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respectively) as the only products that incorporated deute-
rium. Overall, this reaction represents a disproportionation of
HCO2

! into CO2 and CH3O
! .

High-resolution mass spectrometry (ESI, negative mode)
of an aliquot of the reaction mixture after heating for 24 h at
160 8C offered great insight into the mechanism. Ions in the
mass spectrum could be assigned to the borate anions in 1 and
2 as well as anions of HOB(C6F5)3, CH3OB(C6F5)3, and
HCO2B(C6F5)3 hydrogen-bonded to H2O·B(C6F5)3. Curiously,
the species (C6F5)3B(HCO2)B(C6F5)3, which could result from
the reaction of HCO2B(C6F5)3 with free B(C6F5)3, was also
detected.

A proposed mechanism which takes into account all the
experimental findings is shown in Scheme 3. The establish-
ment of equilibrium concentrations of CO2 and 1 from 2 is
followed by reversible decomposition of the borohydride salt
into free H2, TMP, and B(C6F5)3; evidence for this process was
established through 19F NMR spectroscopy, which showed the
presence of 17% B(C6F5)3 after a solution of 1 was heated to

160 8C. The attack of B(C6F5)3 on the acyl oxygen atom of 2
produces an intermediate A (Scheme 3), which is thought to
give rise to the broad doublet observed at d = 174.5 ppm in
the 13C NMR spectrum; the downfield shift and line shape of
this signal indicate increased electron deficiency due to the
coordination of an additional bulky B(C6F5)3 molecule near a
single carbon center. Hydride reduction of the activated
formate A by an equivalent of 1 then leads to the formalde-
hyde acetal (intermediate B) and B(C6F5)3. The instability of
acetals in protic media (their transformation into an aldehyde
and H2O) is well-documented.[16] In this instance, the
[TMPH]+ counterions may serve as H+ donors in the cleavage
of B to give H2CO·B(C6F5)3 (C) and 3. Intermediate C is
expected to be a potent electrophile and undergoes a final
hydride reduction in the presence of 1 to form 4. The absence
of any reduction products between formate and methoxide
indicates that the conversion of A to B is rate-determining,
and is anticipated from the necessity of crowding three large
B(C6F5)3 molecules around a hindered formate in the
reduction step.

To confirm that 3 and 4 were formed in the reaction, these
compounds were synthesized independently from TMP and
H2O·B(C6F5)3

[17] (1:1) in the case of 3, and through the
addition of anhydrous MeOH (1 equiv) to an equimolar
mixture of TMP and B(C6F5)3 in the case of 4. Heating of a
toluene solution of 4 prepared in this way at 160 8C led to the
rapid production of 1 equivalent each of C6F5H and CH3OB-
(C6F5)2. The reaction of 3 under these conditions was slower
and proceeded to the boroxin (OB(C6F5))3

[18] (presumably via
HOB(C6F5)2). All of these compounds (C6F5H, CH3OB-
(C6F5)2, and (OB(C6F5))3) were identified by 1H, 19F, and
11B NMR spectroscopy and MS (EI/FI) as products of the
heating of 2 after completion of the reaction.

Since the only labile source of protons in the decom-
position reactions of 3 and 4 is the TMPH cation, recombi-
nation of the ion pairs to form TMP and ROH·B(C6F5)3 (R =

Figure 2. 13C NMR spectra of 2a after a) 0 h, b) 24 h, and c) 144 h at
160 8C. * denotes peaks from the solvent (C7D8); insets are magnifica-
tions of the region of 13CO2 resonance.

Scheme 3. Proposed mechanism for the disproportionation of 2 into 4
and CO2.
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Carbon dioxide is a gas that is changing our environment. Its
role as a greenhouse gas is clear with the onset of global
warming. In efforts to address this issue, ambitious and
creative schemes are targeting materials including zeolites,
silica gels, aluminas, and activated carbons,[1] as well as
sophisticated metal–organic frameworks (MOFs)[2] for the
benign capture and storage of carbon dioxide.[3] An alter-
native approach is focused on the potential use of carbon
dioxide as a C1 chemical feedstock.[4] To this end, strategies
typically target the potential of transition-metal-based
chemistry and catalysis.[4,5] For example, ruthenium-based
catalysts have been shown to effect the hydrogenation of
carbon dioxide to formic acid derivatives.[4e]

The fundamental difficulty in addressing strategies to
either sequester or chemically modify carbon dioxide is its
remarkable thermodynamic stability and its limited reactivity.
In the absence of water, carbon dioxide is known to react with
strong nucleophiles and coordinatively unsaturated transi-
tion-metal species, while organic bases readily convert it to
bicarbonate salts in the presence of hydroxide.[6] On the other
hand, reactions of carbon dioxide with main-group systems
are poorly explored.[3] While CO2 is known to insert into P!N,
As!N, and Si!N bonds,[7,8] only recently have reports
described the carboxylation of N-heterocyclic carbenes.[9,10]

Reactions of CO2 with main-group metal amides were also
reported.[11]

We recently developed a new approach to main-group
reactivity, derived from the concept of “frustrated Lewis
pairs”,[12] that is, systems in which steric congestion precludes
neutralization. These systems offer latent Lewis acidity and
basicity for reaction with small molecules. In this vein, we[13]

and others[14] have exploited this notion for the heterolytic
activation of dihydrogen and subsequent application of the
resulting systems in metal-free catalytic hydrogenation and
addition to olefins.[15, 16] Herein, we demonstrate that the
concept of frustrated Lewis pairs can be exploited to effect
the reversible binding of carbon dioxide under mild con-
ditions.

A solution of B(C6F5)3 and PtBu3 in C6H5Br was covered
with an atmosphere of carbon dioxide, resulting in the
immediate precipitation of a white solid (1), which was
isolated in 87% yield (Scheme 1). This product exhibited

resonances in the 31P{1H} and 11B{1H} NMR spectra at d = 46.1
and !2.7 ppm, respectively. The 19F NMR spectrum showed
signals at d =!133.5,!160.4, and!166.0 ppm, typical of C6F5

substituents on a four-coordinate boron center. The 13C NMR
spectrum of 1 showed resonances expected for the constituent
phosphorus and boron fragments as well as a signal at d =
161.6 ppm, which exhibited a P!C coupling of 93 Hz; the IR
spectrum of 1 showed an absorption at 1695 cm!1 attributable
to a C=O stretch. Collectively, these data support the
formulation of 1 as tBu3P(CO2)B(C6F5)3.

In a similar manner, pressurizing a pentane solution of the
“antagonistic”[17] Lewis pair (Me3C6H2)2PCH2CH2B(C6F5)2

(2)[18] with 2 bar carbon dioxide results in formation of a

Scheme 1. Reversible CO2 uptake and release by frustrated phosphine–
borane Lewis pairs.
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Reversible, Metal-Free
Hydrogen Activation
Gregory C. Welch, Ronan R. San Juan, Jason D. Masuda, Douglas W. Stephan*

Although reversible covalent activation of molecular hydrogen (H2) is a common reaction at
transition metal centers, it has proven elusive in compounds of the lighter elements. We report that
the compound (C6H2Me3)2PH(C6F4)BH(C6F5)2 (Me, methyl), which we derived through an unusual
reaction involving dimesitylphosphine substitution at a para carbon of tris(pentafluorophenyl)
borane, cleanly loses H2 at temperatures above 100°C. Preliminary kinetic studies reveal this
process to be first order. Remarkably, the dehydrogenated product (C6H2Me3)2P(C6F4)B(C6F5)2 is
stable and reacts with 1 atmosphere of H2 at 25°C to reform the starting complex. Deuteration
studies were also carried out to probe the mechanism.

