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ABSTRACT: The reactions of the bulky phosphines Mes;P or (otol);P with AlX; ® PQTAICFs): @ 9

(X = I, Br, Cl) and CO, are probed and shown to give complexes of the form ©tolP— ©
Mes;,PC(OAIX;), (X =1 (3), Br (4), Cl (5)) and (otol);PC(OAIL), (6). The

former compounds under CO, are further transformed to Mes,PC(OAIX,),0AIX, CeFs

(X =1 (8), Br (10)) and [Mes;PX][AIX,] (X =1 (9), Br (11)). These latter
reactions are thought to proceed via dissociation of alane, as evidenced by the

generation of (otol);PC(OAI(CFs);) from (otol);PC(OAI(C¢Fs)s), (7) and the

otol; )
O—Al(CeFs)s O—AI(OC(CF3)5);
077=0Q
(CoFs)Al Al(CeFs),
0220

isolation of (otol);PC(O)OAI(OC(CF;);); (15). Subsequent insertion of CO, into

the Al-X bond is evidenced by the characterization of [(C4Fs)C(O)OAI(C¢Fs),], CeFs

(14) from the reaction of AI(CFs); and CO,. The isolation of Al(CgFs);-2-

(C4HBr) (16) also suggests dissociation of Al(C¢Fs); from 7 may be facilitated by interactions with solvent. Kinetics of the
formation of 8/9 from 3 show the reaction is first order in 3 and CO, and the rate-determining step involves an associative
process. A mechanism involving dissociation of alane and subsequent insertion of CO, into the Al-X bond is proposed.

Bl INTRODUCTION

Rapidly increasing levels of greenhouse gases in the
atmosphere, especially levels of CO,, require urgent action to
mitigate emissions." While the direct use of CO, as a C,
feedstock for chemical transformation is attractive,”> the
reduction of CO, could be far more useful. This C, feedstock*
can be used in large-scale processes including the Cativa
(formerly Monsanto) process to produce acetic acid,® Fischer—
Tropsch chemistry to produce liquid hydrocarbons,®” or
hydroformylation reactions to produce aldehydes.® Because of
the scale of these industries, a process where CO, is recycled
and used to generate CO could help to mitigate greenhouse gas
emissions; however, reduction of the strong C=0 bonds (532
kJ/mol)® presents a significant kinetic barrier.”

The enzyme carbon monoxide dehydrogenase (CODH) is
Nature’s approach to reducing CO, to CO and H,0.'°
Heterogeneous systems have been developed to effect similar
reductions via photochemical''™"® or electrochemical'®"”
methods. Alternatively, chemical reduction remains under
intense investigation.g’lg_28 More recently, main group
mediated routes for CO, reduction have also been
reported.”** In this vein, we have previously reported the
reversible capture of CO, by phosphine/borane combina-
tions.* Modification of these so-called “frustrated Lewis pairs”
(FLP) to combinations of phosphine and alane allows for
capture of CO, and further reaction with ammonia borane to
afford methanol in a stoichiometric fashion.>® Alternatively, we
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have also reported the further reaction of these systems with
CO, to give CO.>* In this full report, we focus our attention on
the latter reactions, probing related systems and aspects of the
mechanism of CO, reduction.

B RESULTS AND DISCUSSION

Combinations of the bulky phosphines Mes;P or (otol);P with
AlL affords the isolation of the adducts (Ry;P)AIL; (R = Mes, 1;
otol, 2).** Interestingly, while both displayed broad *'P{'H}
NMR resonances due to coupling to the quadrupolar (I = 5/2)
YAl nucleus, the spectrum for 1 displayed a second broad
resonance centered at —35 ppm, indicative of free Mes;P. This
is consistent with an equilibrium involving dissociation of the
adduct. Variable-temperature NMR spectroscopy was used to
extract the thermodynamic parameters of this equilibrium: AG
= 8.2 kJ/mol, AH = 42(1) kJ/mol, and AS 113(3) J/(K-mol)
with a K. of 0.0372 at 25 °C. NMR spectra show that such
dissociation is significantly less for the analogous AICl; and
AlBr; adducts.*® The adduct 2 shows no *'P NMR resonance
attributable to free (otol);P over the same temperature range,
consistent with stronger Al-P binding as a result of the
diminished steric congestion.

It is interesting to note that mixtures of Mes;P/AlX; yield
deep purple solutions in bromobenzene (A, = 384, 572 nm;
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see the Supporting Information). This color is attributable to
the generation of the [Mes;P]*" radical cation via electron
transfer to the alane.*’ Indeed, monitoring solutions of Mes;P/
AIX; (X = Br, I) by X-band EPR spectroscopy revealed the
presence of a doublet (g = 2.0056, ap = 239 G) consistent with
literature reports of the Mes;P** radical (Figure 1).*'~* The
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Figure 1. X-band EPR spectrum of Mes;P/2 AlBr; in bromobenzene
(experimental: blue, simulation: red). Analogous signals are observed
when using All;. Simulation was done using PIP4Win v. 1.2.%

corresponding Al-based radical anion does not generate an EPR
signal. While this may be due to signal broadening due to the
quadrupole of Al, an electron transfer equilibrium is suggested
by the presence of both *P/*Al NMR and EPR spectra for
these solutions. While the nature of the anion in this case
remains unknown, Norton has characterized the corresponding
B-radical anion [B(C¢F);]*~.** In this regard it is notweworthy
that the diamagnetic dimer [X;Ga-GaX;]*™ is known.*
Interestingly, solutions of AlX; (X = Br, I) with (otol),P are
EPR inactive, consistent with the higher oxidation potential of
this phosphine.*'

