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ABSTRACT: The rate and mechanism of the elimination of N2O
from trans-R3Sn-O-NN-O-SnR3 (R = Ph (1Ph) and R = Cy (1Cy)) to
form R3Sn-O-SnR3 (R = Ph (2Ph) and R = Cy (2Cy)) have been studied
using both NMR and IR techniques to monitor the reactions in the
temperature range of 39−79 °C in C6D6. Activation parameters for this
reaction are ΔH⧧ = 15.8 ± 2.0 kcal·mol−1 and ΔS⧧ = −28.5 ± 5 cal·
mol−1·K−1 for 1Ph and ΔH⧧ = 22.7 ± 2.5 kcal·mol−1 and ΔS⧧ = −12.4
± 6 cal·mol−1·K−1 for 1Cy. Addition of O2, CO2, N2O, or PPh3 to sealed
tube NMR experiments did not alter in a detectable way the rate or
product distribution of the reactions. Computational DFT studies of
elimination of hyponitrite from trans-Me3Sn-O-NN-O-SnMe3 (1

Me)
yield a mechanism involving initial migration of the R3Sn group from O
to N passing through a marginally stable intermediate product and
subsequent N2O elimination. Reactions of 1Ph with protic acids HX are rapid and lead to formation of R3SnX and trans-H2N2O2.
Reaction of 1Ph with the metal radical •Cr(CO)3C5Me5 at low concentrations results in rapid evolution of N2O. At higher
•Cr(CO)3C5Me5 concentrations, evolution of CO2 rather than N2O is observed. Addition of 1 atm or less CO2 to benzene or
toluene solutions of 2Ph and 2Cy resulted in very rapid reaction to form the corresponding carbonates R3Sn-O-C(O)-O-SnR3 (R =
Ph (3Ph) and R = Cy (3Cy)) at room temperature. Evacuation results in fast loss of bound CO2 and regeneration of 2Ph and 2Cy.
Variable temperature data for formation of 3Cy yield ΔHo = −8.7 ± 0.6 kcal·mol−1, ΔSo = −17.1 ± 2.0 cal·mol−1·K−1, and ΔGo

298K =
−3.6 ± 1.2 kcal·mol−1. DFT studies were performed and provide additional insight into the energetics and mechanisms for the
reactions.

■ INTRODUCTION
Hyponitrites are an important class of intermediates involved
in the metal mediated two electron reduction of nitric oxide to
nitrous oxide by nitric oxide reductases1 as shown in reaction
1.

F F· + +

→ +

+ −2 NO 2H 2e 2HNO H N O

H O N O
2 2 2

2 2 (1)

The rate of N2O elimination, the last step of eq 1, has been
extensively studied for the more stable trans isomer as shown
in reaction 2 and depends on a number of factors including
pH, the presence of radicals, and electrophiles.2

‐ → +trans H N O N O H O2 2 2 2 2 (2)

Likewise, the reactions of organic esters of hyponitrite have
been extensively studied photochemically3 where they are a
source of organic radicals (reaction 3).

ν‐ ‐ ‐ + → · +trans hRO N N OR 2 OR N2 (3)

While nitrous oxide elimination from hyponitrites is common,
examples of N2O addition to metal oxides to form hyponitrite
complexes are rare. In this regard, Feldmann and Jansen4

reported formation of pure crystalline cis-Na2N2O2 at 360 °C
as shown in reaction 4.

+ → ‐cisNa O(s) N O(g) Na N O2 2 2 2 2 (4)

We have recently reported in situ preparation of cis-Na2N2O2
by mechanochemical methods and its further oxidation to
nitrate in a mixer mill under 2 atm pressure of nitrous oxide at
much lower temperatures of 38 °C.5 While the examples of
N2O addition to complexes forming hyponitrites are limited,
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the analogous reactions with isoelectronic CO2 leading to
carbonates are more common and have been much more
explored.6 The fact that a much larger number of carbonate
complexes exist compared to hyponitrite complexes implies
greater kinetic access and also more thermodynamic stability
for carbonates. The structures of N-heterocyclic carbene
(NHC) adducts of CO2