The generation and use of H2 are impor-
tant processes to fundamental chemical
transformations (1–7) and biological

functions (8). The overwhelming majority
of systems known to either liberate or react
with H2 involve reaction at a transition metal
center. Hydrogenase enzymes, as well as a
plethora of synthetic stoichiometric and cat-
alytic reagents for hydrogenation reactions,
are based on the processes of oxidative ad-
dition and reductive elimination of H2 at a
metal center. Metal-free systems that either
react with or liberate H2 are rare. A unique
metal-free hydrogenase from methanogenic
archaea has been shown to catalyze reactions
with H2 (9–11), and theoretical studies
suggest the role of a folate-like cofactor in
the reversible activation or liberation of H2

(12, 13). Several metal-free systems have been
shown to activate H2. For example, main group
element–H2 reactions (14) in low-temperature
matrices have been reported (15–17), and
computational studies have probed the occur-
rence of H2 bonds in main-group compounds
(18, 19). More recently, Power and co-workers
(20) reported that the addition of H2 to Ge2-
alkyne analogs affords a mixture of Ge2 and
primary germane products. Metal-free sys-
tems that liberate H2 are of interest for their
potential in H2 storage applications. Al-
though much effort has focused on hydride
salts (21–23), a recent report by Thorn and
co-workers describes an organic “hydride”
system that reacts with protic compounds to

eliminate H2, although the assistance of a
metal-based catalyst is required (24). Despite
these advances, no metal-free system is yet
reported to effect both the clean liberation and
addition of H2.

Here we report a phosphonium-borate spe-
cies that undergoes thermally induced loss of
H2 to generate the corresponding phosphine-
borane. We discovered this reaction sequence
in the course of our studies on phosphine-

borane interactions. The well-known Lewis
acidic polymerization cocatalyst B(C6F5)3
behaves as a traditional Lewis acid with donor
molecules to form simple Lewis acid-base
adducts (25, 26). However, we have discov-
ered that the sterically demanding secondary
phosphine (C6H2Me3)2PH reacts with B(C6F5)3
to effect para-nucleophilic aromatic substitu-
tion, affording the zwitterionic phosphonium-
borate (C6H2Me3)2PH(C6F4)BF(C6F5)2 1 (27)
(Fig. 1).

The white, air- and moisture-stable solid
1 was isolated in 78% yield and exhibited a
single phosphonium resonance in the 31P{1H}
nuclear magnetic resonance (NMR) spectrum
at –37.7 ppm as well as resonances in the 19F
NMR spectrum consistent with the presence of
a BF bond and C6F4 and C6F5 rings. The corre-
sponding 11B NMR resonance revealed B-F
coupling, and the 1H NMR spectrum showed a
doublet at 8.52 ppm from the PH fragment.
Upon cooling to –15°C, the 19F NMR reso-
nances of the C6F4 bridge at –134 and –129
ppm split into doublets, consistent with inhibited
rotation about the P–C6F4 bond. The thermo-
dynamic barrier to this rotation was determined
by variable-temperature NMR spectroscopy to be

Department of Chemistry and Biochemistry, University of
Windsor, Windsor, Ontario N9B 3P4, Canada.

*To whom correspondence should be addressed. E-mail:
stephan@uwindsor.ca Fig. 1. Syntheses of compounds 1 to 4.
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Reaction of FLP with CO2	

ACIE 2009, 48, 6643.	
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Non-Metal-Mediated Homogeneous Hydrogenation of CO2 to
CH3OH**
Andrew E. Ashley,* Amber L. Thompson, and Dermot O!Hare*

The role of carbon dioxide as a greenhouse gas and its
contribution to global warming are widely recognized by both
scientists and governmental agencies.[1] It is now imperative
that new reactions and processes are discovered for the
efficient storage or utilization of the abundant and renewable
CO2 resource in an environmentally friendly manner. How-
ever, we face a fundamental challenge in that carbon dioxide
is very kinetically and thermodynamically stable.

Storage of the nonpolar CO2 molecule in a solid has
proven difficult, yet progress is being made through the use of
a range of high-surface-area macro- and microporous materi-
als, such as inorganic materials (e.g. alumina, silicas, and
zeolites), organic materials (e.g. activated carbon materials),
and complex metal–organic frameworks (MOFs).[2] Arguably
a more desirable outcome would be the low-temperature
conversion of CO2 into useful chemicals for both energy and
as chemical feedstocks. The transformation of CO2 in this
manner would have the additional benefit of reducing our
fossil-fuel requirements. Homogeneous and heterogeneous
processes have been developed that utilize CO2 to produce
CO as well as formic acid and its derivatives.[3] However, these
reactions are far from ideal, and so further breakthrough
technologies are required.

Of particular interest is the reduction of CO2 by H2 to give
renewable sources, such as methanol. CH3OH is considered to
be a valuable product because it can be stored and trans-
ported safely. World demand for CH3OH is currently
increasing enormously because of its role as a precursor to
many useful organic chemicals (e.g. formaldehyde, acetic
acid), as a substitute for fuels, and in the generation of
electricity in fuel cells. The hydrogenation of CO2 to CH3OH
is thermodynamically favorable, but it is not the most
favorable transformation of CO2 with H2 (Scheme 1). CO2

hydrogenation has been developed extensively with solid
oxide catalysts; it was first reported in homogeneous solution
by Sasaki and co-workers, who used [Ru3(CO)12]/KI mix-

tures.[4] However, these systems tend to give mixtures of C1

products: CO, CH3OH, and CH4. Furthermore, we are not
aware of the homogeneous conversion of CO2 into CH3OH
with nonmetal complexes.

In recent years, Stephan and co-workers have been
developing the concept of “frustrated Lewis pairs” (FLPs).[5]

In these systems, the steric environment imposed on the
donor and acceptor atoms by the substituents prevents a
strong donor–acceptor interaction. The research groups of
Stephan, Erker, Repo and Rieger, and others have shown that
such Lewis acid/base combinations can activate H2 heterolyti-
cally.[6] These systems can be used in metal-free catalytic
hydrogenation and addition to olefins and other organic
substrates.[7] Recently, Stephan and co-workers also showed
that B(C6F5)3 and tBu3P in C6H5Br can bind carbon dioxide
reversibly under mild conditions.[8] Herein we describe the
heterolytic activation of hydrogen and subsequent insertion
of CO2 into a B!H bond in the first homogeneous process for
the conversion of CO2 into methanol.

The reaction of H2 with an equimolar mixture of 2,2,6,6-
tetramethylpiperidine (TMP, Me4C5NH) and B(C6F5)3 was
documented by Sumerin et al. to give the salt [TMPH]
[HB(C6F5)3] (1; Scheme 2), which results from heterolytic
fission of the hydrogen molecule.[9] We found that the
introduction of CO2 into a solution of 1 in toluene at 100 8C
produced the unique formatoborate complex [TMPH]-
[HCO2B(C6F5)3] (2) in quantitative yield; the reaction can
be monitored conveniently by solution 19F NMR spectrosco-
py.[10] The 1H NMR (C7D8) spectrum of 2 revealed a down-
field shift of the signals for the NH2 hydrogen atoms of about

Scheme 1. Thermodynamic parameters for the hydrogenation of CO2

to various C1 products.

Scheme 2. Reversible reduction of CO2 to formate 2 with H2 activated
by a frustrated Lewis acid–base pair 1.
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Reaction of FLP with H2/CO2	

1	
2	

CH3, H) must occur (Scheme 4). This hypothesis was corro-
borated by the detection of H2O·B(C6F5)3 hydrogen-bonded
with various anions in the electrospray mass spectrum.[19]

Although studies have shown that such adducts can dissociate
to give ROH and free B(C6F5)3,

[20] at these temperatures
protonation of the ipso carbon atoms on the C6F5 rings (to
yield ROB(C6F5)2 and C6F5H) appears to be faster, which
precludes any catalytic turnover.

Finally, upon the addition of CO2 (1 equiv) to a 1:1
mixture of TMP/B(C6F5)3 (4 equiv) in C7D8 under an H2

atmosphere, quantitative conversion into CH3OB(C6F5)2 via
2 was observed after 6 days at 160 8C. Remarkably, vacuum
distillation of the solvent (100 8C) led to the isolation of
CH3OH (17–25% yield based on integration of the 1H NMR
spectrum against internal Cp2Fe and GC analysis) as the sole
C1 product, alongside C6F5H and TMP by-products. We
expect that the formation of methanol results from the
reaction of CH3OB(C6F5)2 with TMP or its conjugate acid
(Scheme 4).[21]

In conclusion, we have demonstrated the selective hydro-
genation of CO2 to CH3OH by using an FLP-based non-
metal-mediated procedure at low pressures (1–2 atm). Cur-
rent investigations are focused on increasing the stability of
the system towards hydroxylic agents with the hope of
thereby rendering the system catalytic.

