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Characterization of a Lewis adduct in its inner and outer forms
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Abstract: The entrance channel of bimolecular reactions sometimes involves the formation of
outer complexes as weakly bound, fleeting intermediates. Here, we characterize such an outer
complex in a system that models the bimolecular, C-O bond-forming reaction of a phosphine
oxide Lewis base with a carbenium Lewis acid. Crystallographic studies show that the C-O
distance in the outer form exceeds that of the final or inner adduct by 1.1 A. As the system
samples the two forms of the complex, which correspond to minima on the corresponding
potential energy surface, the C-O linkage switches from a secondary interaction in the outer
complex to a dative bond in the inner complex. This phenomenon is harnessed as a functional
feature to stabilize xanthylium-based photoredox catalysts.
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Pre-reactive complexes held by weak intermolecular forces are sometimes present on the
potential energy surfaces of bimolecular reactions (/-3). Consideration of these fleeting
intermediates, which have been inferred from kinetic (4, 5) or spectroscopic experiments (6, 7),
may be traced back to the pioneering work of Mulliken, who suggested their existence in simple
reactions such as those leading to Lewis adducts (8). Mulliken, who referred to these pre-
reactive complexes as outer complexes, explained, based on resonance theory, that they differ
from the corresponding inner complexes or classical Lewis adducts, by the extent of charge
transfer from the Lewis base to the Lewis acid. In all cases, the involvement of a pre-reactive or
outer complex will give rise to a double-well on the potential energy surface of the
corresponding reaction (Fig. 1A) (8).
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Fig. 1. Background and conceptual overview (A) Idealized potential energy surface of a
bimolecular Lewis acid-base reaction, with minima corresponding to the outer and inner
complexes. (B) Examples of model Lewis acid-base systems computed to involve outer
complexes as stationary points on the potential energy surface of the Lewis adduct forming
reaction.

The relevance of Mulliken’s early analyses has resurfaced in the structural chemistry of nitrile-
borane adducts (9, 10). For example, the simple adduct CH3CN-BF3 forms a short B-N bond of
1.630(4) A in the solid state (9), but its characterization in the gas phase returns a much longer
distance of 2.011(7) A for the same linkage (/7). Calculations performed on this system led to
the proposed involvement of an outer complex that rapidly exchanges in the gas phase with its
inner counterpart (/2). These computational results are corroborated by a recent in silico
investigation of HCN-BCls (I), which also features two minima at B-N distances of 1.628 A for
the outer complex Io and 2.817 A for the inner complex It (Fig. 1B) (13, 14). Despite the widely
different distances and bonding modes, the stabilities of these two isomers differ by less than 1
kcal/mol even as the bond transitions from a polar covalent bond in the inner form of the adduct
to a m-hole-based triel bond in outer form (/3). A related situation is predicted in the case of
adducts formed by the coordination of N-heterocyclic carbenes to CO,. For example, the NHC-
CO; system (II, NHC = C(NHCH),) was calculated to feature two minima characterized by
Cnnc-Cco. distances of 1.524 A for IIr and 2.876 A for Ilo (Fig. 1B) (/5). Bonding analysis of
o points to the presence of a Cnuc-Ceo. secondary interaction, referred to as a tetrel bond (/6-
19). This designation refers to a non-covalent and, thus, elongated bonding mode in which
electrostatic forces and second-order donor-acceptor bonding constitute the major terms
stabilizing the linkage (20). The picture that emerges from Mulliken’s early work and more
recent investigations of simple Lewis adducts is one in which a weakly bound outer complex
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serves as an entrance channel for the more robust, datively bonded inner complex. Frustrated
Lewis pair systems (27, 22) where a datively bonded Lewis adduct is in equilibrium with a
frustrated encounter complex (23-26) embodies another version of Mulliken early analyses even
if, in this case, the outer or encounter complex features a long separation and no direct bonding
interaction between the Lewis opposite atoms (27, 28).

As noted by Mulliken and Person, inner and outer complexes are isomers of one another, which
differ by the distance separating the Lewis acid from the base (29). Despite the body of
experimental and theoretical evidence gathered to date, examples of systems where both the
inner and outer isomers of an adduct are structurally characterized have remained elusive.
Motivated by the structural and electronic versatility that such an isomerism may provide, we
have actively been searching for molecular designs that would support the concomitant existence
of the two forms of a Lewis adduct. Here, we report an intramolecular example of such a system
involving a phosphine oxide as the Lewis base and a carbenium ion as the Lewis acid. We were
prompted to investigate such systems by prior reports on reversible dative bonding in
intramolecular phosphine oxide-borane (30-32) and phosphine-carbenium adducts (26).

