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Paris–Sud, Université Paris-Saclay, 91405 Orsay, France; cHarvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics Division, Cambridge,
MA 02138; and dDepartment of Physics, Harvard University, Cambridge, MA 02138

Contributed by Christopher C. Cummins, April 19, 2018 (sent for review March 8, 2018); reviewed by Norman C. Craig and Douglas W. Stephan)

Sulfur monoxide (SO) is a highly reactive molecule and thus,
eludes bulk isolation. We report here on synthesis and reactiv-
ity of a molecular precursor for SO generation, namely 7-sulfin-
ylamino-7-azadibenzonorbornadiene (1). This compound has
been shown to fragment readily driven by dinitrogen expulsion
and anthracene formation on heating in the solid state and in
solution, releasing SO at mild temperatures (<100 ◦C). The gen-
erated SO was detected in the gas phase by MS and rotational
spectroscopy. In solution, 1 allows for SO transfer to organic
molecules as well as transition metal complexes.
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In contrast to the ubiquitous and well-studied chemistry of
earth-abundant dioxygen (1), the chemistry of its heavier,

valence-isoelectronic analogue sulfur monoxide (SO) is hardly
explored and has been relegated to a niche existence, which is
certainly due to its high reactivity: SO is unstable under ambient
conditions toward disproportionation to SO2 and elemental S (2)
and eludes bulk isolation. However, in space, SO can accumulate
and has been found in the interstellar medium (3, 4) as well as in
our solar system (5–7), which is important to note considering
that both O and S are biogenic elements (8).

Fragmentation of suitable molecular precursors presents a
potential entry point to explore the synthetic chemistry for such
reactive species and opens new avenues for spectroscopic charac-
terization (9–16). In the case of SO, a limited number of synthetic
precursors have been reported that allow thermal transfer of SO
(Fig. 1): well-investigated are the chemistries of episulfoxides (A)
(17–20), a thiadiazepin S-oxide (B) (21), trisulfide oxides (C) (22,
23), thianorbornadiene-S-oxides (D) (24), and N-sulfinylamine
phosphinoborane adducts (E) (25). In explaining the SO transfer
reactions of some of these substances, the intermediacy of free
SO is assumed, while for others, the precursors fragment likely
via associative mechanisms.

Our group has a longstanding interest in small reactive
species, such as P2 (9–11), AsP (12), HCP (13), phosphinidenes
(14, 15), and dimethylgermylene (16), generated by mild ther-
mal activation of suitable precursors. The driving force of
anthracene (C14H10, A) expulsion for the release of highly
reactive molecules and subsequent characterization and syn-
thetic transfer has been amply capitalized on (13, 14, 26–31).
Against this backdrop and our reasoning that an additional N2

unit should further increase the energy of the ground state
of the precursor molecule, we envisioned our synthetic tar-
get, 7-sulfinylamino-7-azadibenzonorbornadiene, OSN2A (1), as
promising for SO release simultaneously with A and dinitrogen
formation. To probe this hypothesis, we compared the computed
Gibbs free energies for singlet SO release from A–E and 1 (Fig.
1). Indeed, the formation of singlet SO was predicted to be
thermodynamically strongly favorable only in case of 1.

Free SO, amenable to spectroscopy, has been generated by
electric discharge experiments of SO-containing gases (OCS,
SO2) (32) or using ethylene episulfoxide at high temperature
(180 ◦C to 580 ◦C) (33). To the best of our knowledge, spec-
troscopic observation of free SO provided by mild thermolysis
of a well-defined, solid, and easy-to-handle precursor compound
has not been achieved. With 1, we present now the synthesis of
such a compound that fragments at approximately 95 ◦C in the
solid state and allows for direct detection of SO in the gas phase.
In addition, examples of SO transfer with this reagent in solu-
tion to both organic molecules and transition metal complexes
are outlined.