Experimental Section
Experiments were conducted on a dual-manifold gas-inlet/vacuum
line or in a glove box under a nitrogen atmosphere, unless indicated
otherwise. Reaction solvents were dried by using an MBraun SPS-800
solvent-purification system and stored over potassium mirrors; NMR
solvents were freeze–thaw degassed and stored over potassium
(C7D8) or molecular sieves (CD2Cl2, [D6]dimethyl sulfoxide). H2

(BOC) and CO2 (Sigma–Aldrich) were dried by passage through a
column of molecular sieves prior to use. 2,2,6,6-Tetramethylpiper-
idine (TMP, Sigma–Aldrich) was distilled and dried over 3 !
molecular sieves. HCO2H (95 wt%), DCO2D (98 atom% D), and
H13CO2H (Goss Scientific, 99 atom% 13C) were used. B(C6F5)3

(sublimed prior to use),[22] H2O·B(C6F5)3,[17c] [D1]TMP (N!D),[23]

and 1[9] were synthesized according to literature procedures. The
following instrumentation was used: a Varian Mercury VX-Works
300 MHz spectrometer for 1H, 2H, 13C, 19F (external CFCl3 reference),
and 11B (external BF3·OEt2 reference) NMR spectroscopy; an Enraf–
Nonius FR590 KappaCCD diffractometer for X-ray diffraction; a
Waters GCT (EI/FI source) or Bruker FT-ICR-MS Apex Qe
spectrometer (9.4 T, ESI in negative mode) for mass spectrometry.

GC analysis was performed on an SGE BP1 column (25 m, inside
diameter: 0.53 mm, 5 mm film) with an initial temperature of 50 8C
(hold, 2.5 min), then a 50 8C min!1 ramp to 250 8C. Elemental
microanalyses were conducted by Stephen Boyer at London Metro-
politan University.
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Stoichiometric Reduction of CO2 to CO by Aluminum-Based
Frustrated Lewis Pairs**
Gabriel M!nard and Douglas W. Stephan*

The dramatic rise in the consumption of fossil fuels since the
industrial revolution has resulted in rapid increases in
atmospheric CO2 levels, exacerbating global climate
change.[1] While mitigating emissions through reduced con-
sumption and improved efficiency will most likely offer the
best solutions, technologies such as carbon capture and
storage continue to be developed in the hopes of eliminating
some industrial emissions.[2] In addition to the environmental
motivation, the rising costs and dwindling supplies of fossil
fuels have prompted efforts to develop alternative energy
sources. While this has generated a number of clever
innovations in energy technology,[3–8] one approach that has
garnered attention and addresses both the environmental and
alternative energy issues is based on the concept of utilizing
CO2 as a C1 source for fuels. Indeed, one perturbation of this
idea is the “methanol economy” espoused by Olah some
10 years ago.[9, 10] To avoid further environmental issues and
deal with thermodynamic realities, this vision requires the
reduction of CO2 by photochemically generated H2.[11, 12]

While intense efforts are targeting the photocatalytic splitting
of water,[13, 14] recent efforts have targeted fundamentally new
main-group-mediated routes to the reduction chemistry of
CO2.

[15–18]

Recently, we have been exploiting the concept of “frus-
trated Lewis pairs” (FLPs) for the activation of a variety of
small molecules.[19–22] In particular, we have shown that
systems derived from sterically demanding phosphines and
boranes are capable of reversibly binding CO2.

[23] Subse-
quently, we showed that FLPs derived from aluminum halides
(X = Cl or Br) and PMes3 (Mes = 2,4,6-C6H2Me3) react with
CO2 to give the species Mes3PC(OAlX3)2 (X = Cl, Br).[16]

Treatment of these products with ammonia–borane
(H3NBH3) and subsequent hydrolysis resulted in the stoi-
chiometric reduction of CO2 to methanol. Herein, we report
that these P/Al/CO2 compounds also provide a pathway for
the reduction of CO2 to CO. Initial information regarding the
mechanism of this remarkably facile and metal-free reduction
are presented.

The species Mes3P(C(OAlI3)2 (1) was readily synthesized
in a similar fashion to chloride and bromide analogues
[Eq. (1)].[16] The compound is isolated by precipitation after

5 minutes following the combination of the reagents. The
27Al NMR resonance for 1 is observed at 20 ppm and is
markedly upfield from those of Mes3PC(OAlX3)2 (X = Cl,
Br), which is consistent with literature values of 27Al shifts for
aluminum halides.[24] Allowing the initial reaction mixture of
PMes3 and AlI3 to stir under CO2 for 16 h afforded two new
compounds 2 and 3 in a 1:1 ratio, as evidenced by 31P NMR
spectroscopy. The 31P NMR resonance for 2 was observed at
20 ppm, exhibiting P!C coupling of 118 Hz. 27Al NMR
spectroscopy showed a broad peak at 31 ppm (u1/2 = ca.
170 Hz), which is slightly downfield from the starting material
1 at 20 ppm. Crystals of the product 2 were also obtained and
were shown to be Mes3P(C(OAlI2)2O)(AlI3) (Figure 1). This

Figure 1. POV-ray depiction of 2. H atoms are omitted for clarity.
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Abstract: The frustrated Lewis pair system consisting of 2
equiv of 2,2,6,6-tetramethylpiperidine (TMP) and tris(pentafluo-
rophenyl)borane [B(C6F5)3] activates carbon dioxide to form a
boratocarbamate-TMPH ion pair. In the presence of triethyl-
silane, this species is converted to a silyl carbamate and the
known ion pair [TMPH]+[HB(C6F5)3]-, which recently was
shown to react with CO2 via transfer of the hydride from the
hydridoborate to form the formatoborate [TMPH]+[HC(O)-
OB(C6F5)3]-. In the presence of extra B(C6F5)3 (0.1-1.0 equiv)
and excess triethylsilane, the formatoborate is rapidly
hydrosilated to form a formatosilane and regenerate
[TMPH]+[HB(C6F5)3]-. The formatosilane in turn is rapidly
hydrosilated by the B(C6F5)3/Et3SiH system to CH4, with
(Et3Si)2O as the byproduct. At low [Et3SiH], intermediate CO2

reduction products are observed; addition of more CO2/Et3SiH
results in resumed hydrosilylation, indicating that this is a
robust, living tandem catalytic system for the deoxygenative
reduction of CO2 to CH4.

The utilization of carbon dioxide as a sustainable and nontoxic C1
feedstock for the production of value-added chemical products such
as carboxylic acids or fuels such as methanol and methane is of current
interest.1 The high thermodynamic stability of CO2 necessitates its
catalytic activation and coupling to a thermodynamic driver for efficient
conversion. Transition-metal-based catalysts have played a dominant
role in CO2 conversion, but recently, an increasing number of
organocatalytic CO2 reduction schemes have emerged.2 For example,
N-heterocyclic carbenes (NHCs) reversibly form zwitterionic adducts
NHC ·CO2 that are considered key intermediates in the reductive
deoxygenation of CO2 using diphenylsilane as a sacrificial reducing
agent, affording CH3OH upon workup.3

In this context, activation of CO2 by transition-metal-free
“frustrated Lewis pairs” (FLPs)4 has led to the development of
stoichiometric reductions of CO2 to CH3OH. Here, the FLPs form
bridging carboxylate species5 that can accept hydrogen from
ammonia borane6 or via a thermally driven, multistep self-reduction
in which the key step is a reversible B-H bond addition of
hydridotris(pentafluorophenyl)borate to one CdO double bond of
CO2, affording the formatoborate anion [HC(O)OB(C6F5)3]-.7

Ultimately, hydrolysis of CH3O-LA (LA ) BX3 or AlX3) is
required in order to obtain methanol.

