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Under mild conditions CO2 is found to react with [Sr{N-
(PPh2)2}2](THF)3 (1) to oxidatively cleave PPh2 groups from
N, resulting in the previously unknown ligand [N(CO2)3]

3�

coordinated to a Sr6 backbone. Overall, the Sr6 framework
chemically fixates twelve molar equivalents of CO2, half by
the formation of two [N(CO2)3]

3� ligands and the other half by
CO2 insertion to form the unprecedented phosphanyl-sub-
stituted carbamate O2CN(PPh2)2.

The reaction chemistry of carbon dioxide to form valuable
chemicals has garnered significant attention for several
decades. With interests extending from the economic desire
to convert a “useless” C1 source into higher-valued products
to the desire to mitigate global warming, CO2 fixation studies
span an enormous range.[1] More specifically, we[2] and
others[3] have previously studied the reaction chemistry of
CO2 with main-group metal amides to yield organic isocya-
nates and carbodiimides as products. Previous reactions of
these main-group complexes with CO2 have utilized silyl-
containing amido groups as ligands. It has been postulated
that the major driving force to produce the organic products is
the migration of the silyl group to form a strong Si�O bond
subsequent to CO2 insertion into the metal–nitrogen bond.[3c]

As part of our efforts in this area we have been interested
in expanding the different types of amido ligands that can be
utilized in reactions analogous to that shown in Scheme 1.
More specifically, we focused on replacing the SiMe3 groups
with PR2 substituents to prepare either phosphanyl-substi-
tuted isocyanates or bis(phosphanyl)carbodiimides. These
phosphorus-containing organic products are relatively rare
compounds that are of interest in a variety of reactions,
including novel heterocycle preparations, or as possible cross-
linking agents or biologically active compounds.[4] Despite
significant use in transition-metal[5] and now lanthanide
chemistry,[6] the N(PPh2)2 fragment is relatively unexplored
as a ligand in main-group chemistry.[7] Part of the reason for
this may be the tendency for the N(PPh2)2 ligand to undergo
oxidative scrambling reactions in many cases, resulting in

cleavage of the ligand and oxidation of the P atom to yield a
polyphosphazene product. Interestingly, the conditions
required in these reactions to scramble the N(PPh2)2 ligand
are typically quite forcing (e.g., boiling toluene for 5–60 h).[8]

Recently, Roesky reported the preparation and structural
characterization of the heavier Group 2 elements (Sr, Ba)
containing this N(PPh2)2 ligand.[9] Concurrent with Roesky�s
work, in our own laboratory we had prepared and charac-
terized the lighter Group 2 element (Mg, Ca) complexes of
the same ligand,[10] both of which were essentially isostruc-
tural to the Sr salt prepared by Roesky.[9]

Based on this background we examined the reaction of
CO2 with these compounds, including the highly ionic
complex 1. The reaction of 1 with CO2 is shown in
Scheme 2. Bubbling an excess of dry CO2 at room temper-
ature through a solution of 1 in THF led to a rapid reaction, as
evidenced by the complete disappearance of the signal in the
31P NMR spectrum of 1 in less than 15 min. 31P NMR
spectroscopic analysis of the product solution indicated a
mixture of P-containing compounds. Easily identifiable by
their 31P NMR chemical shifts were 2, a compound prepared
previously by N�th using a direct synthesis,[11] and trace
amounts of N(PPh2)3

[12] and HN(PPh2)2.
[11] It was thus obvious

to us that the expected reaction analogous to Scheme 1 had
not occurred, or at least not cleanly.

Scheme 1. Production of isocyanates and/or carbodiimides using diva-
lent main-group metal bis(silylamides) (M= Ge, Sn).[3c]

Scheme 2. Synthesis of compounds 2 and 3.
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Upon prolonged standing, the reaction mixture from
Scheme 2 deposited 3 as colorless single crystals suitable for
X-ray analysis.[13] The X-ray structure of 3 is shown in
Figure 1. It consists of a hexanuclear strontium backbone held

together by six bridging phosphanyl-modified carbamate
ligands O2CN(PPh2)2, formed by CO2 insertion into the Sr�
N bond of a N(PPh2)2 ligand. While the primary bonding
mode of the new ligand is h2-chelating to Sr through the O�
C�O linkage of the carbamate, one of the O atoms also acts as
a bridge to an adjacent Sr atom. Similarly, one of the P atoms
of the ligand provides an additional chelating arm to the same
adjacent Sr atom in the Sr6 backbone. This connectivity is
repeated around the ring. The Sr6 backbone itself can be
visualized as the chair form of cyclohexane. Furthermore, one
molecule of THF is also coordinated to each Sr atom, and one
additional THF molecule is present but disordered within the
crystal lattice.