We previously reported that initial exposure of the FLPs
derived from Mes;P and AIX; to CO, leads to the rapid
formation of the complexes Mes;PC(OAIX;), (X =1 (3), Br

(4), Cl (5)), which can be isolated in high yields (Scheme
1)223

Scheme 1. Reaction of Mes;P and AIX; with CO,

co, ® 9—AIX3
R3P + 2AIX3 — = RgpP—<{ ©
O—AIX;

R=Mes, X=13,Br4,Cl 5
€O,/ R=otol, X=16, CgF5 7

-CO
O—AIX,
;
MesyP—( © 0—~AX; + [Mes;PXIAN]
O—AIX,
X=19,Br11
X=18,Br10

The synthesis of the related compound (otol);PC(OAIL;),
(6)* required heating of the (otol);P/All; solution to 80 °C
for 1 h under an atmosphere of CO,. Single crystals of 6
suitable for X-ray diffraction (Figure 2) reveal that the structure
is largely analogous to 3 with the P—CO, bond length in 6
being shorter (1.877(4) A) than that in 3 (1.903(8) A).>> The
0-C-0 angle in 6 is also slightly larger (127.4(4)°) than in 3
(125.0(8)°).> Both these metric parameters reflect the reduced
steric bulk around (otol);P vs Mes,P, as reflected in the
differing Tolman cone angles of 196° and 212°, respectively.*’

On prolonged exposure of Mes;P/AIX; solutions to a CO,
atm, the compounds Mes;PC(OAIX,),0AIX; (X = I (8), Br

Figure 2. POV-Ray depiction of the molecular structure of 6. C: black;
P: orange; Al: teal; I: pink; O: red. H atoms are omitted.

(10)) and [Mes;PX][AIX,] (X =1 (9), Br (11)) were formed
with the concurrent liberation of CO (Scheme 1).** These
reactions took ca. 16 h (X =1) and 48 h (X = Br), respectively.
While similar reactivity seemed to occur with AlCl;, the
reaction was significantly slower, precluding product isolation.
This trend parallels the reactivity of AlX; (I > Br > Cl).*®
Reaction times also varied with solvent with completion after
ca. 4 days in fluorobenzene and <12 h in iodobenzene. This
observation suggests solvent-induced dissociation of AlX; from
3 or 4 may be necessary to initiate the reduction of CO, to CO
(vide infra).*® In further support for this dissociative pathway,
[Mes,PMe][All,] (12) was found to enhance the rate of
reaction, yielding 8 and 9 under CO,.** This is thought to act
by promoting dissociation of All; from 3, generating the halide-
bridged species [LAl(u-1)All;]".

Further evidence of dissociation of alane is derived from the
analogous species (otol);PC(OAI(C¢F)3), (7).>° This species
does not react under CO, (1 atm) at 25 °C, consistent with the
relatively high computed Lewis acidity of AlI(C¢Fs)s.>"
However, heating a sample of 7 to 90 °C under CO, in
bromobenzene for 48 h led to the gradual consumption of 7
and the appearance of the new species 13 and 14 (Scheme 2).

Scheme 2. Synthesis of 13—15

— ®
9 A(CgF5)3 A otol;P + Al(CqFs)3
oto|3P~< o
y— O—A(CgFs)3
O—A(CgFs)3
13
7
CeFs
0~=0
CO / \
AlCeFsly — = (CeFslAl,  AlCeFs)
0z--0
14
CeFs

co, ® .9
otolsP + AI(OC(CFg))s — OtolgF‘—< o
O—A(OC(CF3)3)3
15

The product 13 exhibits doublets in the *'P{'H} and *C NMR
spectra at 12 and 160 ppm (‘J,_c = 121 Hz) when [*C]-7 is
used. Similar resonances in the *'P{'H}, '*C, and ’F NMR
spectra were observed when a 1:1 solution of (otol);P/
Al(CgF); was exposed to an atmosphere of BCo,, suggesting
that 13 is the 1:1 species (otol);PC(O)OAI(C¢Fs); (Scheme
2). While this is thought to be similar to the previously
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reported species tBu;PC(O)OB(C4Fs);,> attempts to isolate
13 were unsuccessful. Nonetheless, the closely related species
(otol);PC(O)OAI(OC(CF,),); (15) was prepared by exposing
a 1:1 solution of (otol);P and the sterically encumbered
Al(OC(CF;),);>* to CO, (Scheme 2). The formulation of 15
was confirmed both spectroscopically and by an X-ray
diffraction study (Figure 3). The metric parameters for 15
were similar to the previously reported P/B* and P/Al,

f e 32,33
species.

> Y

Figure 3. POV-Ray depiction of the molecular structure of 15. H
atoms are omitted. C: black; P: orange; Al; teal; F: pink; O: red.

In addition to 13, heating 7 under CO, also yielded a second
product, 14. This species exhibited six resonances in the '°F
NMR spectrum: two sets of three peaks integrating in a 2:1
ratio. This species was independently prepared by the reaction
of CO, and Al(C¢F);, yielding the symmetric dimeric species
[(C4Fs)C(O)OAI(C(Fs),], (14). This species showed a singlet
at 168 ppm in the *C NMR spectrum attributable to the CO,
moiety. The solid-state structure of 14 (Figure 4) revealed two

Figure 4. POV-Ray depiction of the molecular structure of 14. C:
black; Al; teal; F: pink; O: red.

CO, moieties, bound in an inequivalent fashion to the Al
centers with C;—O; and C,—0, bond lengths of 1.257(2) and
1.262(2) A. The corresponding O—Al bond lengths are slightly
different, at 1.773(1) and 1.814(1) A, respectively. The AlI-O—
C bond angles also differ, being 135.1(1)° and 160.4(1)°,
respectively.

