene 1.  While 1 is isolated as a 
highly stable singlet electronic ground state carbene, pho-
tolysis at 380 nm allows for rapid conversion through in-
tersystem crossing to an excited triplet state. The triplet 
excited state of 1 has been fully characterized through a 
combination of low temperature spectroscopic measure-
ments and computational analyses. These studies indi-
cated that the excited state of 1 can be characterized as the 
expected spin unpaired biradical structure, typical of tri-
plet carbenes. The triplet excited state of 1 was also found 
to engage a series of aromatic compounds in the known 
Büchner ring expansion reaction to cleanly afford a single 
cycloheptatriene isomer in all cases (2a–2e). Remarkably, 
the photochemical reaction of 1 with benzene or toluene 
provided drastically different products than the known 
thermal products (which form from C–H activation pro-
cesses) reported by Bielawski.18 In this regard, we equate 
the two distinct reactivity profiles of 1 as photochemical 
and thermal control similar to what Woodward and Hoff-
mann described for pericyclic electrocyclization reactions.  

Beyond the novelty of accessing the triplet excited state 
of DAC 1, the subsequent Büchner ring expansion reactions 
were found to exhibit unprecedented reversibility, even in 
the solid state for some derivatives. This unique feature 
provided the first examples where both cyclopropanation 
and ring expansion reactions were rendered reversible, en-
abling the ability to interconvert 2d or 2e into 2a through 
atom-economic, high fidelity photochemical reactions. 
The surprising discoveries presented herein are likely to in-
itiate new fundamental studies and expand the applica-
tions of stable carbenes. Similar to other reversible ring-
forming reactions, such as the Diels–Alder reaction, re-
versible Büchner ring expansion processes may also find 
applications ranging from structurally dynamic materials 
to novel methodologies in organic synthesis as the cyclo-
heptatriene motif is commonly found in biologically active 
molecules.38 The photochemistry of 1 with various other or-
ganic substrates is currently under intense study in our la-
boratory. 
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