Boron-hydrogen bond addition to CO2 mediated by phospho-
nium or ammonium borate ion pairs formed via FLP hydrogen
splitting thus offers a potential entry point into catalytic CO2 fixation
in the presence of a suitable reducing agent (oxygen acceptor). We
have shown that perfluoroarylboranes are excellent catalysts for
the reductive hydrosilylation of carbonyl functions8 and C-O
bonds,9 a potentially useful reaction for subsequent steps in the
reductive deoxygenation of CO2 to CH4.

The ammonium hydridoborate ion pair 1 formed by treatment of
the FLP B(C6F5)3/2,2,6,6-tetramethylpiperidine (TMP) and hydrogen10

(32 mM, C6D5Br) reacted with CO2 (2-4 atm) in the presence of
Et3SiH (18 equiv) at 56 °C to afford the previously reported7

formatoborate 2 exclusively (see Scheme 1).11 The reaction was
monitored by 1H and 19F NMR spectroscopy, and integration versus
an internal standard (C6H5CF3, 9 mM) revealed that no Et3SiH was
consumed. Thus, although the formation of 2 is reversible,7 there does
not appear to be sufficient free B(C6F5)3 present under these conditions
to activate silane for further reduction of 2.

Accordingly, we carried out a reaction under identical conditions
with an additional 1.0 equiv of B(C6F5)3 (relative to 1) present.
This resulted in the immediate and complete conversion of 2 back
into 1 at room temperature and the appearance of the products of
CO2 hydrosilylation. Further monitoring of the reaction by 1H and
19F NMR spectroscopy at 56 °C showed that silane was gradually
consumed and that CH4 along with 2 equiv of (Et3Si)2O were
formed as the ultimate reaction products. Minor amounts of
bis(triethylsilyl)acetal, (Et3SiO)2CH2, (∼10%) were also present.
Interestingly, 1 and B(C6F5)3 were the only boron-containing
compounds detectable during the reaction but diminished in favor
of a new species, 3, upon complete silane consumption. At the same
time, the characteristic signals of HCO2SiEt3, {Et3SiO}2CH2, and
Et3SiOCH3 in C6D5Br became evident in the 1H NMR spectra. Upon
addition of further silane equivalents and pressurization with fresh
CO2, these partially reduced intermediates were depleted and
methane formation resumed, indicating a “living” catalytic system.

Scheme 1
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the apical position of the trigonal bipyramidal ar-
rangement.[26,28]

This review covers the application of phosphonium
salts as Lewis acidic catalysts under homogeneous
conditions as well as the use of chiral derivatives as
asymmetric (phase-transfer) catalysts.

2 C!C Bond Forming Reactions

In the course of their investigations to explore novel
metal-free Lewis acidic catalysts Mukaiyama et al. in-
vestigated the use of phosphonium salts as catalysts in
several carbon-carbon bond forming reactions.[29,30]

They successfully employed diphosphonium salts 7
and 8 as a catalyst in Mukaiyama-aldol reactions of
aldehydes with silyl enol ethers and ketene silyl ace-
tals (Table 1). In all cases, the reactions proceeded
smoothly in CH2Cl2 at low temperature and the corre-
sponding aldol products were obtained in fairly good
yields. Other solvents such as THF, toluene or aceto-
nitrile gave slightly lower yields. The syn-product was
preferably formed in moderate selectivity if applica-
ble. Notably, the catalysts were also effective for the
reaction of aldehydes containing amino groups, such
as p-N,N-dimethylaminobenzaldehyde and indole-3-
carboxaldehyde.

Under the same reaction conditions acetals, syn-
thetic equivalents of aldehydes, were also available in
this reaction (Table 2). Other silyl nucleophiles such
as allyltrimethylsilane and trimethylsilyl cyanide were
smoothly converted to the corresponding aldol-type
products.

Moreover, they employed the enol ethers and tri-
methylallylsilane as nucleophiles in a phosphonium
salt-catalyzed Michael reaction. The best result was
obtained with trimethylallylsilane as a nucleophile
(Scheme 3). Even though yields in this reaction were
only moderate the general potential of phosphonium
salts as Lewis acidic organocatalysts was demonstrat-
ed.

The possibility to convert unprotected indole deriv-
atives in Mukaiyama-aldol-type reactions was utilized
by Metz et al. in the synthesis of a potential glycine-
site N-methyl-d-aspartate receptor antagonist
(Scheme 4).[31] The use of substoichiometric amounts
of 8 to mediate the reaction between an indole deriv-
ative and several ketene silyl acetals gave a mixture
of the corresponding alcohols and silyl ethers in low
to moderate yields. The relative stereochemistry was
not significant, since the mixtures were converted to
the corresponding a,b-unsaturated products under
acidic conditions.

Scheme 2. Hypervalent interaction between a phosphonium
salt and a Lewis base.

Table 1. Mukaiyama-aldol reaction.[a]

Aldehyde Nucleophile Cat. Yield [%]

8 98[b]

7 76

7 67

7 54

7 53

7 71[c]

8 70

[a] The reaction was carried out in a molar ratio of carbonyl
aldehyde:nucleophile= 1:1 in CH2Cl2 at !78 8C for 2 h.

[b] The product was obtained in 71:29 dr (syn :anti).
[c] THF was used as solvent.

Scheme 3. Michael reaction catalyzed by diphosphonium salt 7.
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decreased with increasing steric demand of the sub-
stituent R2 at the nitrogen and R6 at the silicon, re-
spectively. However, in most cases the desired prod-
uct was obtained in good to excellent yields but low
diastereoselectivity. Higher reaction temperatures and
lower catalyst loading (2.5 mol%) had only a marginal
influence on the yield. The authors proposed that the
reaction proceeds via the activation of the Lewis
basic imines by the coordination to the Lewis acidic
diphosphonium salt.

Recently Terada et al. reported about another fun-
damental carbon-carbon bond forming reaction that
can be catalyzed by phosphonium salts. They investi-
gated the Diels–Alder reaction of a,b-unsaturated
amides and cyclopentadiene catalyzed by various
phosphonium salts (Scheme 10).[26] The addition of
Tf2O increased the yield significantly. It was con-
firmed by control experiments that Tf2O alone did
not catalyze the reaction at all. In the presence of cat-
alyst 11, Z-configurated dienophiles gave the corre-
sponding Diels–Alder product in excellent yields and
high endo-selectivity (>97%). In contrast, E-configu-
rated amide dienophiles showed lower yields and a
preference to form the exo-products.

The ability of the employed phosphonium salts to
function as a Lewis acid catalyst in this reaction
strongly depended on the structure and the substitu-
ents at the phosphorus atom. A five-membered dioxa-
phosphacycle was thereby crucial for catalytic activity.
The performed coordination studies using 11 and
DMF as a model system revealed that DMF coordi-

nates to the Lewis acidic organophosphorus com-
pound (Scheme 11). The performed NMR studies sug-
gest that the phosphonium salt arranged in a trigonal
bipyramidal configuration upon coordination of the
Lewis base DMF. One of the two catechol moiety
oxygen atoms and the carbonyl oxygen of DMF
occupy the apical positions, thus stabilizing the
formed hypervalent bond.

Cyanohydrin trimethylsilyl ethers are versatile in-
termediates, e.g., for the synthesis of a-hydroxy acids
and b-amino alcohols.[39] The cyanosilylation of an
acetal as an aldehyde equivalent, namely E-cinnamal-
dehyde dimethyl acetal, catalyzed by 7 was first re-
ported by Mukaiyama et al.[30] Plumet et al. reported
the synthesis of cyanohydrin trimethylsilyl ethers
from aldehydes and TMSCN catalyzed by the simple
and easily accessible phosphonium salt 12
(Scheme 12).[40] Aliphatic, aromatic and heterocyclic
aldehydes were converted under very mild conditions
yielding the corresponding cyanohydrin trimethylsilyl
ethers in good to excellent yields. In the case of
a,b-unsaturated aldehydes the exclusive formation of
the desired product was observed. If reactants with

Scheme 10. Diels–Alder reaction catalyzed by 11.

Scheme 11. Formation and coordination mode of the DMF/
phosphonium salt 11 complex.