7 and N2O
8 are both known, and

they are shown in Figure 1. These Lewis acid-Lewis base pairs
may serve as models for possible initial binding in the
formation of the corresponding hyponitrites or carbonates.
Somewhat surprisingly, available data show similar approx-

imate enthalpies of binding and stability10 for the different
binding motifs displayed by the NHC adducts of N2O and
CO2. In addition, Roesler and co-workers have recently
isolated and structurally characterized η2 complexes of both
CO2 and N2O to a (NHC)2Ni

0 fragment with similar
computed enthalpies of binding.11

Information regarding the mechanism and energetics of
hyponitrite formation may be obtained by study of the
mechanism of nitrous oxide elimination using the principle of
microscopic reversibility. The work reported here compares
irreversible elimination of nitrous oxide from trans-[(R3Sn)2(μ-
N2O2)] (R = phenyl and cyclohexyl) hyponitrite complexes to
reversible carbon dioxide capture of R3Sn-O-SnR3 compounds
as shown in Scheme 1.

■ EXPERIMENTAL SECTION
Please see the Supporting Information (SI) for experimental details
and procedures.

■ RESULTS
Synthesis and Crystal Structure of trans-[(Cy3Sn)2(μ-

N2O2)], 1
Cy. The reaction of 2 equivalents of Cy3SnCl with

trans-Ag2N2O2 resulted in the formation of trans-[(Cy3Sn)2(μ-
N2O2)], 1Cy, and AgCl. Slow evaporation of the reaction
mixture after the removal of AgCl resulted in the formation of
colorless crystals in 70.9% yield. The complex was charac-
terized by a combination of 119Sn NMR and single crystal X-
ray diffraction analyses. An ORTEP showing the molecular
structure of compound 1Cy is shown in Figure 2. Selected
structural data are listed in Table 1.
Analysis of crystal structures for 1Cy and that of previously

reported12,13 for 1Ph revealed that both compounds have very

similar bond distances and angles. Measurement of Sn−N
distances showed that the Sn(1)−N(1*) distances are shorter
than the Sn(1)−N(1) distances for both compounds. These

Figure 1. Structures (40% thermal ellipsoids) of the IPr (left),9 IPr-CO2 (center),
7 and IPr-N2O (right)8 highlighting the differing architectures for

the adducts [carbon (gray), nitrogen (light blue), oxygen (red)], (IPr = 1,3-bis(diisopropyl)phenylimidazol-2-ylidene).

Scheme 1. Binding and Dissociation Reactions Studied in
This Work

Figure 2. An ORTEP of the molecular structure of 1Cy showing 40%
probability thermal ellipsoids. Complete crystallographic data and files
are available in the SI.
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Sn−N distances are long for bonding interactions as Sn can
certainly be 5-coordinate. However, it has been reported that
the Sn−N bond distances for 5-coordinate Sn complexes
obtained by the reactions of triorganotin chlorides with 2-
mercaptopyrimidines14 are in the range of Sn−N distances
obtained for trans-bisstannyl hyponitrites and may imply some
Sn−N bonding interactions for 5-coordinate Sn.15

Comparison of crystal structures of 1Cy and 1Ph with that of
[(OEP)Fe]2(μ-N2O2) showed a significant difference in the
metal atom position. Sn atoms in 1Cy and 1Ph are bent toward
the NN bond so that both the Sn atoms are positioned
beside the NN bond, whereas the Fe atoms in [(OEP)-
Fe]2(μ-N2O2)

16 are positioned away from the NN bond
which could be due to the geometry of the OEP ligand.
NMR Studies of Thermal Decomposition of 1Ph and

1Cy. Thermal treatment of solutions of trans-[(R3Sn)2(μ-
N2O2)] species leads to slow elimination of N2O and the
formation of the corresponding distannoxanes. The attempts
to study the thermal decomposition of 1Ph and 1Cy by variable
temperature 119Sn NMR were unsuccessful due to the
broadening of peaks assigned to 1Ph and 1Cy at higher
temperatures. Therefore, NMR samples were heated in a
temperature-controlled water bath for a certain time, and then
the samples were removed and allowed to equilibrate at room
temperature before 119Sn NMR spectra were taken. The rate of
decomposition of 1Ph was determined by the ratio of the
integrated peak area for 1Ph to the total integrated peak areas
for tin. The thermal decomposition rate for compound 1Ph at
70 °C observed by 119Sn NMR is shown in the SI. The
attempts to study the thermal decomposition of 1Cy by 119Sn
NMR were unsuccessful even at room temperature due to the
peak broadening caused by rapid ring flipping of cyclohexyl
rings.
FTIR Studies of Thermal Decomposition of 1Ph and