The atomic structure of the core of 3 is shown in more
detail in Figure 2. Remarkably, two N(PPh2)2 ligands have
reacted with CO2 to cleave the PPh2 groups from nitrogen and
formally insert three molar equivalents of CO2, resulting in
the formation of two unprecedented, symmetry-related [N-
(CO2)3]

3� ligands linked to the Sr6 backbone. A search of the
Cambridge Crystallographic Database (August 2008 update)
found no structure containing the [N(CO2)3]

3� fragment. The
extraordinary reactivity of 1 towards CO2, resulting in facile
CO2-induced cleavage of the N(PPh2)2 ligand at ambient
temperature and pressure within minutes, is highly unex-
pected and unusual. [N(CO2)3]

3� can be viewed as the trianion

derived from deprotonation of the hypothetical N(CO2H)3

molecule.[14] While the parent triprotic acid complex is
unknown, organic esters of the formula N(CO2R)3 (where
R = Et, tBu, or substituted cyclohexyl derivatives) have been
prepared by conventional synthetic routes that do not involve
direct insertions of CO2.

[15]

Complex 3 was further characterized by other spectro-
scopic methods. Due to its insolubility in common organic
solvents, a solid-state 31P NMR spectrum of 3 was obtained
instead. It cleanly showed a single, relatively sharp resonance
at 36.5 ppm, indicating that the P atoms are equivalent, or
very nearly so, in the solid state. The infrared spectrum
contained stretches at 1659 and 1603 cm�1, indicating the
presence of the carboxylate moiety.

After identification of 3, a possible explanation for the
formation of the N(PPh2)3 byproduct can be postulated.
Ellermann et al. have seen that N(PPh2)3 can arise from
disproportionation of the [N(PPh2)2]

� ion, which also results
in a {N�PPh2} nitrene intermediate.[8a] We believe that the
[N(PPh2)2]

� ion can be transiently generated during the
formation of 3, thus leading to the possibility for undesired
conversion of our starting material into N(PPh2)3, thereby
decreasing the yield of 3.

Finally, we note that this novel reaction behavior and
chemical conversion of CO2 to [N(CO2)3]

3� does not appear to
be limited to Sr complexes. We have observed rapid reactions
of CO2 with the lighter Group 2 complexes [Mg{N(PPh2)2}]-
(THF)2 and [Ca{N(PPh2)2}](THF)3, and full characterization
of these products is currently underway. Initial results suggest
that the Ca salt behaves virtually identically to 1, while the Mg
complex reacts differently. This is not entirely unexpected, as
the much smaller Mg cation is likely unable to accommodate
the eight bonds seen the Sr-containing product 1.

Experimental Section
All manipulations were carried out in an argon-filled glovebox or
using standard Schlenk techniques. The ligand HN(PPh2)2

[11] and the
starting complex [Sr{N(PPh2)2}2](THF)3 (1)[9] were synthesized
according to literature procedures.

3 : Carbon dioxide was bubbled into a colorless solution of 1
(0.75 g, 0.24 mmol) in anhydrous THF (ca. 10 mL). After 15 min, the
solution was purged with argon and left undisturbed at room
temperature. Colorless, needle-like crystals of 3 grew over a period
of weeks and were isolated by decanting the solvent. Yield: 0.067 g

Figure 1. X-ray crystal structure of 3. Thermal ellipsoids are set at the
50% probability level. For clarity, hydrogen atoms and THF molecules
have been removed, and the phenyl rings are shown as stick drawings.
The periphery of the molecule consists of one O2C[N(PPh2)2] group per
Sr atom. The core of the structure (shown in more detail in Figure 2)
consists of two symmetry-related [N(CO2)3]

3� fragments coordinated
to six Sr atoms.

Figure 2. X-ray crystal structure of the core of 3. Thermal ellipsoids are
set at the 50% probability level.
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(15% based on Sr). Mp = 177–1788C. Elemental analysis (%) for
C184H176N8O31P12Sr6 calcd: C 56.77, H 4.56, N 2.88; found: C 56.95,
H 4.50, N 2.88. IR: ñ = 1659 (vs), 1603 (s), 1432 (m), 1384 (m), 1308
(m), 1272 (s), 1018 (m), 815 (m), 738 (m), 692 cm�1 (m). CP-MAS
31P NMR (101 MHz): d = 36.5 ppm. Byproducts including Ph2P�
Ph2P=N�PPh2 (2), N(PPh2)3, and HN(PPh2)2 were identified by
31P NMR spectra of the crude reaction mixture but were not isolated.
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