Scheme 12. Cyanosilylation of aldehydes catalyzed by 12
and selected examples.
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aldehydes were converted under very mild conditions
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Phosphorus as a Lewis Acid: CO2 Sequestration with
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The role of CO2 as a greenhouse gas has prompted wide-
spread efforts for carbon capture. To date, a number of
strategies have been developed to sequester this gas using
materials such as alumina, silica, zeolites, activated carbon,
and metal–organic frameworks (MOFs).[1] While some of
these systems are being applied on increasing scale, efforts to
discover fundamentally unique strategies for CO2 capture
continue. In this regard, the use of metal-free, frustrated
Lewis pairs (FLPs) has received recent attention.[2] In 2009,
we reported the reversible binding of CO2 by borane/
phosphine-based FLPs.[3] Subsequent work by the groups of
O!Hare[4] and Piers,[5] as well as ourselves,[6] has demonstrated
the use of B/P, B/N, and Al/P-based FLPs for the conversion
of CO2 into methanol, methane, or CO.

While Group 13/15 Lewis acid/base combinations con-
tinue to reveal new aspects of FLP chemistry, less attention
has been paid to expanding the variety of FLP systems
available. A creative departure from the original systems has
been described by Alcarazo and co-workers.[7] In that work,
all-carbon-based FLPs of N-heterocyclic carbenes and Lewis
acidic allenes were described. Another alternative has been
developed by Wass and co-workers,[8] who exploited Group 4
metal Lewis acids with bulky phosphines to activate a variety
of small molecules. While considering new approaches, we
noted the innovative examples of organic transformations and
anion capture that are facilitated by Lewis acidic phospho-
nium cations[9] and queried the viability of such species in FLP
chemistry. Herein, we describe the syntheses of aminophos-
phonium salts, which incorporate Lewis basic and acidic
pnictogen functionalities within an intramolecular system.
These species serve as hypothetical intermediates for the
generation of ring-strained amidophosphoranes, which are
shown to sequester CO2.

Reaction of the o-phosphinoaniline Ph2P(o-
C6H4NHMe)[10] with XeF2

[11] at !35 8C in CH2Cl2 produces
the off-white difluorophosphorane, Ph2PF2(o-C6H4NHMe),
1 (Scheme 1). The 31P{1H} NMR spectrum of 1 reveals a high-
field triplet at d =!45.6 ppm (1JPF = 625 Hz), while the
1H NMR spectrum depicts the NH resonance as a broad
quartet at d = 4.68 ppm (3JHH = 5.0 Hz) that couples to the N-

methyl signal at d = 2.67 ppm. With the amine functionality
unaffected by fluorination, facile F! abstraction from 1 by
Me3SiO3SCF3 yields [Ph2PF(o-C6H4NHMe)][O3SCF3] (2),
a rare example of a compound containing both acidic
phosphonium and pendant amine functionalities. The
31P{1H} NMR spectrum of 2 reveals a strongly deshielded P
nucleus with a doublet resonance at d = 94.4 (1JPF = 980 Hz),
while the 1H spectrum is largely unchanged, except for
a downfield shift of the NH signal to d = 5.20.

The combination of unquenched Lewis acidic and basic
pnictogens within 2 prompted our investigation of its
potential behavior as an FLP in reactions with CO2. Exposure
of 2 to an overpressure of 13CO2 in CD2Cl2 resulted in no
reaction, and attempts to deprotonate the amine with
one equiv of Et3N or nBuLi in THF yielded a mixture of
products that could not be separated. However a new, bright-
yellow species (3) was cleanly prepared from 1 in good yields
by the slow addition of an n-pentane solution of tBuLi to
a THF solution of the compound at !78 8C. The 1H NMR
spectrum of 3 suggests the presence of a P!N bond, as the N-
methyl signal is split into a doublet of doublets (3JPH = 4.4 Hz
and 4JFH = 2.4 Hz). The 31P{1H} NMR signal of 3 was observed
as a doublet at d =!44.6 ppm (1JPF = 679 Hz), and the
corresponding 19F resonance was seen at d =!44.4 ppm.
These data suggest the formulation of 3 as the amidophos-
phorane Ph2PF(o-C6H4NMe). The X-ray structure of 3
confirmed this formulation, demonstrating a distorted trigo-
nal bipyramidal geometry at P, which is contained within
a strained four-membered ring (Figure 1).[12] Although rare (a
few amidofluorophosphoranes have previously been pre-
pared),[13] compound 3 is the first to be crystallographically
characterized. The P!N bond was found to be exceptionally
long (1.842(7) " and 1.839(6) ")[13] within each of two

Scheme 1. Synthesis of 2–4.
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δP −45.6 
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δH 4.68 (br q, 1JHH = 5 Hz)	
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(d, 1JPF = 980 Hz)	

13CO2/CD2Cl2	

no reaction	
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δC 153.1 (d, 1JPC = 8 Hz) 
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This Work 2: Crystal Structure of 3 and 4	
Crystal Structure of 3	

crystallographically independent molecules. The N atom
occupies an axial position opposite F, although the N!P!F
angles (164.4(3)8 and 165.1(3)8) are somewhat distorted from
linearity, presumably in response to constraints imposed by
the equatorially disposed anilido Cipso. The geometry of the
amido unit is nearly planar, as the sum of the angles about N is
3568 and the N!Cortho distances of 1.439(9) ! and 1.442(10) !
are typical of single bonds. The C!C bonds within the anilido
ring are similar to those within neighboring Ph rings, in
contrast to the dearomatization observed within metal com-
plexes of the amidophosphine ligand.[14]

The exposure of a bright-yellow THF solution of 3 to
1 atm of CO2 at ambient temperature results in its immediate
discoloration, and NMR analysis performed shortly there-
after indicates complete conversion to a new species (4). The
1H NMR spectrum of 4 shows a singlet N-methyl resonance at
d = 3.15 ppm, and the loss of its coupling to both P and F is
consistent with rupture of the P!N bond within 3 to
accommodate CO2. The 13C{1H} NMR spectrum shows the
CO2 unit as a doublet at d = 153.1 ppm with 2JPC = 8 Hz, while
the 31P{1H} spectrum shows a doublet at d =!57.0 ppm, with
1JPF = 664 Hz. The corresponding 19F NMR signal is seen at
d =!34.2 ppm. IR data for 4 show a characteristic carbonyl
absorption band at 1696 cm!1. Collectively, these data suggest
that 4 is the carbamatofluorophosphorane Ph2PF(o-
C6H4N(Me)CO2), and this formulation was confirmed by X-
ray crystallography (Figure 2).[12] Insertion of CO2 into the
activated P!N bond of 3 results in a six-membered ring with

an elongated P!O bond (1.775(1) ! and 1.778(1) !) in each
of two molecules in the asymmetric unit. Within 4, the
geometry about P is trigonal bipyramidal with the carbamato
O occupying an axial position trans to F. The C!O and C=O
bonds in the CO2 fragment of 4 average 1.330(2) and
1.212(2) !, respectively, which are slightly longer than those
seen in tBu3PCO2B(C6F5)3 (1.299(2) !, 1.208(2) !)
and (Me3C6H2)2PCH2CH2B(C6F5)2(CO2) (1.284(4) !,
1.209(4) !). Compounds 3 and 4 are both rare examples of
crystallographically characterized phosphoranes, and to the
best of our knowledge, 4 is also the first known pentacoordi-
nate phosphorane containing a carbamato substituent.
Although kinetically hindered insertion of CO2 into the
P!N bond of (CF3)3PMe(NMe2) has been previously reported
to proceed over several days to give a six-coordinate
zwitterionic carbamatophosphate,[13] the facile insertion of
CO2 into the P!N bond of 3, relieves strain within the four-
membered ring, thereby dramatically accelerating the reac-
tion. It is noteworthy that 4 is thermally robust, as it is
unchanged on heating to 120 8C in toluene for 1 h.