1Cy. FTIR provided a more efficient and accurate method to
determine the rates of thermal decomposition for 1Ph and 1Cy

by measuring the absorbance of the FTIR band assigned to
nitrous oxide at 2219 cm−1 in benzene solutions. Representa-
tive data for the thermal decomposition rates for these
compounds at 77.9 °C observed by FTIR are shown in Figure
3.
Eyring plots for the thermal decomposition of compounds

1Ph and 1Cy are shown in Figure 4. Analysis of the Eyring plots
allowed determination of the experimental activation param-
eters shown in Table 2 for the thermal decomposition of
compounds 1Ph and 1Cy to produce the corresponding
distannoxane with the elimination of nitrous oxide as shown

in Scheme 1. Results indicate that the compound 1Cy has an
enthalpy of activation, approximately 7 kcal·mol−1 higher than
that of the compound 1Ph but a less unfavorable entropy of
activation.

Reaction of 1Ph with •Cr(CO)3C5Me5 (Low Radical
Loading). Reactions of 1Ph with •Cr(CO)3C5Me5 using a low
loading (15% mol) of •Cr(CO)3C5Me5 relative to compound
1Ph at room temperature resulted in near complete loss of N2O
in less than an hour, compared to several days for an
uncatalyzed reaction. A plausible mechanistic scheme con-
sistent with our experimental observations and calculations
(vide inf ra) is shown in Scheme 2.

Table 1. Selected Intramolecular Distances and Angles for
1Cya

atoms distance (Å) atoms angle (deg)

N(1)−N(1*) 1.226(7) N(1*)−N(1)−O(1) 112.2(4)
N(1)−O(1) 1.367(4) N(1)−O(1)−Sn(1) 114.0(2)
O(1)−Sn(1) 2.073(3) O(1)−Sn(1)−C(1) 107.56(14)
Sn(1)−N(1) 2.912 O(1)−Sn(1)−C(7) 105.99(17)
Sn(1)−N(1*) 2.782 O(1)−Sn(1)−C(13) 96.70(13)
Sn(1)−C(1) 2.169(4) Sn(1)−C(1)−C(2) 114.8(3)
Sn(1)−C(7) 2.173(4) Sn(1)−C(1)−C(6) 110.0(3)
Sn(1)−C(13) 2.157(4)
C(1)−C(2) 1.513(5)

aEstimated standard deviations (ESD) in the least significant figure
are given in parentheses.

Figure 3. Comparison of the first order reaction profiles for thermal
decomposition of compounds 1Ph and 1Cy at 77.9 °C.

Figure 4. Eyring plots (ln[k/T] vs 1/T) for thermal decomposition of
compounds 1Ph and 1Cy.

Table 2. Experimental Activation Parameters Obtained for
Thermal Decomposition of Compounds 1Ph and 1Cy

1Cy 1Ph

ΔH⧧ (kcal·mol−1) 22.7 ± 2.5 15.8 ± 2.0
ΔS⧧ (cal·mol−1·K−1) −12.5 ± 6 −28.5 ± 5
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Step (a) in Scheme 2 shows the uphill production of the
•ONN-OSnPh3 radical and the known Ph3Sn-Cr-
(CO)3C5Me5 compound.17 The oxygen centered radical
produced in this way may either combine with a second
equivalent of •Cr(CO)3C5Me5 in step (c) or lose N2O to
generate •OSnPh3 in step (b) and enter into the radical chain

reaction shown in step (d). Several termination steps are
possible such as that shown in reaction (e). The enhanced rate
of loss of N2O from 1Ph promoted by the presence of
•Cr(CO)3C5Me5 is not reproducible and not predictable. The
same behavior has been observed in other hyponitrite
reactions2 and is often associated with radical processes

Scheme 2. Proposed Mechanism for N2O Elimination from 1Ph Promoted by •Cr(CO)3Cp*(Cp* = C5Me5).