Results and Discussion
The synthesis of 1 was achieved by reaction of Carpino’s
hydrazine (7-amino-7-azadibenzonorbornadiene, H2N2A) (30)
with thionyl chloride in the presence of triethyl amine (Scheme
1) (34).

Compound 1 was isolated as a pale yellow solid in very good
yield (83%). In solution (benzene-d6), the 1H NMR chemical
shift of the bridgehead protons at δ = 6.22 ppm, located 1.48 ppm
downfield from that of H2N2A, is reflective of the strongly with-
drawing effect of the sulfinyl group. Colorless crystals grew from
a concentrated toluene solution of 1 layered with diethyl ether
at −35 ◦C and were subjected to X-ray diffraction analysis.

Significance

The generation of highly reactive molecules under controlled
conditions is desirable, as it allows exploration of synthetic
chemistry and enables spectroscopic studies of such elusive
species. We report here on the synthesis and reactivity of a
precursor molecule that readily fragments with concomitant
expulsion of dinitrogen and anthracene to release the highly
reactive sulfur monoxide, a compound of interest for both
synthetic chemists and astrochemists.
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Fig. 1. Selection of previously reported compounds capable of SO trans-
fer (A–E) and the anthracene-based sulfinylhydrazine 1 described herein.
Computed Gibbs free energies (in kilocalories·mole−1 at 298.15 K; the den-
sity functional theory calculations were performed using the B3LYP-D3BJ
functional and Def2-TZVP basis set) for singlet SO loss and formation of the
respective coproducts are shown in parentheses.

The metrical data of the NNSO chain of 1 in the solid state
(Fig. 2) compare well with the reported structures of sulfinyl
hydrazines (35–37). One bridgehead proton of the azanorbor-
nadiene scaffold weakly interacts with the terminal oxygen atom,
leading to a synperiplanar NNSO arrangement as observed for
iPr2N2SO (36).

A thermogravimetric analysis (TGA) was performed to probe
the potential release of SO. At 95 ◦C, a mass loss event of
30 wt % was observed, supporting the notion that N2 and SO
(11 and 19 wt %, respectively) were released (SI Appendix).

Eager to confirm the evolution of SO from 1 in accordance
with the TGA experiment, direct spectroscopic observation of
SO was sought. Detection of SO is difficult in condensed media
and the gas phase due to its rapid self-reaction culminating in the
formation of SO2 and polysulfides (Eq. 1) (2, 38, 39):

2SO
 S2O2

S2O2 + SO→ SO2 + S2O.

2S2O→SO2 + S3

[1]

Due to the propensity for self-reaction, SO is typically only
generated and observed in high vacuum to minimize bimolecular
reactivity, and accordingly, previous studies of molecular pre-
cursors for SO in condensed media relied on chemical trapping
experiments and kinetic analysis to infer its intermediacy.

Thermolysis in a gas IR cell under static vacuum (approxi-
mately 50 mtorr) led to the identification of SO2 as the major
gaseous product in accord with loss of SO and subsequent dispro-
portionation chemistry; however, it did not provide conclusive
evidence for the intermediacy of SO (SI Appendix).

For the detection of such short-lived species on thermal
decomposition of molecular precursors, molecular beam MS

Scheme 1. Synthesis of 1.

Fig. 2. Molecular structure of 1 in the solid state with thermal ellipsoids
at the 50% probability level. Selected distances (angstroms) and angles
(degrees): N1-N2 1.353(3), N1-S1 1.544(2), S1-O1 1.466(2), O1-H1 2.432
(intramolecular), H1-O1 2.489 (intermolecular), N2-N1-S1 125.9(2), N1-S1-O1
118.2(1), S1-O1-H1 100.0, C1-N2-C8 96.0(2).