Related compounds incorporating a second o-N-methyl-
aniline group were prepared (Scheme 2). Oxidative fluorina-
tion of PhP(o-C6H4NHMe)2 with XeF2 produced the phos-

phorane PhPF2(o-C6H4NHMe)2 (5), and subsequent fluoride
ion abstraction by Me3SiO3SCF3 generated the salt [PhPF(o-
C6H4NMeH)2][O3SCF3] (6). The spectral parameters of these
compounds closely matched those of their monoaniline
derivatives. Crystallographic data of 6 confirmed the formu-
lation and revealed P···N separations of 3.05–3.12 !. Inter-
estingly, both amine H atoms are oriented towards F,
suggesting hydrogen bonding, although the H···F separations
of about 2.4 ! indicate that this interaction is weak.[15]

Consistent with the reactivity described above, the addition
of 2 equiv of tBuLi to 5 resulted in the diamidophosphorane,
PhP(o-C6H4NMe)2 (7), which was isolated as a yellow solid in
75% yield. The 31P{1H} NMR spectrum shows a shielded P
nucleus with a singlet at d =!58.7 ppm, and the 1H NMR
spectrum demonstrates the C2 molecular symmetry with
a single NMe resonance at d = 2.55 ppm (d, 3JPH = 6.8 Hz).
Treatment of 7 with 1 atm of CO2 under ambient conditions

Figure 1. POV-ray depiction of 3.

Figure 2. POV-ray depiction of 4.

Scheme 2. Synthesis of 6–8.
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crystallographically independent molecules. The N atom
occupies an axial position opposite F, although the N!P!F
angles (164.4(3)8 and 165.1(3)8) are somewhat distorted from
linearity, presumably in response to constraints imposed by
the equatorially disposed anilido Cipso. The geometry of the
amido unit is nearly planar, as the sum of the angles about N is
3568 and the N!Cortho distances of 1.439(9) ! and 1.442(10) !
are typical of single bonds. The C!C bonds within the anilido
ring are similar to those within neighboring Ph rings, in
contrast to the dearomatization observed within metal com-
plexes of the amidophosphine ligand.[14]

The exposure of a bright-yellow THF solution of 3 to
1 atm of CO2 at ambient temperature results in its immediate
discoloration, and NMR analysis performed shortly there-
after indicates complete conversion to a new species (4). The
1H NMR spectrum of 4 shows a singlet N-methyl resonance at
d = 3.15 ppm, and the loss of its coupling to both P and F is
consistent with rupture of the P!N bond within 3 to
accommodate CO2. The 13C{1H} NMR spectrum shows the
CO2 unit as a doublet at d = 153.1 ppm with 2JPC = 8 Hz, while
the 31P{1H} spectrum shows a doublet at d =!57.0 ppm, with
1JPF = 664 Hz. The corresponding 19F NMR signal is seen at
d =!34.2 ppm. IR data for 4 show a characteristic carbonyl
absorption band at 1696 cm!1. Collectively, these data suggest
that 4 is the carbamatofluorophosphorane Ph2PF(o-
C6H4N(Me)CO2), and this formulation was confirmed by X-
ray crystallography (Figure 2).[12] Insertion of CO2 into the
activated P!N bond of 3 results in a six-membered ring with

an elongated P!O bond (1.775(1) ! and 1.778(1) !) in each
of two molecules in the asymmetric unit. Within 4, the
geometry about P is trigonal bipyramidal with the carbamato
O occupying an axial position trans to F. The C!O and C=O
bonds in the CO2 fragment of 4 average 1.330(2) and
1.212(2) !, respectively, which are slightly longer than those
seen in tBu3PCO2B(C6F5)3 (1.299(2) !, 1.208(2) !)
and (Me3C6H2)2PCH2CH2B(C6F5)2(CO2) (1.284(4) !,
1.209(4) !). Compounds 3 and 4 are both rare examples of
crystallographically characterized phosphoranes, and to the
best of our knowledge, 4 is also the first known pentacoordi-
nate phosphorane containing a carbamato substituent.
Although kinetically hindered insertion of CO2 into the
P!N bond of (CF3)3PMe(NMe2) has been previously reported
to proceed over several days to give a six-coordinate
zwitterionic carbamatophosphate,[13] the facile insertion of
CO2 into the P!N bond of 3, relieves strain within the four-
membered ring, thereby dramatically accelerating the reac-
tion. It is noteworthy that 4 is thermally robust, as it is
unchanged on heating to 120 8C in toluene for 1 h.

Related compounds incorporating a second o-N-methyl-
aniline group were prepared (Scheme 2). Oxidative fluorina-
tion of PhP(o-C6H4NHMe)2 with XeF2 produced the phos-

phorane PhPF2(o-C6H4NHMe)2 (5), and subsequent fluoride
ion abstraction by Me3SiO3SCF3 generated the salt [PhPF(o-
C6H4NMeH)2][O3SCF3] (6). The spectral parameters of these
compounds closely matched those of their monoaniline
derivatives. Crystallographic data of 6 confirmed the formu-
lation and revealed P···N separations of 3.05–3.12 !. Inter-
estingly, both amine H atoms are oriented towards F,
suggesting hydrogen bonding, although the H···F separations
of about 2.4 ! indicate that this interaction is weak.[15]

Consistent with the reactivity described above, the addition
of 2 equiv of tBuLi to 5 resulted in the diamidophosphorane,
PhP(o-C6H4NMe)2 (7), which was isolated as a yellow solid in
75% yield. The 31P{1H} NMR spectrum shows a shielded P
nucleus with a singlet at d =!58.7 ppm, and the 1H NMR
spectrum demonstrates the C2 molecular symmetry with
a single NMe resonance at d = 2.55 ppm (d, 3JPH = 6.8 Hz).
Treatment of 7 with 1 atm of CO2 under ambient conditions

Figure 1. POV-ray depiction of 3.

Figure 2. POV-ray depiction of 4.
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Angewandte
Chemie

4715Angew. Chem. Int. Ed. 2012, 51, 4714 –4717 ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

CP
Ph

Ph

N

F
164.4(3)°
165.1(3)°

1.842(7) Å
1.839(6) Å

Me
1.439(9) Å
1.442(10) Å

sum of angles around N = 356°

結合3本による角度の和が360° 
= 

two crystallographically independent molecules 
＝ 

X線で得られる結合距離・角度は 
末尾の桁の後ろに括弧書きで 
標準偏差が記されている 

C
P

Ph
Ph

N

F

Me C

O

O

1.775(1) Å
1.778(1) Å

C–O av. 1.330(2) Å
C=O av. 1.212(2) Å

tBu3P C
O

O

B(C6F5)3

Mes3P C
O

B(C6F5)2

O

C–O av. 1.299(2) Å
C=O av. 1.208(2) Å

C–O av. 1.284(4) Å
C=O av. 1.209(4) Å



instantly produced PhP(o-C6H4N(Me)CO2)2 (8), which was
isolated in 80% yield. The 31P{1H} NMR spectrum of 8
showed a single peak at d =!68.6 ppm, and the loss of 3JPH,
which was made evident by the singlet NCH3 signal in the
1H NMR spectrum, was consistent with CO2 insertion into
each of the chemically equivalent P!N bonds. The 1H and
13C{1H} NMR data were also consistent with the formulation
of 8 as the double insertion product. Use of 13CO2 revealed
a strong signal at d = 152.8 ppm in the 13C{1H} NMR spectrum
and IR spectroscopy of 8 showed the expected carbonyl
absorption at 1697 cm!1.

The formulation of 8 was also confirmed by its X-ray
structure (Figure 3),[12] which showed the pseudo-C2-symmet-
ric geometry of the dicarbamatophosphorane, wherein

oxygen donors occupy both axial positions, while the Cipso

atoms of the aryl groups lie in the equatorial plane. The
lengths of mutually trans P!O bonds were found to be
1.7635(8) and 1.7773(8) !, with an O!P!O angle of
174.27(4)8. The C!O and C=O bonds in 8 average 1.339(1)
and 1.215(2) !, respectively, and are slightly longer than
those in 4, which is consistent the Lewis acidity of the PV

center. Although several examples of dicarboxylatophosphor-
anes are known,[16] compound 8 is to our knowledge the first
example of a dicarbamatophosphorane. Moreover, its gen-
eration from 7 is the first example of double CO2 activation by
a phosphorane.