Figure 5. Computed thermodynamic profile (kcal·mol−1) for stoichiometric reduction of 2 mol of 1Ph promoted by •Cr(CO)3C5Me5. Steps 1 and
2 serve to generate a •OSnPh3 radical which may participate in a chain reaction, steps 3 and 4, and end in termination step 5.
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where chain termination steps may occur with a number of
reagents.
DFT calculations at the B3LYP-D3(BJ)/Def2-TZVP//

B3LYP-D3(BJ)/Def2-SVP level of theory20−22 in the gas
phase were performed to analyze the thermodynamics of this
transformation, and the computed data obtained are schemati-
cally shown in Figure 5, supporting the viability of the
mechanism proposed in Scheme 2.
Reaction of 1Ph with •Cr(CO)3C5Me5 (High Radical

Loading). Addition of 400 equivalents of •Cr(CO)3C5Me5 to
compound 1Ph at room temperature resulted in the formation
of 10 times more carbon dioxide than nitrous oxide. In parallel
with CO2 evolution, solution FTIR data showed the formation
of a complex which slowly decomposes in solution and is
formulated as “Cr(C5Me5)(CO)2(NNO-SnPh3)” based on its
experimental and computed IR spectrum as discussed in the SI.
This complex resembles the highly stable nitrosyl complex
Cr(C5Me5)(CO)2(NO),

17 and its formation is proposed to
occur by step (c) in Scheme 2. Attempts to isolate and
crystallographically characterize the proposed Cr(C5Me5)-
(CO)2(NNO-SnPh3) complex have so far been unsuccessful.
Reaction of 1Ph with Protic Acids, HAc, HSPh, and

HCr(CO)3(C5Me5). Reaction of 1Ph with protic acids in

benzene or methylene chloride was found to occur rapidly as
shown in eq 5 for X = OAc, SPh, Cr(CO)3C5Me5.

‐ + → ‐

+ ‐ → + +

trans

trans

(Ph Sn) N O 2HX 2Ph Sn X

H N O 2Ph SnX H O N O
3 2 2 2 3

2 2 2 3 2 2 (5)

FTIR data for the reaction of 1Ph with 2.5 equivalents of the
weak acid HCr(CO)3(C5Me5) in methylene chloride at room
temperature are shown in Figure 6.
The overall reaction is rapid with over 90% of 1Ph consumed

within 10 min of mixing the reagents. The decomposition of
hyponitrous acid to N2O and H2O occurs at a slightly slower
rate. The rates of the reaction and its products are qualitatively
similar for the chromium hydride and for example acetic acid.
However, it should be noted that, due to the weak nature of
the Cr−H bond,17 more complex H atom transfer reactions
cannot be ruled out.

Effect of the Addition of O2, CO2, N2O, or PPh3 on
Decomposition of 1Ph. Little change in the rate of
conversion of 1Ph to stannoxane and nitrous oxide was
observed when the reaction was performed under an
atmosphere of O2, CO2, or N2O rather than argon. Addition

Figure 6. FTIR spectra obtained for the reaction of compound 1Ph with 2.5 equivalents of HCr(CO)3C5Me5 in methylene chloride at room
temperature. The steady growth of N2O is shown at 2219 cm−1. Data showing the growth and decay of the band assigned to trans-H2N2O2 as well
as the growth of a band assigned to H2O are available in the SI.
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of PPh3 to the reaction solution showed no change in rate or
product distribution.
Reversible Binding of CO2 to 2Ph and 2Cy. Exposure of

toluene solutions of 2Ph or 2Cy to CO2 at room temperature
caused immediate precipitation of a voluminous white
precipitate, in keeping with other reports on reaction of
stannoxanes and carbon dioxide.18 The use of methylene
chloride as solvent led to production of clear solutions which
could be studied by NMR and IR as described in the
Supporting Information. Temperature dependent studies for
2Ph and 2Cy in methylene chloride solutions showed character-
istic bands for the carbonate group19 (see Figure S6 in the
Supporting Information) for the band at 1605 cm−1 assigned
to one of two carbonate bands in the complex 3Cy as a function
of CO2 pressure. There is an increase in intensity as the
temperature is decreased which yielded equilibrium data. A
plot of ln(Keq) versus 1/T yields ΔHo = −8.7 ± 0.6 kcal·mol−1,
ΔSo = −17.1 ± 2.0 cal·mol−1·K−1, and ΔGo

298K = −3.6 ± 1.2
kcal·mol−1 for the formation of 3Cy by reaction of 2Cy and CO2
(see Scheme 1) with all species in methylene chloride
solution).
Attempts to determine thermodynamic data for the

formation of 3Ph, which showed overall similar behavior to
3Cy, were frustrated due to the broadening of bands in the
infrared spectrum which were temperature dependent. This
was assigned to associative interactions in the less sterically
encumbered 3Ph compared to 3Cy. This behavior appears to be
common for stannoxane carbonates.18