(MBMS) has proven to be a valuable tool to analyze unsta-
ble gaseous products evolved from molecular precursors (10,
13, 15). In case of thermolysis of 1 in the MBMS sample
chamber, A, N2, and SO were observed (Fig. 3). The differing
results of the MBMS and gas IR experiments can be rational-
ized based on differences in pressure when 1 is thermolyzed
and the large disparity in the rate of data acquisition between
the two methods (IR spectrum acquisition required several
seconds).

Fig. 3. MBMS of 1.
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Fig. 4. Microwave spectrum of the compounds released during the thermal heating of 1. Transitions belonging to 1, SO2, SO, and S2O are indicated in
green, orange, blue, and pink, respectively, and the black portions depict baseline and a few unassigned lines. The spectrum showing the SO transition was
the result of a deeper integration, and an additional spectrum was recorded in the same conditions but under the influence of an external magnetic field
(red) to confirm the open shell nature of the carrier of the lines assigned to SO. In presence of the magnetic field, lines of SO are not visible (as expected for
a species with unpaired electrons in a 3Σ ground electronic state), while the transitions of 1 (closed shell) are unaffected.

The direct observation of SO via MS encouraged us to attempt
its characterization by microwave spectroscopy as well. The rota-
tional transitions of SO have been previously studied in detail for
ground electronic as well as the first excited state (40, 41). Com-
pound 1 was thermolyzed in a specially constructed solid sample
holder directed at the entrance of a buffer-gas cell (42). Gases
evolved from 1 during heating enter the buffer-gas cell, where
they collide with gaseous helium at approximately 10 K. The
collisions of the evolved gases with the helium rapidly cool the
molecules, which results in the rotational and vibrational cool-
ing of the sample, simplifying their rotational spectra but also
inhibiting bimolecular reactivity. After introduction and cooling
of the fragment molecules, a microwave spectrum of the mixture
was recorded (Fig. 4).

Next to characteristic transitions corresponding to S2O
(21,2 ← 30,3; 13,258.94 MHz) (43) and SO2 (11,1 ← 20,2;
12,256.58 MHz) (44), 3Σ− SO (12← 11; 13,043.7 MHz) (40) was
detected. As for O2, the triplet (3Σ−) is the lowest-energy config-
uration for SO, with the closed shell (1∆) and open shell (1Σ+)
singlets lying 18.2 kcal·mol−1 (1 kcal = 4.18 kJ) and 30.1 ·mol−1

above the ground state, respectively (45). The transition for 3Σ−

SO was split due to Earth’s magnetic field and disappeared out
of the spectral window in the presence of a strong external mag-
netic field. We are unable to verify the presence of the closed
shell singlet SO, because the lowest-frequency transition at

42,591.23 MHz is out of range of the microwave instrument used
(12,000–17,500 MHz) (46). The observation of open shell and
closed shell singlet electronic states of SO should be feasible

Fig. 5. Computed mechanism for the fragmentation of 1 as revealed
by quantum chemical calculations carried out using the RI-B2PLYP-D3(BJ)
density functional and the Def2-TZVP basis set.
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Scheme 2. Transfer of SO from 1: (i) 3,5-di-tert-butyl-1,2-quinone (1 eq),
benzene, 70 ◦C, 24 h (quantitative); (ii) DMB (neat), 80 ◦C, 16 h (60%); (iii)
1,3-cyclohexadiene (5 eq), benzene, 70 ◦C, 24 h (59%); (iv) norbornadiene
(10 eq), benzene, 25 ◦C, 16 h (55%).

in principle: the radiative lifetimes of these species were deter-
mined to be approximately 7 ms (exp. value; calculated 13.6
ms) and 450 ms (calculated), respectively (47, 48). Singlet SO
is thus sufficiently long-lived for detection with our apparatus
with an approximate flight time of 2–3 ms assuming a reasonable
molecular velocity in the gas phase (SI Appendix). However, an
additional complication is the propensity of singlet SO for colli-
sional relaxation to the 3Σ− spin state with third bodies, such as
the heated walls of the sample holder (49).