The dissociation of Al(C4F), from 7 may also be facilitated
by interactions with solvent. This is evidenced in the
crystallization of AI(C¢Fs); from bromobenzene, which
afforded crystals of Al(C¢Fs);-2(CqHsBr) (16) (Figure S).

&H&.&e.

"
[ 2]
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Figure 5. POV-Ray depiction of the molecular structure of 16. H
atoms are omitted. C: black; Al; teal; F: pink; Br: scarlet.

While the geometry about Al remains trigonal planar as
expected, the bromine atoms of two bromobenzene molecules
occupy positions above and below the trigonal plane with
Al-Br distances of 2.80 and 3.12 A. Such an interaction may
mimic solvation, although, 7-stacking between the electron-rich
arene bromobenzene ring and the electron-deficient fluoroar-
ene ring may stabilize the interactions observed in the solid
state. It is noteworthy that computational studies by Kwon et
al.* further suggested that such solvation of the Lewis acid by
the solvent bromobenzene favors the dissociation of the
(Mes,P)AICI, adduct.*

Mechanistic Insights. While solutions of Mes;P/AIX,
generate some adduct and some radical cation, addition of
CO, results in loss of color and disappearance of any EPR
signal. This infers that the formation of the adduct 3 precludes
an open-shell mechanism for the subsequent reduction of CO,
to 8 and 9. To further examine the generation of CO from 3,
solutions of 3 were prepared and exposed to a 50-fold excess of
CO,. This was done using 5.0 atm of CO, pressure and using a
known volume of solvent. The concentration of CO, in
solution was estimated to be 0.4 M, based on Raoult’s law and
the known mole fraction of 0.0079 for CO, in bromobenzene
at 1.0 atm.>* Under these conditions, the reaction of 3 to 8 and
9 proceeds under pseudo-first-order conditions. Monitoring the
reaction by *'P{'"H} NMR spectroscopy experiments over a 30
K range (303—333 K) showed a first-order dependence on 3
with the activation parameters AH¥ = 85(5) kJ/mol and AS* =
—45(15) J/(mol-K) (Figure 6).

Similarly reduction of CO, pressure was also consistent with
a first-order dependence of the reaction rate with CO,. This,
together with a negative activation entropy, suggests that the
rate-determining step in the reduction of CO, to CO and the
formation of 8/9 involves an associative process.

A kinetic study of the conversion of 3 to 8/9 at 50 °C in the
presence of 0.5 or 1.0 equiv of cyclohexene revealed an inverse
first-order dependence on the concentration of cyclohexene.
This suggests competitive binding of the olefin to AlX;. 'H
NMR spectra for these solutions do exhibit a shifted olefinic
resonance consistent with coordination to Al. This view is also
supported by computational studies. Using the OG2R3(SCRF)
approach, the olefin adduct (7>-C¢H,)All, is computed to be
34 kJ/mol more stable than the (#'-CO,)All; adduct in
bromobenzene solvent. It is noteworthy that we have
previously characterized the cyclohexene adduct Al-
(CéFS)S(ﬂZ'CGHIO)'SI

The consumption of 3 in the reduction of CO, suggests that
species 3 is the initial kinetic product. Conversion of 3 to 8 and
9 requires some free phosphine and alane. Dissociation of AlX;
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Figure 6. Top: Stacked plot of *'P{'"H} NMR spectra at 40 °C (initial
time S min and then at intervals of 15 min) for the reaction of 3 (7.2
mM) with S atm of CO, (ca. 0.4 M). Middle: Representative plot of
the first-order decay of [3] at 60 °C. Bottom: Eyring plot.

from 3/4 generates the analogues of 15, while further
dissociation liberates phosphine and a second equivalent of
AIX,. Further competition is provided by the equilibrium
governing phosphine-alane adduct formation. This is consistent
with the observations that addition of excess All; slowed the
conversion of 3 to 8 and 9, while addition of the
[Mes,PMe][All,] (12) facilitates dissociation of All; from 3,
presumably by an equilibrium involving the generation of the
[ALI;]™ anion. The participation of free alane in the reaction is
also consistent with the slower reduction of 4 to 10 and 11,
presumably resulting from the increased Lewis acidity of AlBr;.

Based on the formation of 13 and 14 from 7, an associative
insertion reaction of CO, with [ALX,] affording a transient
cyclic species of the form [XC(OAIX,),X] is proposed
(Scheme 3, bottom left). Probing this notion computationally,
scans of the potential energy surface for insertion of CO, into
AlL at the M06-2X(SCRF) level® led to an estimated barrier of
75 kJ mol™" (NB.: experimental barrier: 85(5) k] mol™). In this
case, the reaction energy, calculated at the OG2R3(SCRF)
level,>*” was found to be essentially thermoneutral (4 kJ
mol™!). However, inclusion of the second All, resulted in a
highly exothermic reaction (—145 kJ mol™).

Subsequent nucleophilic attack by phosphine could proceed
via formation of a phosphonium acyl halide intermediate. Such
species are known to be unstable with respect to loss of
CO***®% and formation of the corresponding halo-phospho-
nium cation. Alternatively, nucleophilic attack at the halide
could yield [Mes3PI]* directly (Scheme 3, bottom middle).
Computations at the OG2R3(SCRF) level infer that the