DFT Computational Studies of the Decomposition of
trans-Bis-stannyl Hyponitrites. DFT calculations were
performed at the B3LYP-D3(BJ)/Def2-TZVP level of
theory20−22 in the gas phase to reveal the mechanism of the
reactions observed experimentally (see Scheme 1). In this
section, the elimination of nitrous oxide from trans-
[(R3Sn)2(μ-N2O2)] hyponitrite complexes is analyzed using
the simpler trans-[(Me3Sn)2(μ-N2O2)] hyponitrite 1Me in
which the substituent groups of the tin atoms for the
compounds experimentally studied, 1Ph (R = Ph) and 1Cy (R
= Cy), have been replaced by methyl groups.
As stated in a previous section, in the crystalline structures of

both 1Ph and 1Cy, the tin group is bent toward the NN
moiety, while that of the solid structure of [(OEP)Fe]2(μ-
N2O2)

16 is located away from it. Accordingly, the thermody-
namic and kinetic parameters for the isomerization between
both structures for the model 1Me compound (1Mea and 1Mec)
were also computed, and the results are shown in Scheme 3.
As it can be seen in Scheme 3, the most thermodynamically

stable isomer (1Mea) exhibits the same configuration as that
observed in the solid-state structure of 1Cy (see Figure 2) and
1Ph.13 Nonetheless, the interconversion between all conforma-
tional isomers shown in Scheme 3 by rotation around the N−
O bonds is facile as inferred by the activation enthalpies
computed.

The computed Gibbs energy (and enthalpy) diagram for
elimination of N2O from 1Me is shown in Figure 7.

An alternate mechanism with slightly higher barriers
calculated for interconversion between 1Mea and the key
intermediate Int1a is shown in the Supporting Information. In
Figure 7, the lowest energy TS leading to product goes through
migration of the Me3Sn group from the terminal O atom in the
trans position through TS1, leading to the Int1a intermediate.
A larger barrier exists for it to go forward to products than for
it to go backward to starting material. The computed enthalpy
of activation of extrusion of nitrous oxide from the most stable
isomer of 1Me (1Mea) of 24.2 kcal·mol−1 is in good agreement
with the experimental value for 1Cy of 22.7 ± 2.5 kcal·mol−1 at
298 K, while the activation entropy calculated for 1Me (−3.7
cal·mol−1·K−1) is slightly less negative than that measured for
1Cy (−12.5 ± 6 cal·mol−1·K−1). However, the enthalpy of
activation experimentally determined for N2O elimination
from 1Ph of 15.8 ± 2.0 kcal·mol−1 is about 7 kcal·mol−1 lower
and the entropy of activation is about 16 kcal·mol−1 less
unfavorable (see Table 2). In this regard, calculations for the
real complex 1Ph were also performed at the B3LYP-D3(BJ)/
Def2-TZVP//B3LYP-D3(BJ)/Def2-SVP level of theory20−22

in the gas phase in order to understand the discrepancy
observed between the activation parameters experimentally
measured and shown in Table 2 for 1Ph and 1Cy. The values
computed, ΔH⧧ (1Ph) = 19.0 kcal·mol−1 and ΔS⧧ (1Ph) =
−13.2 cal·mol−1·K−1, while higher than those experimentally
determined, are 6.3 kcal·mol−1 and 9.5 cal·mol−1·K−1 lower
than those previously calculated for the elimination of nitrous
oxide from 1Me shown in Figure 7. Those differences are in line
with the experimental activation parameters collected in Table
2 (ΔΔH⧧ (1Cy−1Ph) = 6.9 kcal·mol−1 and (ΔΔS⧧ (1Cy−1Ph) =

Scheme 3. Isomerization Reactions for the 1Me Hyponitrite

Figure 7. Schematic Gibbs energy and enthalpy diagram for
elimination of N2O from 1Me computed at the B3LYP20-D3(BJ)21/
Def2-TZVP22 level of theory (see the Supporting Information for
further details). The isomerization steps for interconversion between
1Mea and 1Mec (Scheme 3) are not included in the figure.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01291
Inorg. Chem. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01291/suppl_file/ic1c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01291/suppl_file/ic1c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01291/suppl_file/ic1c01291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01291/suppl_file/ic1c01291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


16 cal·mol−1·K−1) and are due to the establishment of
stabilizing interactions between the phenyl groups linked to
different tin atoms that are possible for the transition state but
not for the 1Ph hyponitrite since the two SnPh3 moieties are far
from each other. The optimized structure of the transition state
(TS2Ph) for N2O elimination from 1Ph is shown in Figure 8.