In addition, we were able to identify the rotational transitions
of 1 itself, which partially transferred without fragmentation into
the gas phase. The pure rotational spectrum of 1 was analyzed
using a variant of the Automated Microwave Double Resonance
technique (50). The small differences between the experimen-
tally obtained rotational constants and those recovered from
calculations based on the geometry of 1 in the crystal struc-
ture imply that the structure of 1 is nearly identical in the solid
state and in the gas phase (SI Appendix). The differences in the
observed products of thermolysis of 1 highlight the complemen-
tary nature of the techniques used but also illustrate how critical
the thermolysis conditions are to what gases are evolved from 1.

To comment on the thermolysis mechanism of 1, quantum
chemical calculations were carried out using the RI-B2PLYP-
D3(BJ) density functional and the Def2-TZVP basis set. A
single-step fragmentation with concerted loss of singlet SO and
N2 from the anthracene platform was found, featuring a sin-
gle transition state corresponding to the breaking of the C–N
bond opposed to the sulfinylamino moiety. The minimum energy
path across this transition state revealed no further stationary
points en route to the final products: the structure collapsed
in a concerted, asynchronous way with breaking of the N–S
and of the second C–N bond. This is likely due to the NNSO

Scheme 3. Transfer of SO from 1 to ruthenium complexes.

intermediate not being a minimum on the potential energy sur-
face (51). This quasisimultaneous breaking and making of bonds
in this fragmentation process may be classified as a coarctate
reaction as defined by Herges (52). While for pericyclic reactions,
the concerted breaking and forming of bonds occur in a cyclic
manner, coarctate processes describe bond rearrangements with
a transition-state topology of a constricted cycle. The constric-
tion point is located at the coarctate atom(s) at which two bonds
are broken and reformed in the transition state. In case of the
fragmentation of 1, both N atoms are coarctate atoms. In this
process, SO may indeed be released in its singlet state: the for-
mation of A, N2, and singlet SO is favored by −40.4 kcal·mol−1

with respect to the starting material (Fig. 5).
With evidence of SO release on thermolysis in the solid state,

we explored the reactivity of 1 in solution. Heating 1 in benzene-
d6 in a sealed tube led to its decomposition, which was indicated
visually by a color change from colorless to yellow likely due to
production of sulfur. The sole product observable by 1H NMR
spectroscopy was A. This reaction obeyed a first-order rate law
with kobs = (2.743 ± 0.436) × 10−4 s−1 at 80 ◦C in THF as
determined by ultraviolet–visible spectroscopy. This barrier cor-
responded to an activation barrier of ∆G‡(80 ◦C) = 26.55(11)
kcal·mol−1 according to the Eyring equation, similar to the
calculated value of ∆G‡calc(80 ◦C) = 23.3 kcal·mol−1.

To assess the possibility of SO transfer from 1 to an acceptor,
various representative reaction partners were used. We focused
first on organic compounds suitable for SO trapping, such as
quinones and olefins (Scheme 2). Compound 1 was heated
with 3,5-di-tert-butyl-1,2-quinone for 24 h to 70 ◦C to convert
quantitatively to the corresponding known sulfite (53).

Several SO-releasing precursors are capable of SO addition
to 1,3-dienes (18, 21–24, 54, 55). Heating of 1 with an excess
(5 eq) of 2,3-dimethyl-1,3-butadiene (DMB) led to decomposi-
tion of 1 without thiophene-S-oxide formation. However, when
performing the reaction at 80 ◦C in neat DMB, this SO trans-
fer product was observed (60%). Similarly, transfer of SO to
1,3-cyclohexadiene was successful. Likely due to the locked
cisoid conformation of the double bond, just a fivefold excess
of this diene was sufficient to lead to formation of 7-oxo-7-
thianorbornene (59%) (23). Thermal SO transfer to other olefins
or alkynes was unsuccessful: reactions using cis-stilbene, styrene,