Scheme 3. Proposed Mechanism for the Reduction of CO,

o AXs

o)
® ®
MessP—~/ o —— MessP—~ O +AiX
0-AiXs O-AlX3

3/4 / co,

kinetic product

AlXs —— Mes3P + AlX3 =——— (Mes3P)AIX3

rdslc;o2
X* " PMes;
d XAl L AX,
_Cs co [N 34 ® 9
0T0 20| " h 3 o2 oo,
XAl % AX XAl | -9 O-AlX,
X [Mes3PX] 8/10

thermodynamic product

decomposition of [Mes;PC(O)I][AIL] to [Mes,PI][All,] and
CO is endothermic by 46 k] mol™ with a reaction barrier in
excess of 150 kJ mol™". In contrast, scans of the potential
energy surface for phosphine attack at the carbon-bound halide
of the transient cycle indicate that formation of the
halophosphonium cation/cyclic anion pair entails only a small
barrier (ca. 70 kJ mol™'; the process is barrierless with respect
to the exothermicity of the formation of the cyclic
intermediate). Subsequent liberation of CO from the cyclic
anion is barrierless and exothermic by 53 kJ mol™ (MO06-
2X(SCRF) level), clearly supporting the latter reaction
pathway. This phosphine oxidation and reduction of CO,
yields an oxo-bridged Al species ultimately incorporated into
8. Computations at the M06-2X(SCRF) level® show that the
exchange of neutral fragment [LAIOAIL] for All; in 3 is
exothermic by —99 kJ/mol. The overall reaction energy for the
conversion of 3 to 8/9 and CO is computed to be exothermic
by 37 kJ/mol at the OG2R3(SCRF)//ONI(M06-2x)(SCRF)
level>**” This is consistent with the argument that the
formation of 3 represents the kinetic product, while the
liberation of CO and formation of 8/9 are the thermodynami-
cally favored products (Scheme 3).

B CONCLUSION

The stoichiometric reduction of CO, to CO using R;P/AIX;
FLPs has been probed, and the kinetic product has been shown
to be species of the form RyPC(OAIX,),. Nonetheless a further
reaction occurs under CO, via a rate-determining associative
insertion of CO, into the Al-X bond of AlX;. This view is
supported by kinetic data and the isolation of the insertion
product of CO, with Al(C¢F;);, 14. Subsequent nucleophilic
attack by phosphine effects phosphine oxidation and affords the
generation of the thermodynamic product Mes;PC-
(OAIX,),0AIX;. While this reactivity is interesting, this work
suggests that catalytic processes to effect metal-free reduction of
CO, will require a less oxophilic Lewis acid. Efforts to uncover
such main group systems capable of catalytic chemistry are
under study.”

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under an atmosphere of dry, oxygen-free N, by means of standard
Schlenk or glovebox techniques (Innovative Technology glovebox
equipped with a —38 °C freezer). Hexanes and toluene (Aldrich) were
dried using an Innovative Technologies solvent system. Fluorobenzene
and bromobenzene (-H; and -Dg) were purchased from Aldrich and
dried on P,O; for several days and vacuum distilled onto 4 A
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molecular sieves prior to use. Mes,P and (otol),P were purchased from
Strem, (CF;);COH was purchased from Apollo Scientific, and
B(C4F;); was purchased from Boulder Scientific; all of these reagents
were used without further purification. Al(CgFs);tol was prepared
from B(C4Fs); and Me;Al in toluene by a known procedure.®’
Al(OC(CF,);)5-C¢HSF was prepared from EtjAl and (CF,);COH in
fluorobenzene according to a literature procedure.”” AIX; (X = Br, I)
were purchased from Strem and sublimed three times prior to use
under vacuum using a —78 °C coldfinger and an 80 °C (X = Br) or
150 °C (X = I) bath. 3CO, was purchased from Aldrich and used
without further purification. CO, was purchased from Linde and
passed through a Drierite column prior to use. NMR spectra were
obtained on a Bruker Avance 400 MHz or a Varian 400 MHz, and
spectra were referenced to residual solvent of C,DsBr or externally
(¥*Al: AI(NO;)s, ¥'P: 85% H,PO,, °F: CFCl,). Chemical shifts (5)
listed are in ppm, and absolute values of the coupling constants are in
Hz. NMR assignments are supported by additional 2D experiments.
UV—vis spectra were obtained on an Agilent 8453 UV-—vis
spectrophotometer using Quartz cells modified with a J-Young
NMR cap to ensure a near-perfect seal. Elemental analyses (C, H)
and X-ray crystallography were performed in-house. EPR spectra were
recorded at the University of Windsor at 25 °C or 77 K on a Bruker
EMXplus X-band spectrometer controlled using Xenon software on a
PC 0p4<36rating under Linux. The spectra were modeled using PIP4Win
v. 1.2

Synthesis of (Mes;P)All; (1). A 50 mL round-bottom flask
equipped with a magnetic stir bar in the glovebox was charged with
PMes; (250 mg, 0.64 mmol), All; (262 mg, 0.64 mmol), and
bromobenzene (6—7 mL). The solution was allowed to stir for S—10
min while a precipitate formed. The white precipitate was collected on
a glass frit, washed with bromobenzene (several drops) and hexanes
(ca. 5 mL), and dried (300 mg, 0.38 mmol, 59%). "H NMR (C,D;Br):
6.84 (bs, 3H, m-Mes), 6.68 (bs, 3H, m-Mes), 2.71 (s, 9H, 0-CH;*),
2.02 (s, 9H, p-CH™*), 1.79 (s, 9H, o-CH,™*). 3P{'H} NMR
(C4D4Br): —19, —29 (bm). *’Al NMR (CDBr): 37 (bd, YJu_p = 193
Hz). BC{'H} NMR (C(D;Br): 145.6 (bs), 143.3 (bs), 142.0 (bs),
132.5 (bs, m-C¢H,), 131.5 (m-CgH,, signal lost in solvent peak), 120.5
(d, Yc_p = 40.0 Hz, i-C4H,), 28.6 (bs, 0-CH;M*), 24.4 (bs, 0-CH,™*),
21.0 (s, p-CH;*). Anal. Caled for Cp,Hy;AlLP: C, 40.73; H, 4.18.
Found: C, 40.65; H, 3.81.