The π-stacking interactions that can be observed in the
structure serve to stabilize the transition state and accordingly,
to decrease the enthalpy of activation while the interactions
make the structure less flexible, and consequently, a more
unfavorable entropy of activation is obtained.
Finally, according to the principle of microscopic reversi-

bility, the enthalpy and Gibbs energy of activation computed
for N2O addition to Me3Sn-O-SnMe3, 2

Me, to yield the 1Me

hyponitrite (Figure 7) of 53.7 and 65.6 kcal·mol−1,
respectively, are too high to occur at room temperature.
Computational Study of Binding of CO2 to 2Me. As

discussed in the previous section, the carbon dioxide capture of
bis-stannoxane compounds was also studied for the simpler
Me3Sn-O-SnMe3, 2

Me, at the B3LYP-D3(BJ)/Def2-TZVP level
of theory20−22 in the gas phase. The binding and release of
CO2 are facile for both 2

Cy and 2Ph as observed experimentally,
and computed data for the simpler 2Me model (Figure 9) are in
agreement with that. The values in Figure 9 give insight into
the process of initial CO2 addition, followed by sequential
rearrangement to the most stable 3Me carbonate product. The
computed value of ΔHo = −9.3 kcal·mol−1 shown in Figure 9
for CO2 capture by 2Me is in excellent agreement with that
determined experimentally for CO2 addition to 2Cy of ΔHo =
−8.7 ± 0.6 kcal·mol−1.

■ DISCUSSION
Metal complexes of hyponitrites are much less common than
the ubiquitous carbonate analogues. For example, we have
recently reported5 generation of cis-Na2N2O2 by the ball-
milling reaction shown in reaction 6.

+ → ‐

{ ‐ ° }

cisNa O(s) N O(g) Na N O (s)

ball milling, KBr, 38 C, 2 atm N O pressure
2 2 2 2 2

2 (6)

The only prior report of direct reaction was that of Feldmann
and Jansen at 360 °C in a tube furnace preparation. These
observations indicate net favorable thermodynamics for the
insertion process of N2O. The analogous reaction to form
sodium carbonate is also thermodynamically favorable as
shown in eq 7.23

+ →

Δ = − · −G

Na O(s) CO (g) Na CO (s)

66 kcal mol
2 2 2 3

o
298K

1
(7)

Reaction 6 is one of the few reported reactions in which
nitrous oxide inserts into a metal oxide directly. Computational
studies24 yield a value of ΔGo

298K ≈ −26 kcal·mol−1 for eq 6.
Subtracting eq 6 from eq 7 yields eq 8 for which the Gibbs
energy change can be estimated using the thermodynamic
value for reaction 7 and that computed for reaction 6 and as
shown in eq 8.

‐ + → +

Δ ≈ − · −

cis

G

Na N O (s) CO (g) Na CO (s) N O(g)

40 kcal mol
2 2 2 2 2 3 2
o

298K
1

(8)

The current work reports studies of binding of N2O and CO2
at R3Sn-O-SnR3. This will allow comparison of the main group
metal Sn to the alkali metal Na. Work in progress is aimed at
kinetic and thermodynamic studies of Pt containing hyponi-
trites and carbonates. It is hoped that trends may emerge
suggesting how best to approach new reaction chemistry of
nitrous oxide. Considerable work in this area has been reported
by Severin25 and Hayton.26

The Gibbs energy value estimated for displacement of N2O
by CO2 from cis-Na2N2O2 as shown in eq 8 may be compared
to the computed value for the analogous reaction for the tin
hyponitrite 1Me studied in this work as shown in eq 9.