Fig. 6. Molecular structure of 2 in the solid state with thermal ellipsoids
at the 50% probability level. SO-coordinated sodium cation and sepa-
rate sodium tris(1,2-dimethoxyethane) cation as well as one cocrystallized
THF solvent molecule have been omitted for clarity. Selected distances
(angstroms) and angles (degrees): Ru1-S1 2.0282(8), S1-O1 1.503(2), Ru1-N
2.044 (average); Ru1-S1-O1 118.17(11).
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or phenyl acetylene in excess did not provide the respective
addition products. Contrasting reactivity of 1 toward norbor-
nadiene yielded the corresponding thiirane (55%): addition of
SO occurred at 25 ◦C (16 h), well below the temperature
required for fragmentation of 1, and thus, it does not involve
free SO but rather, proceeds via an associative mechanism.
The SO transfer from 1 to transition metal complexes also
occurs through an associative mechanism (Scheme 3). Stirring
a solution of 1 and [RuCl(Cp∗)(PCy3)] (Cp∗ = η5-C5Me5)
in THF at 25 ◦C for 30 min led to a gradual color change
from blue to red–brown. After removal of A, the known SO
ruthenium complex [RuCl(Cp∗)(SO)(PCy3)] was isolated (82%)
(56, 57). Compound 1 also reacted with the anionic ruthenium
complex [Na(DME)3]2 [Ru(N4Me8)] (H4N4Me8 = octamethyl-
porphyrinogen) (58) to give [Na(DME)3][Ru(N4Me8)(SO)] (2),
obtained in 51% yield after removal of anthracene and selective
crystallization as a brown–orange solid.

Cooling a solution of this compound in THF and DME to
−35 ◦C yielded dark orange crystalline blocks. An X-ray diffrac-
tion analysis revealed a dimeric structure, with sodium ions
bridging two units of the [Ru(N4Me8)(SO)]2− platform (Fig. 6).
These units feature the ruthenium center in a square-pyramidal
environment, in which the SO ligand occupies the apical posi-
tion. The Ru–S bond [2.0282(8) Å] is slightly shorter and the S–O
bond [1.503(2) Å] is slightly longer than in a related Ru(II)-SO
complex [2.0563(11) and 1.447(3) Å, respectively] (59). Termi-
nal SO transition metal complexes generally show a strong SO
stretch around 1,046–1,126 cm−1 (55, 56, 59, 60). Analysis of
the IR spectrum of 2 revealed a band at 1,021 cm−1 assigned
to the SO stretching vibration. Both this notable red shift with
regard to values for related compounds as well as the metrical
data for 2 are in accord with strong backbonding from Ru to the

SO ligand due to the electron-rich porphyrinogen ligand. Coor-
dination of the sodium cations to the oxygen atom of ligated SO
may enhance this effect.

We did not observe selective reaction of 1 with N-heterocyclic
carbenes to give the corresponding sulfines. However, heating a
mixture of 1 and a phosphine (PPh3 or PtBu3) in benzene gave
about equimolar mixtures of the respective phosphine oxides and
phosphine sulfides via formal splitting of SO (25).

Conclusion
We have shown here a well-controlled synthetic route to SO
by thermal decomposition of 1. Taking reactivity, computational
studies, and spectroscopic detection of 3Σ− SO into considera-
tion, it is believed that 1 generates 1∆ SO on thermolysis. 3Σ−

SO is detected by microwave spectroscopy, possibly originating
from a small amount of 1∆ SO that has had enough time to
phosphoresce into the lower-energy triplet ground state. Regard-
less of the spin state of the SO evolved from 1, this study firmly
establishes that SO is in fact released from the molecular pre-
cursor, illustrating the power of synthesis in combination with
spectroscopy to shed light on reactive intermediates of general
importance.

Methods
Experimental and computational details and crystallographic information
are included in SI Appendix. Computed atomic coordinates are included in
Datasets S1–S4.
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