Synthesis of Mes;P(CO,)(AIX;), (X =1, 3; Br, 4; Cl, 5) and
(otol);P(CO,)(AIX3), (X =1, 6; C¢F5, 7). These compounds were
synthesized in an analogous manner. Thus, only one preparation is
detailed. A 50 mL round-bottom flask equipped with a magnetic stir
bar in the glovebox was charged with PMes; (200 mg, 0.51 mmol) and
AlCl; (69 mg, 0.51 mmol). Bromobenzene (10 mL) was added to this
all at once. The solution was allowed to stir for 30 min, at which point
ca. 15 mL of hexanes was added dropwise with rapid stirring. The
white precipitate S that forms was collected on a glass frit, washed with
hexanes (ca. S mL) followed by pentane (ca. S mL), and dried (215
mg, 0.41 mmol, 81%). Vapor diffusion of a bromobenzene solution of
the compound with pentane yielded single crystals suitable for X-ray
crystallography.

3: yield: 87%. "H NMR (C¢D;Br): 6.83 (d, “;y_y; = 4.4 Hz, 3H, m-
Mes), 6.70 (d, “fy_y; = 4.4 Hz, 3H, m-Mes), 2.48 (s, 9H, 0-CH;M*),
2.06 (s, 9H, p-CH;™*), 1.90 (s, 9H, o-CH,™*). 3P{'H} NMR
(CeDsBr): 22.0. Al NMR (CD;Br): 20 (bs, vy, = ca. 1500 Hz).
BC{’H} NMR (C(D.Br): 167.8 (d, Jo_p = 119 Hz, CO,), 146.5 (d,
YJeop = 3.0 Hz, p-CH,), 144.9 (d, ¥Jc_p = 11.6 Hz, 0-C;H,), 144.4 (d,
Yeop = 10.3 Hz, 0-C¢H,), 134.5 (d, 3Jc_p = 12.2 Hz, m-C¢H,), 133.7
(d, ¥Jc_p = 12.5 Hz, m-C¢H,), 115.0 (d, Yo_p = 74.5 Hz, i-C¢H,), 25.5
(d, 3Jc_p = 5.7 Hz, 0-CH;M*), 23.9 (d, ¥J_p = 5.2 Hz, 0-CH,™*), 21.2
(d, Jcp = L5 Hz, p-CH;™*). Anal. Calcd for C,H;;PO,ALL: C,
26.95; H, 2.67. Found: C, 2691; H, 2.71. 3C-3: 3P{'H} NMR
(C¢D4Br): 22.0 (d, YJp_c = 119 Hz).

4: Yield: 83%. 'H NMR (C4D;Br): 6.84 (bs, 3H, m-Mes), 6.76 (bs,
3H, m-Mes), 2.32 (bs, 9H, 0-CH;™*), 2.08 (s, 9H, p-CH,M*), 1.90
(bs, 9H, o-CH,M*). 3P{lH} NMR (C,DBr): 22.3. YAl NMR
(C¢DsBr): not observed. *C{'"H} NMR (C¢DsBr): 172.5 (d, Je_p =
119 Hz, CO,), 147.2 (d, YJc_p = 3.0 Hz, p-C¢H,), 145.3 (bs, 0-C¢H,),

144.1 (bs, 0-C¢H,), 133.9 (s, m-C¢H,), 133.8 (s, m-C¢H,), 114.1 (d,
Yep = 76 Hz, i-C¢H,), 24.9 (bs, 0-CH;M*), 23.8 (bs, 0-CH,M*), 21.3
(s, p-CH;™*). Anal. Calcd for C,H;;PO,ALBrg: C, 34.82; H, 3.44.
Found: C, 34.78; H, 3.64. 3C-4: Yield: 83%. 3'P{'H} NMR
(C¢DsBr): 21.0 (d, Jp_c = 121 Hz).

5: yield: 82%. "H NMR (CD;Br): 6.80 (bs, 3H, m-Mes), 6.68 (bs,
3H, m-Mes), 2.32 (bs, 9H, 0-CH;*), 2.03 (s, 9H, p-CH,™*), 1.85
(bs, 9H, o-CH;M*). 3'P{"H} NMR (C(D:Br): 20.1 (d, Jp_c = 123
Hz). Al NMR (C¢D;Br): 105 (bs, v/, = 750 Hz). *C{'"H} NMR
(C¢DsBr): 171.5 (d, YJc_p = 123 Hz, CO,), 146.8 (d, *Jo_p = 3.2 Hz,
p-CeH,), 145.0 (bs, 0-C4H,), 144.4 (bs, 0-C¢H,), 133.6 (bs, 2 X m-
CeH,), 114.6 (d, YJc_p = 76 Hz, i-C4H,), 24.5 (bs, 0-CH;M*), 23.6 (bs,
0-CH;M*), 21.2 (s, p-CH;M*). Anal. Caled for C,gH;3PO,ALCls: C,
48.10; H, 4.76. Found: C, 48.24; H, 4.71. 13C-5: Yield: 82%. 3'P{'H}
NMR (C¢D;Br): 19.8.

6: Heating to 60 °C for 1 h. Yield: 72%. "H NMR (C¢D;Br): 7.57—
7.51 (m, 3H), 7.36—7.32 (m, 3H), 7.16—7.09 (m, 6H), 2.08 (bs, 9H,
0-CH,). 3'P{'H} NMR (C¢D;Br): 27.5. ’Al NMR (C(DBr): 23 (bs,
vy, = ca. 1500 Hz). *C{'"H} NMR (C¢DBr): 164.3 (d, ‘Jc_p = 123
Hz, CO,), 144.5 (d, Jc_p = 9.3 Hz), 136.9 (d, Jo_p = 3.0 Hz), 135.7 (d,
Jeop = 12.7 Hz), 134.5 (d, Jo_p = 11.6 Hz), 128.5 (d, Jc_p = 13.6 Hz),
1112 (d, Jo_p = 81.2 Hz, i-C¢H,), 23.4 (d, *Jc_p = 4.9 Hz, 0-CH;).
Anal. Calcd for C,,H,,PO,ALL: C, 22.71; H, 1.82. Found: C, 23.22;
H, 2.00.