Figure 8. Optimized structure of the highest Gibbs energy transition
state (TS2Ph) for N2O elimination from 1Ph computed at the B3LYP-
D3(BJ)/Def2-TZVP//B3LYP-D3(BJ)/Def2-SVP level of theory20−22

in the gas phase. Selected intramolecular distances (in Å) and angles
(in deg): O1−N1 = 1.775; N1−N2 = 1.199; N2−O2 = 1.254; Sn1−
O1 = 2.062; Sn2−O1 = 2.102; Sn2−N2 = 2.836; Sn1−O−Sn2 =
129.7; Sn1−O1−N1 = 112.3; Sn2−O1−N1 = 109.4; O1−N1−N2 =
101.5; N1−N2−O2 = 133.2 [carbon (gray), nitrogen (blue), oxygen
(red), tin (green), hydrogen (white)].

Figure 9. Schematic Gibbs energy and enthalpy diagram for addition
of CO2 to 2Me and subsequent isomerization to the final product 3Me

computed at the B3LYP20-D3(BJ)21/Def2-TZVP22 level of theory.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01291
Inorg. Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01291?fig=fig9&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


‐ ‐ ‐ +

→ ‐ ‐ +





trans Me SnO N N OSnMe CO (g)

Me SnO C( O) OSnMe N O(g)
3 3 2

3 3 2 (9)

The calculated Gibbs energy change for addition of N2O to
Me3Sn-O-SnMe3 (2

Me) is ΔGo
298K = +40.3 kcal·mol−1 as it can

be seen in Figure 7. The computed ΔGo
298K value for CO2

insertion into the Sn−O bond of 2Me to make the monomeric
carbonate complex, 3Me, as shown in Figure 9, is ΔGo

298K =
−1.8 kcal·mol−1. Confidence in that value is gained by the
derived experimental value from the graph in SI Figure S6 of
ΔGo

298K = −3.6 ± 1.2 kcal·mol−1 for the analogous reaction
with 3Cy. Utilizing these data yields an estimate of ΔGo

298K =
−44 kcal·mol−1 for displacement of bound N2O by CO2 in
reaction 9. This is surprisingly close to the estimate made for
reaction 8 of ΔGo

298K = −40 kcal·mol−1. The relatively close
agreement assigned to conversion of a hyponitrite to a
carbonate for Na2O and Me3SnOSnMe3 appears to imply
that the dominant factor determining the relative stability may
lie in the hypothetical O2− transfer reaction shown in reaction
10 and relative Lux acidity27 of N2O and CO2, and that this is
closely related to resonance delocalization and charge
stabilization in the carbonate ion being greater than that of
the hyponitrite ion.

+ → +− −N O (g) CO (g) N O(g) CO (g)2 2
2

2 2 3
2

(10)

The Gibbs energy at 298 K for the acid base reaction shown in
reaction 10 is computed to be −48.1 and −46.0 kcal·mol−1 for
the cis- and trans-N2O2

2− anions, respectively, at the B3LYP-
D3(BJ)/Def2-TZVP level of theory.20−22 These values are
only slightly higher than those computed for reactions 8 and 9,
supporting the hypothesis that the most relevant energetic
contribution to these reactions is related to the difference in
resonance delocalization and charge stabilization in the ions
and simple binding reactions of CO2 and N2O to Na2O or
trans-Me3SnOSnMe3, as discussed earlier, may be similar in
reaction energy. Additional experimental work to further
support that hypothesis is planned.
In benzene solution in sealed NMR tube studies, the first

order decay of the hyponitrite complexes and their impervious
response to added PPh3, O2, CO2, and N2O were surprising.
This is in keeping with the computed mechanism that involves
migration of the Sn group from O to N as shown in Figure 7. It
is of interest to compare the mechanism computed in this work
for N2O elimination from the hyponitrite 1Me to the well
studied mechanism for dissociation of trans-H2N2O2 hyponi-
trous acid computed previously by Morokuma28 and more
recently by Thynell.29 Figure 10 shows a comparison of the
mechanism for the reverse reaction: N2O addition to H2O
(previously computed)30 or to Me3SnOSnMe3 (computed in
this work, see Figure 7) to yield trans-H2N2O2 or hyponitrite
1Me, respectively.
N2O capture processes by either water or Me3SnOSnMe3 to

form trans-hyponitrous acid or the trans-hyponitrite 1Me

complex are both highly endergonic processes (ΔGo
298K ≈

+53 and +40 kcal·mol−1, respectively). The transition states
and intermediates for both tin and hyponitrous acid are very
similar with no readily discernible difference. The Gibbs
energy barrier however is substantially higher for water than it
is for tin (+120 vs +65 kcal·mol−1). The ability of tin to
become hypervalent is the most probable reason for this. In
either TS, tin is able to obtain substantial donation from both
the N and the O lone pairs while migrating due to its larger

size and vacant 5d orbitals. In contrast, H migration requires
substantial weakening of the O−H bond, contributing to its
higher activation energy.
The rapid reaction of protic acids to eliminate H2N2O2

which subsequently decomposes to H2O and N2O in an acid
catalyzed reaction is a characteristic reaction of hyponitrites.1,2