The formation of 4 and 8 result from insertion of CO2 into
the P!N bonds of 3 and 7, respectively, and structural data for
3 suggest that ring strain within these species results in their
kinetically enhanced reactivity toward CO2. However, fluo-
ride abstraction from 3 with Me3SiO3SCF3 affords the salt
[Ph2P(o-C6H4NMe)][O3SCF3] (9), which does not react with
CO2, even at 60 8C for several hours. Nonetheless, the
targeted species [Ph2P(o-C6H4N(Me)CO2)][O3SCF3] (10)
could be prepared by fluoride abstraction from 4 using
Me3SiO3SCF3. The precise details of the mechanism of CO2

insertion remains unproven. While a concerted process is

a possibility, it is also noteworthy that the resonance forms of
3 (Scheme 3) suggest the possibility of an FLP-type descrip-
tion in which a charge-separated P!N bond consists of an

amido donor and a phosphonium acceptor. This view of 3 is
reminiscent of a B/P FLP, (C6H2Me3)2PCH2CH2B(C6F5)2,
developed by Erker and co-workers.[16] In this regard, the CO2

insertion chemistry discussed herein is also analogous to that
reported for the four-membered rings of boron imidinates,
HC(NR)2B(C6F5)2, which are also thought to react with small
molecules via an open FLP form.[17]

In summary, amidophosphoranes 3 and 7, containing the
four-membered rings, react rapidly to capture of one and two
equivalents of CO2, respectively. These compounds bind the
substrate in a manner analogous to related FLP systems.
These findings have prompted further study of the acceptor
capabilities of electron-poor phosphonium cations to provide
PV Lewis acid centers for FLP chemistry. The results of these
efforts will be reported in due course.
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This Work 3: Double Insertion of CO2	

crystallographically independent molecules. The N atom
occupies an axial position opposite F, although the N!P!F
angles (164.4(3)8 and 165.1(3)8) are somewhat distorted from
linearity, presumably in response to constraints imposed by
the equatorially disposed anilido Cipso. The geometry of the
amido unit is nearly planar, as the sum of the angles about N is
3568 and the N!Cortho distances of 1.439(9) ! and 1.442(10) !
are typical of single bonds. The C!C bonds within the anilido
ring are similar to those within neighboring Ph rings, in
contrast to the dearomatization observed within metal com-
plexes of the amidophosphine ligand.[14]

The exposure of a bright-yellow THF solution of 3 to
1 atm of CO2 at ambient temperature results in its immediate
discoloration, and NMR analysis performed shortly there-
after indicates complete conversion to a new species (4). The
1H NMR spectrum of 4 shows a singlet N-methyl resonance at
d = 3.15 ppm, and the loss of its coupling to both P and F is
consistent with rupture of the P!N bond within 3 to
accommodate CO2. The 13C{1H} NMR spectrum shows the
CO2 unit as a doublet at d = 153.1 ppm with 2JPC = 8 Hz, while
the 31P{1H} spectrum shows a doublet at d =!57.0 ppm, with
1JPF = 664 Hz. The corresponding 19F NMR signal is seen at
d =!34.2 ppm. IR data for 4 show a characteristic carbonyl
absorption band at 1696 cm!1. Collectively, these data suggest
that 4 is the carbamatofluorophosphorane Ph2PF(o-
C6H4N(Me)CO2), and this formulation was confirmed by X-
ray crystallography (Figure 2).[12] Insertion of CO2 into the
activated P!N bond of 3 results in a six-membered ring with

an elongated P!O bond (1.775(1) ! and 1.778(1) !) in each
of two molecules in the asymmetric unit. Within 4, the
geometry about P is trigonal bipyramidal with the carbamato
O occupying an axial position trans to F. The C!O and C=O
bonds in the CO2 fragment of 4 average 1.330(2) and
1.212(2) !, respectively, which are slightly longer than those
seen in tBu3PCO2B(C6F5)3 (1.299(2) !, 1.208(2) !)
and (Me3C6H2)2PCH2CH2B(C6F5)2(CO2) (1.284(4) !,
1.209(4) !). Compounds 3 and 4 are both rare examples of
crystallographically characterized phosphoranes, and to the
best of our knowledge, 4 is also the first known pentacoordi-
nate phosphorane containing a carbamato substituent.
Although kinetically hindered insertion of CO2 into the
P!N bond of (CF3)3PMe(NMe2) has been previously reported
to proceed over several days to give a six-coordinate
zwitterionic carbamatophosphate,[13] the facile insertion of
CO2 into the P!N bond of 3, relieves strain within the four-
membered ring, thereby dramatically accelerating the reac-
tion. It is noteworthy that 4 is thermally robust, as it is
unchanged on heating to 120 8C in toluene for 1 h.

Related compounds incorporating a second o-N-methyl-
aniline group were prepared (Scheme 2). Oxidative fluorina-
tion of PhP(o-C6H4NHMe)2 with XeF2 produced the phos-

phorane PhPF2(o-C6H4NHMe)2 (5), and subsequent fluoride
ion abstraction by Me3SiO3SCF3 generated the salt [PhPF(o-
C6H4NMeH)2][O3SCF3] (6). The spectral parameters of these
compounds closely matched those of their monoaniline
derivatives. Crystallographic data of 6 confirmed the formu-
lation and revealed P···N separations of 3.05–3.12 !. Inter-
estingly, both amine H atoms are oriented towards F,
suggesting hydrogen bonding, although the H···F separations
of about 2.4 ! indicate that this interaction is weak.[15]

Consistent with the reactivity described above, the addition
of 2 equiv of tBuLi to 5 resulted in the diamidophosphorane,
PhP(o-C6H4NMe)2 (7), which was isolated as a yellow solid in
75% yield. The 31P{1H} NMR spectrum shows a shielded P
nucleus with a singlet at d =!58.7 ppm, and the 1H NMR
spectrum demonstrates the C2 molecular symmetry with
a single NMe resonance at d = 2.55 ppm (d, 3JPH = 6.8 Hz).
Treatment of 7 with 1 atm of CO2 under ambient conditions

Figure 1. POV-ray depiction of 3.

Figure 2. POV-ray depiction of 4.

Scheme 2. Synthesis of 6–8.
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instantly produced PhP(o-C6H4N(Me)CO2)2 (8), which was
isolated in 80% yield. The 31P{1H} NMR spectrum of 8
showed a single peak at d =!68.6 ppm, and the loss of 3JPH,
which was made evident by the singlet NCH3 signal in the
1H NMR spectrum, was consistent with CO2 insertion into
each of the chemically equivalent P!N bonds. The 1H and
13C{1H} NMR data were also consistent with the formulation
of 8 as the double insertion product. Use of 13CO2 revealed
a strong signal at d = 152.8 ppm in the 13C{1H} NMR spectrum
and IR spectroscopy of 8 showed the expected carbonyl
absorption at 1697 cm!1.

The formulation of 8 was also confirmed by its X-ray
structure (Figure 3),[12] which showed the pseudo-C2-symmet-
ric geometry of the dicarbamatophosphorane, wherein

oxygen donors occupy both axial positions, while the Cipso

atoms of the aryl groups lie in the equatorial plane. The
lengths of mutually trans P!O bonds were found to be
1.7635(8) and 1.7773(8) !, with an O!P!O angle of
174.27(4)8. The C!O and C=O bonds in 8 average 1.339(1)
and 1.215(2) !, respectively, and are slightly longer than
those in 4, which is consistent the Lewis acidity of the PV

center. Although several examples of dicarboxylatophosphor-
anes are known,[16] compound 8 is to our knowledge the first
example of a dicarbamatophosphorane. Moreover, its gen-
eration from 7 is the first example of double CO2 activation by
a phosphorane.