7: Yield, 90%. 'H NMR (C¢D;Br): 7.60—6.85 (m, 12H), 1.81 (bs,
9H, 0-CHj,), 1.27—1.13 (m, 4H, 0.5-(CH;(CH,)CHj,)), 0.84 (t, *Jy_n
= 6.8 Hz, 3H, 0.5-(CH,;(CH,)CH,)). *'P{"H} NMR (C¢D,Br): 30.0.
Al NMR (C(D:Br): not observed. “F{'H} NMR (376 MHz,
C¢DsBr): —121.8 (bd, 3Jz_g = 19.2 Hz, 12F, 0-CF;), —152.5 (t, *Je_g
= 199 Hz, 6F, p-CiF;), —161.4 (m, 12F, m-CF;). BC{'H} NMR
(C¢DsBr): 167.3 (d, YJc_p = 128 Hz, CO,), 149.9 (dm, YJo_r = 234
Hz), 144.2 (d, ¥Jc_p = 8.4 Hz, C-Me), 141.7 (dm, 'Jo_z = 252 Hz),
136.7 (dm, YJc_p = 253 Hz), 136.4 (d, Jc_p = 1.8 Hz), 135.2 (d, Jo_p =
11.8 Hz), 133.7 (d, Jc_p = 11.4 Hz), 127.7 (d, Jc_p = 13.5 Hz), 112.9
(m, i-C4Fy), 112.1 (d, YJ_p = 78 Hz, i-C¢H,), 31.8 (s, C¢H,y), 22.9 (s,
C¢H,,), 22.4 (bs, 0-CH;), 144 (s, C¢H;,). Anal. Caled for
Ce1Hy3ALF;,0,P-0.5C¢H,,: C, 50.61; H, 1.95. Found: C, 50.36; H,
2.06.

Isolation of Mes;PC(OAIX,),0AIX; (X = I, 8; Br, 10). Small
portions of these products were separated from reactions yielding 3
and 4, respectively, upon standing for 24 h and after slow cooling of
the fluorobenzene solutions to —38 °C.** Crystals obtained were
suitable for X-ray crystallography. The crystals were partly soluble in
deuterated bromobenzene.

8: Small portions of 8 were isolated from reactions. '"H NMR
(C¢DsBr): 7.09—6.83 (m, 7—8H, 1.5-C4H,F), 6.82 (bs, 3H, m-Mes),
6.70 (bs, 3H, m-Mes), 233 (bs, 9H, o-CH;*), 2.06 (s, 9H, p-
CH,M*), 1.83 (bs, 9H, 0-CH;*). 3'P{’"H} NMR (C¢D;Br): 19.5. Al
NMR (C¢DsBr): 31 (s, vy, = ca. 170 Hz). *C{'H} NMR (C¢D;Br):
173.9 (d, Yo_p = 118 Hz, CO,), 162.8 (d, YJc_r = 244 Hz, i-C(H,F),
147.0 (d, ¥Jc_p = 3.0 Hz, p-C¢H,), 144.7 (bs, 2C, 0-C¢H,), 133.5 (bs,
2C, m-C¢H,), 130.0 (d, ¥Jc_g = 7.7 Hz, m-C¢H,F), 124.1 (d, ¥Jc_g =
3.1 Hz, p-C¢HF), 115.3 (d, *Jc_g = 20.6 Hz, 0-C{HF), 113.6 (d, YJc_p
= 76.2 Hz, i-C¢H,), 26.0 (bs, 0-CH;M*), 23.8 (bs, 0-CH;M*), 21.3 (s,
p-CH;*). F NMR (376 MHz, C{D:Br): —112.4. Anal. Calcd for
CysH;3ALLO,P-3C(HF (8:3C4HSF)): C, 28.45; H, 2.61. Found: C,
28.36; H, 2.60.

10: Small portions of 10 were isolated from reactions. '"H NMR
(CD,Cl,): 7.52—7.24 (m, SH, C4H;Br), 7.17 (bs, 6H, m-Mes), 2.41 (s,
9H, p-CH;™*), 2.32 (bs, 9H, 0-CH;*), 2.11 (bs, 9H, o-CH;™*).
SIP{'H} NMR (CD,ClL): 19.5. Al NMR (CD,CL,): 88 (bs).
BC{'H} NMR (CD,CL): 176.8 (d, YJo_p = 123 Hz, CO,), 147.9 (4,
Ye_p = 3.0 Hz, p-C¢H,), 145.5 (bd, ¥Jc_p = 11 Hz, 0-C4H,), 134.0 (bd,
3Jc_p = 12.4 Hz, m-C¢H,), 131.9 (s, C¢H;Br), 130.5 (s, C¢HBr), 127.4
(s, C¢HsBr), 122.7 (s, C¢H:Br), 113.7 (d, YJe_p = 76.6 Hz, i-C¢H,),
25.1 (bs, 0-CH;™*), 24.3 (bs, 0-CH,M*), 21.5 (d, ¥Jc_p = 1.6 Hz, p-
CH;™*). Anal. Calcd for C,H;;AlBr,0,P-C;HBr (10-C¢HBr): C,
32.78; H, 3.07. Found: C, 32.52; H, 3.11.
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Synthesis of [Mes;PXI[AIX,] (X = I, 9; Br, 11). These
compounds were synthesized in an analogous manner. Thus only
one preparation is detailed. A S0 mL round-bottom Schlenk flask
equipped with a magnetic stir bar was charged with PMes, (0.300 g,
0.77 mmol) and All; (0.31S g 0.77 mmol). Toluene (20 mL) was
added to this all at once. To this mixture was then added dropwise a
solution of I, (0.196 g, 0.77 mmol) in ca. S mL of toluene. The
mixture turned to a pale yellow, oily solution and was allowed to stir
for 30 min. The solvent was removed in vacuo to obtain a pale orange
solid. The solid was stirred in hexanes (ca. 10 mL) for 10 min, and the
mixture was filtered on a glass frit, washed with hexanes (ca. S mL),
and dried (0.72 g, 89%).