Reaction of 1Ph or 1Cy with the transition metal carbonyl
hydride H-Cr(CO)3C5Me5 is rapid and produces Ph3Sn-
Cr(CO)3C5Me5 and H2N2O2 in high yields in organic solvents.
Since tin hyponitrites are stable, anhydrous, and store well
under dry argon, combined with the fact that the chromium
hydride may be prepared in high purity and that R3Sn-
Cr(CO)3C5Me5, CrSn, products are nonvolatile, the reaction
of tin hyponitrites with H-Cr(CO)3C5Me5 presents a
convenient method to prepare and vacuum transfer anhydrous
hyponitrous acid which may be of synthetic utility.
It is well-known that organic hyponitrites are decomposed

by radicals and either alkyl or alkoxy radicals may be produced
during this process. The tin hyponitrites, since they are large
and also contain vacant 5d orbitals, are a ready radical receptor,
and radical addition at the Sn center to form a hypervalent tin
radical intermediate appears to be more facile for stannyl as
opposed to alkyl hyponitrites. Investigation of reactions of the
17 electron organometallic radical •Cr(CO)3C5Me5 and 1Ph

shows concentration dependent behavior, and a plethora of
products are formed. These complex reactions are under
additional mechanistic investigation, but several observations
may be made at this time. At low radical concentrations, where
concerted attack of two •Cr(CO)3C5Me5 radicals is
disfavored, elimination of N2O from the tin hyponitrites is
moderately accelerated as proposed via generation of the
Ph3SnO• radical which serves as a radical carrier for nitrous
oxide elimination as shown in Scheme 2.
At higher Cr• concentrations, a more complex behavior was

observed. Carbon dioxide was evolved, and in addition, an
unstable intermediate complex as Cr(Cp*)(CO)2(NNO-
SnPh3) is formed together with detectable CO2 evolution.
When reactions of 1Ph are done with H-Cr(CO)3C5Me5
(which like H-Cr(CO)3C5H5 is both a weak acid and a facile
H atom transfer reagent), there is a more rapid evolution of

Figure 10. Reaction profile (kcal·mol−1) for the unfavorable addition
of N2O to H2O and Me3SnOSnMe3. Data for reaction of H2O and
N2O leading to trans-H2N2O2 are from Thynell29 [carbon (gray),
nitrogen (blue), oxygen (red), tin (green), hydrogen (white)].
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N2O and near quantitative formation of Ph3Sn-Cr-
(CO)3C5Me5 and H2O. While this resembles reactions of
other protic acids, the role of radical and H atom transfer
reactions can not be ruled out.

■ CONCLUSIONS
Experimental studies of the rate of loss of N2O from 1Ph and
1Cy are in good agreement with computational studies for 1Me.
The reaction is impervious to added N2O, CO2, O2, and PPh3,
which is in keeping with the concerted migration pathway
computed for 1Me and also closely resembles published work
for H2N2O2(g)

29 with larger computed barriers found for
hyponitrous acid than for 1Me. The lower activation energy for
loss of nitrous oxide from the tin hyponitrites compared to
hyponitrous acid is attributed to more facile mobility of the tin
group compared to the proton. The computed estimate for
ΔGo

298K for displacement of N2O from a hyponitrite by CO2 to
form a carbonate was found to be similar for 1Me (−44 kcal·
mol−1) and cis-Na2N2O2 (−40 kcal·mol−1). This may imply
that, while the absolute value of hyponitrite binding may vary
considerably, the relative stability of hyponitrite and carbonate
binding may be similar. Additional experimental and computa-
tional work is in progress30 with sodium oxide and other metal
oxides with high Lux basicity27 to further map kinetic and
thermodynamic factors controlling the reactivity of hyponi-
trites.
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