The formation of 4 and 8 result from insertion of CO2 into
the P!N bonds of 3 and 7, respectively, and structural data for
3 suggest that ring strain within these species results in their
kinetically enhanced reactivity toward CO2. However, fluo-
ride abstraction from 3 with Me3SiO3SCF3 affords the salt
[Ph2P(o-C6H4NMe)][O3SCF3] (9), which does not react with
CO2, even at 60 8C for several hours. Nonetheless, the
targeted species [Ph2P(o-C6H4N(Me)CO2)][O3SCF3] (10)
could be prepared by fluoride abstraction from 4 using
Me3SiO3SCF3. The precise details of the mechanism of CO2

insertion remains unproven. While a concerted process is

a possibility, it is also noteworthy that the resonance forms of
3 (Scheme 3) suggest the possibility of an FLP-type descrip-
tion in which a charge-separated P!N bond consists of an

amido donor and a phosphonium acceptor. This view of 3 is
reminiscent of a B/P FLP, (C6H2Me3)2PCH2CH2B(C6F5)2,
developed by Erker and co-workers.[16] In this regard, the CO2

insertion chemistry discussed herein is also analogous to that
reported for the four-membered rings of boron imidinates,
HC(NR)2B(C6F5)2, which are also thought to react with small
molecules via an open FLP form.[17]

In summary, amidophosphoranes 3 and 7, containing the
four-membered rings, react rapidly to capture of one and two
equivalents of CO2, respectively. These compounds bind the
substrate in a manner analogous to related FLP systems.
These findings have prompted further study of the acceptor
capabilities of electron-poor phosphonium cations to provide
PV Lewis acid centers for FLP chemistry. The results of these
efforts will be reported in due course.

Received: February 20, 2012
Published online: April 4, 2012

.Keywords: amidophosphoranes · carbon dioxide ·
Lewis acids and bases · phosphonium · pnictogens

[1] a) A. C. Sudik, A. R. Millward, N. W. Ockwig, A. P. Cote, J. Kim,
O. M. Yaghi, J. Am. Chem. Soc. 2005, 127, 7110 – 7118; b) J. L. C.
Rowsell, E. C. Spencer, J. Eckert, J. A. K. Howard, O. M. Yaghi,
Science 2005, 309, 1350 – 1354; c) R. Banerjee, A. Phan, B. Wang,
C. Knobler, H. Furukawa, M. O"Keeffe, O. M. Yaghi, Science
2008, 319, 939 – 943; d) G. T. Rochelle, Science 2009, 325, 1652 –
1654.

[2] a) D. W. Stephan, Org. Biomol. Chem. 2008, 6, 1535 – 1539;
b) D. W. Stephan, Dalton Trans. 2009, 3129 – 3136; c) D. W.
Stephan, G. Erker, Angew. Chem. 2010, 122, 50 – 81; Angew.
Chem. Int. Ed. 2010, 49, 46 – 76.

[3] C. M. Mçmming, E. Otten, G. Kehr, R. Frçhlich, S. Grimme,
D. W. Stephan, G. Erker, Angew. Chem. 2009, 121, 6770 – 6773;
Angew. Chem. Int. Ed. 2009, 48, 6643 – 6646.

[4] A. E. Ashley, A. L. Thompson, D. O"Hare, Angew. Chem. 2009,
121, 10023 – 10027; Angew. Chem. Int. Ed. 2009, 48, 9839 – 9843.

[5] A. Berkefeld, W. E. Piers, M. Parvez, J. Am. Chem. Soc. 2010,
132, 10660 – 10661.

[6] a) G. M#nard, D. W. Stephan, J. Am. Chem. Soc. 2010, 132,
1796 – 1797; b) G. M#nard, D. W. Stephan, Angew. Chem. 2011,
123, 8546 – 8549; Angew. Chem. Int. Ed. 2011, 50, 8396 – 8399.

[7] M. Alcarazo, C. Gomez, S. Holle, R. Goddard, Angew. Chem.
2010, 122, 5924 – 5927; Angew. Chem. Int. Ed. 2010, 49, 5788 –
5791.

Figure 3. POV-ray depiction of 8.

Scheme 3. Resonance forms of 3.

.Angewandte
Communications

4716 www.angewandte.org ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 4714 –4717

Carbon Dioxide Capture
DOI: 10.1002/anie.201201422

Phosphorus as a Lewis Acid: CO2 Sequestration with
Amidophosphoranes**
Lindsay J. Hounjet, Christopher B. Caputo, and Douglas W. Stephan*

The role of CO2 as a greenhouse gas has prompted wide-
spread efforts for carbon capture. To date, a number of
strategies have been developed to sequester this gas using
materials such as alumina, silica, zeolites, activated carbon,
and metal–organic frameworks (MOFs).[1] While some of
these systems are being applied on increasing scale, efforts to
discover fundamentally unique strategies for CO2 capture
continue. In this regard, the use of metal-free, frustrated
Lewis pairs (FLPs) has received recent attention.[2] In 2009,
we reported the reversible binding of CO2 by borane/
phosphine-based FLPs.[3] Subsequent work by the groups of
O!Hare[4] and Piers,[5] as well as ourselves,[6] has demonstrated
the use of B/P, B/N, and Al/P-based FLPs for the conversion
of CO2 into methanol, methane, or CO.

While Group 13/15 Lewis acid/base combinations con-
tinue to reveal new aspects of FLP chemistry, less attention
has been paid to expanding the variety of FLP systems
available. A creative departure from the original systems has
been described by Alcarazo and co-workers.[7] In that work,
all-carbon-based FLPs of N-heterocyclic carbenes and Lewis
acidic allenes were described. Another alternative has been
developed by Wass and co-workers,[8] who exploited Group 4
metal Lewis acids with bulky phosphines to activate a variety
of small molecules. While considering new approaches, we
noted the innovative examples of organic transformations and
anion capture that are facilitated by Lewis acidic phospho-
nium cations[9] and queried the viability of such species in FLP
chemistry. Herein, we describe the syntheses of aminophos-
phonium salts, which incorporate Lewis basic and acidic
pnictogen functionalities within an intramolecular system.
These species serve as hypothetical intermediates for the
generation of ring-strained amidophosphoranes, which are
shown to sequester CO2.

Reaction of the o-phosphinoaniline Ph2P(o-
C6H4NHMe)[10] with XeF2

[11] at !35 8C in CH2Cl2 produces
the off-white difluorophosphorane, Ph2PF2(o-C6H4NHMe),
1 (Scheme 1). The 31P{1H} NMR spectrum of 1 reveals a high-
field triplet at d =!45.6 ppm (1JPF = 625 Hz), while the
1H NMR spectrum depicts the NH resonance as a broad
quartet at d = 4.68 ppm (3JHH = 5.0 Hz) that couples to the N-

methyl signal at d = 2.67 ppm. With the amine functionality
unaffected by fluorination, facile F! abstraction from 1 by
Me3SiO3SCF3 yields [Ph2PF(o-C6H4NHMe)][O3SCF3] (2),
a rare example of a compound containing both acidic
phosphonium and pendant amine functionalities. The
31P{1H} NMR spectrum of 2 reveals a strongly deshielded P
nucleus with a doublet resonance at d = 94.4 (1JPF = 980 Hz),
while the 1H spectrum is largely unchanged, except for
a downfield shift of the NH signal to d = 5.20.

The combination of unquenched Lewis acidic and basic
pnictogens within 2 prompted our investigation of its
potential behavior as an FLP in reactions with CO2. Exposure
of 2 to an overpressure of 13CO2 in CD2Cl2 resulted in no
reaction, and attempts to deprotonate the amine with
one equiv of Et3N or nBuLi in THF yielded a mixture of
products that could not be separated. However a new, bright-
yellow species (3) was cleanly prepared from 1 in good yields
by the slow addition of an n-pentane solution of tBuLi to
a THF solution of the compound at !78 8C. The 1H NMR
spectrum of 3 suggests the presence of a P!N bond, as the N-
methyl signal is split into a doublet of doublets (3JPH = 4.4 Hz
and 4JFH = 2.4 Hz). The 31P{1H} NMR signal of 3 was observed
as a doublet at d =!44.6 ppm (1JPF = 679 Hz), and the
corresponding 19F resonance was seen at d =!44.4 ppm.
These data suggest the formulation of 3 as the amidophos-
phorane Ph2PF(o-C6H4NMe). The X-ray structure of 3
confirmed this formulation, demonstrating a distorted trigo-
nal bipyramidal geometry at P, which is contained within
a strained four-membered ring (Figure 1).[12] Although rare (a
few amidofluorophosphoranes have previously been pre-
pared),[13] compound 3 is the first to be crystallographically
characterized. The P!N bond was found to be exceptionally
long (1.842(7) " and 1.839(6) ")[13] within each of two

Scheme 1. Synthesis of 2–4.
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