9: 'H NMR (C(D,Br): 6.82 (d, “J;y_p = 4.4 Hz, 3H, m-Mes), 6.63
(d, “Tyu—p = 6.0 Hz, 3H, m-Mes), 2.17 (s, 9H, 0-CH,M*), 2.12 (s, 9H, p-
CH;™*), 1.73 (s, 9H, o-CH;*). 3'P{'"H} NMR (C¢DBr): —14.5.
YAl NMR (C¢DsBr): —25 (s). *C{'H} NMR (C(DsBr): 146.4 (d,
Yeop = 34 Hz, p-C¢H,), 145.4 (d, ¥Jc_p = 11.8 Hz, 0-C¢H,), 143.4 (d,
Ye_p = 12.1 Hz, 0-C¢H,), 133.4 (d, *Jc_p = 12.3 Hz, m-C¢H,), 132.9
(d, JJep = 12.3 Hz, m-CeH,), 119.3 (d, 'Jo_p = 65.5 Hz, i-CH,), 26.3
(d, ¥Jc_p = 6.4 Hz, 0-CH,M*), 24.4 (d, 3j_p = 4.3 Hz, 0-CH,™*), 21.4
(d, 3Jc_p = 1.8 Hz, p-CH;™*). Anal. Calcd for C,,H,,PAlL;: C, 30.88;
H, 3.17. Found: C, 31.22; H, 3.05.

11: Yield: 89%. '"H NMR (C¢D;Br): 6.87 (d, “Jy_p = 4.4 Hz, 3H, m-
Mes), 6.71 (d, “Jy_p = 6.4 Hz, 3H, m-Mes), 2.14 (s, 9H, p-CH,"™),
2.13 (s, 9H, o-CH;™*), 1.76 (s, 9H, o-CH;M*). 3P{'"H} NMR
(C¢DsBr): 38.5. Al NMR (C(DsBr): 81 (s). “C{'H} NMR
(C¢DsBr): 1472 (d, YJc_p = 3.0 Hz, p-C¢H,), 145.4 (d, ¥Jc_p = 10.3
Hz, 0-C¢H,), 1437 (d, Jo_p = 154 Hz, 0-CiH,), 133.7 (d, YJep =
12.1 Hz, m-C¢H,), 133.2 (d, *Jc_p = 13.5 Hz, m-C¢H,), 119.0 (d, Jc_p
= 74.4 Hz, i-C¢H,), 24.9 (d, *Jc_p = 6.2 Hz, 0-CHM*), 24.4 (d, 3J_p
= 5.5 Hz, 0-CH;™*), 21.5 (d, ¥Jc_p = 1.5 Hz, p-CH;"). Anal. Calcd
for C,;H4;PAIBrs: C, 39.79; H, 4.08. Found: C, 39.87; H, 4.05.

Synthesis of [Mes;PMe][All,] (12). A S0 mL round-bottom
Schlenk flask equipped with a magnetic stir bar was charged with
PMes; (1.0 g, 2.57 mmol) and All; (1.1 g, 2.7 mmol). Fluorobenzene
(1S mL) was added to this all at once. To this mixture was added
dropwise a solution of Mel (0.384 g, 2.7 mmol) in fluorobenzene (S
mL). The mixture turned to a pale yellow solution and was allowed to
stir for 1 h. The solvent was removed in vacuo to obtain a beige, oily
residue. The residue was stirred in hexanes (ca. 20 mL) for 10 min. An
off-white precipitate formed, which was filtered on a glass frit, washed
with hexanes (ca. 2 X § mL), and dried (2.1 g 87%). 'H NMR
(C¢DsBr): 6.87 (s, 3H, m-Mes), 6.69 (s, 3H, m-Mes), 2.39 (d, Jy_p =
11.6 Hz, 3H, Me), 2.14 (s, 9H, p-CH;*), 1.99 (s, 9H, o-CH,M*),
1.72 (s, 9H, o-CH;M*). 3P{'H} NMR (C¢D;Br): 7.0. Al NMR
(C¢DsBr): =25 (s). *C{'H} NMR (C¢D;Br): 145.1 (d, ¥Jc_p = 2.9
Hz, p-C¢H,), 143.6 (d, *Jc_p = 10.6 Hz, 0-C¢H,), 142.8 (d, *Jc_p =
10.4 Hz, 0-C(H,), 133.2 (d, }Jc_p = 11.4 Hz, m-C¢H,), 133.1 (d, *Jc_p
= 11.6 Hz, m-C¢H,), 119.6 (d, YJo_p = 79.0 Hz, i-C¢H,), 25.7 (d, Je_p
= 62.4 Hz, PMe), 24.1 (d, ¥Jc_p = 4.7 Hz, 0-CH;M*), 24.0 (d, 3Jc_p =
5.2 Hz, 0-CH;™*), 21.4 (s, p-CH,™*). Anal. Calcd for CpH3PAlL: C,
35.85; H, 3.87. Found: C, 35.88; H, 3.94.

Synthesis of [(C4F5)C(O)OAI(C4F5),l, (14). A SO mL Schlenk
bomb equipped with a Teflon screw cap and a magnetic stirbar was
charged with Al(C4F;);tol (300 mg, 0.48 mmol) and fluorobenzene
(S mL). The bomb was transferred to the Schlenk line equipped with a
CO, outlet. The bomb was degassed, filled with CO, (1 atm), and
sealed. The solution was heated to 90 °C and stirred rapidly for 24 h,
after which the CO, atmosphere was removed. The product was
isolated by crystallization at —38 °C and filtered (220 mg, 0.38 mmol,
79%). Slow cooling of a fluorobenzene solution to —38 °C of the
compound yielded single crystals suitable for X-ray crystallography.
YAl NMR (CD;Br): blank. “F{'"H} NMR (376 MHz, C¢D.Br):
—122.8 (bd, Js_p = 18.0 Hz, 4F, 0-C(F-Al), —131.5 (bs, 2F, 0-C¢Fs-
CO,), —135.0 (tt, *Jp_p = 22.6 Hz, *Jz_ = 11.3 Hz, 1F, p-C,F;-CO,),
—148.3 (t, ¥Jp_p = 199 Hz, 2F, p-C¢Fs-Al), —156.5 (m, 2F, m-C¢Fs-
CO,), —159.1 (m, 4F, m-C¢Fs-Al). BC{'H} NMR (C(D;Br), partial:
168.0 (s, CO,). Anal. Calcd for C,4AlF;50,: C, 39.88. Found: C, 39.79.

Synthesis of (otol);PC(O)OAI(OC(CF;);); (15). A S0 mL Schlenk
bomb equipped with a Teflon screw cap and a magnetic stirbar was
charged with P(otol); (20 mg, 66 ymol), PhF-Al(OC(CF;);); (54 mg,
66 umol), and fluorobenzene (0.7 mL). The bomb was transferred to
the Schlenk line equipped with a CO, outlet. The bomb was degassed,
filled with CO, (1 atm), and sealed. The solution was stirred for 10
min, after which time the CO, atmosphere was removed. Slow cooling
of the solution to —38 °C yielded single crystals suitable for X-ray
crystallography (66 mg, 61 ymol, 93%). '"H NMR (C,H;F): 7.84 (m,
3H, 0-CH), 7.59 (m, 3H, p-CH), 7.39 (m, 3H, m-CH), 7.36 (m, 3H,
m-CH), 2.29 (s, 9H, CH,). *'P{'"H} NMR (C¢H,F): 11.2. ¥ Al NMR
(C4HSF): 37 (bs). YF{'H} NMR (376 MHz, C{HF): —75.2 (s, 27F,
CF;). BC{'H} NMR (C¢H;F): 159.1 (d, Jp_c = 124 Hz, CO,), 144.4
(d, Jp_c = 84 Hz, 0-C¢H,), 135.0 (d, Jp_c = 2.9 Hz, p-CH,), 134.8
(d, *Jp_c = 12 Hz, 0-C4H,), 1332 (d, 3Jp_c = 11 Hz, m-C¢H,), 127.4
(d, “Jo—c = 13 Hz, m-C¢H,), 121.5 (q, 'Je_g = 291 Hz, OC(CF,);),
115.5 (d, YJp_c = 82 Hz, i-C¢H,), 78.9 (m, OC(CF,;);), 21.5 (d, *Jp_c
= § Hz, CH,). Anal. Calcd for Cy,H,,AlF,,O4P: C, 37.80; H, 1.96.
Found: C, 37.72; H, 2.04.

Synthesis of Al(C4F5)3(CgHsBr), (16). Single crystals suitable for
X-ray diffraction of this compound were obtained by slow cooling a
bromobenzene solution of Al(C4F;);-tol to —38 °C, over several days.
'H, ¥Al, ¥F, BC{'H} NMR: as reported for the known complex
Al(C4Fs);tol.5!

Kinetic Study. All kinetic experiments were performed in thick-
walled J-Young NMR tubes (total volume of 2 mL) under CO,
pressure. Saturated solutions of S (7.2 mM) were prepared by
dissolving 36 mg (29 ymol) in 4.0 mL of C4D;Br, and aliquots of 0.50
mL were used. The concentration of CO, in solution was determined
using Raoult’s law for CO, in bromobenzene at 1 atm.>* The reactions
were monitored by *'P{'"H} NMR spectroscopy, samples were placed
directly in the prewarmed spectrometer, and the spectra were acquired
after a S min equilibration period. Data were obtained over a 30 K
range (303-333 K).

Computational Studies. The Gaussian suite (G09)** was utilized
for all calculations. Optimizations employed the ONIOM®>%*
composite approach, within which the DFT model M06-2X>* was
used. The appropriateness of this approach was affirmed by
observation of good agreement between computationally and X-ray
diffraction-determined structural parameters. Single-point energy
calculations at the ONIOM-determined geometries were performed
using the ONIOM G2R3 (OG2R3)***” composite approach, which
approximates a CCSD(T)/6-311+G(2df, 2p) calculation, providing a
more accurate prediction at modest cost.**® Bromobenzene solvent
effects were examined using both explicit bromobenzene molecules
and/or a polarized continuum solvent model (indicated by the
abbreviation SCRF).%”® Inclusion of solvent in either form had only a
small effect on predicted structures but showed a detectable effect on
the reaction energetics, presumably because all species were extremely
polar. Energies were corrected using unscaled zero-point energies from
the frequency analyses, since scaling factors for ONIOM-based
frequency determinations are undetermined.
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