Synthesis and characterization of the inner and outer isomers

Access to our target system began with the synthesis of phosphine 1, which was obtained by
mono-lithiation of 1,8-dibromo-acenaphthene followed by reaction with (p-C1C¢H4)2PCl (Fig.
2A). Subsequent lithiation of 1 followed by reaction with xanthone produced carbinol 2 which
was converted in the phosphine oxide carbenium species [3][BF4] by reaction with hydrogen
peroxide and tetrafluoroboric acid. NMR analysis of [3][BF4] in d3-MeCN points to the presence
of a P=0---C.ar interaction as indicated by the *C NMR chemical shift of the carbenium
nucleus at 156.1 pm. Indeed, this chemical shift is almost 20 ppm upfield from the value of
176.1 ppm measured in the same solvent for the 9-phenylxanthylium cation ([P"Xt]*), which
features an uncompromised, Lewis-base-free, carbenium center. At the same time, the chemical
shift of [3][BF4] is 68.5 ppm downfield from that of the isopropyl phosphine oxide analog
[4][BF4] (87.6 ppm in CDCl3), which was prepared for comparative purposes using a similar
route. We also noted a difference in the behavior of these two compounds. Whereas [4][BF4] is
colorless both in the solid state and in solution, solid [3][BF4] assumes a pinkish hue. When
dissolved in CH>Cl, it displays a reddish color associated with an absorption band at Amax = 520
nm, suggesting that the xanthylium chromophore becomes at least partially unmasked (Fig. 2B).
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Fig. 2. Synthesis and characterization. (A) Synthesis of [3][BF4]. (B) Photograph of crystals
of [3][BF4] showing specimens of different colors and morphologies, UV-vis spectrum of
[3][BF4] in CH2Cl,, and crystal structures of the inner ([31][BF4]) and outer ([30][BF4]) forms of
[3][BF4]. (C) Representation and crystal structure of [4][BF4]. For all crystal structures shown,
the thermal ellipsoids in the structures are drawn at the 50% probability level. Hydrogen atoms,
counter anions, and interstitial solvent molecules were omitted for clarity.

To shed light on these results, we attempted to crystallize both [3][BF4] and [4][BF4]. Crystals
of [4][BF4] could be easily obtained (Fig. 2C). Their analysis using single crystal x-ray
diffraction shows the collapse of the phosphine oxide functionality onto the xanthylium unit,
leading to a tetracoordinate Cear, center with a Cears-O1 bond distance of 1.518(2) A. The
formation of this bond leads to a P-O1 bond of 1.573(8) A, distinctly longer than that of
‘Bu,PhPO (1.49 A) (33). This lengthening, which illustrates substantial activation of the PO
bond, indicates that [4][BF] is best described as an alkoxyphosphonium derivative. Having
confirmed the formation of a short Ccarb-O1 bond in the case of [4][BF4], we turned our attention
to [3][BF4], which, as explained above, presented a somewhat ambiguous behavior.
Crystallizing this derivative from CH2Cl2/Et,O (1:10 vol.) afforded colorless crystals of the salt,
which, based on an x-ray diffraction structural assay, feature the alkoxy phosphonium form of
cation [3]*, with a short Cea-O1 of 1.534(4) A. This form of the cation, referred to as [31]",
adopts a structure similar to that of [4]", with the phosphine oxide tightly bound to the former
carbenium unit. This analogy extends to the P1-O1 bond, which, with a length of 1.563(3) A, is
also activated when compared to a simple phosphine oxide such as PhsPO (1.489 (2) A) (34).
Interestingly, when [3][BF4] is crystallized from pure THF, deep brown crystals are also
obtained in addition to colorless ones, the latter corresponding to [31][BF4] (Fig. 2C). Analysis
of the brown crystals indicates that they contain the phosphine oxide/xanthylium or outer form of
[3]*, referred to as [30]" (Fig. 2C). The tetrafluoroborate salt of this new isomer features a non-
interacting, interstitial molecule of THF in its asymmetric unit. THF, being more polar than
Et,0, may favor nucleation and crystallization of the more polar outer isomer (picaic. = 10.3 D for
[30]" vs. 6.4 for [3i]"). This argument is supported by prior studies documenting the role of
solvent polarity in promoting the dissociation of phosphine oxide-borane adducts (30, 37).
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Inspecting the structure of [30]" reveals additional singularities. The distance separating the
carbenium center from the phosphine oxide oxygen atom stands at 2.653(5) A and thus exceeds
that of [31]" by over 1 A. At the same time, this distance is well within the sum of the van der
Waals radii of the two elements (3.22 A) (35), pointing to the presence of a secondary bonding
interaction. Of note also is the trigonal planar geometry of the carbenium center, indicating that
the carbenium center Ccars 1S not compromised through formation of a primary polar covalent
interaction with the phosphine oxide as in the case of [31]". The fact that isomers [31]" and [30]"
differ by the length of the Cca-O1 bond leads us to propose that they may be referred to as
valence tautomers (36-38) or bond-stretch isomers (39, 40) of one another, with the former
nomenclature being favored since formation of the Ccan-O1 single bond in [31]" is accompanied
by a decrease in the PO bond order. While C-O bond isomerism such as that encountered in [3]*
has not been previously studied either experimentally or in silico, a comparison with HCN-BCl3
(I) (13) and NHC-CO; (II) was considered using the formal shortness ratio (FSR) (47) as a
metric that accounts for the inherent difference in the covalent radii of the constituent atoms.
This analysis shows that the FSR of inner (FSR = 1.08 for [31]*, 1.05 for Ir, and 1.05 for II1) or
outer forms (FSRo = 1.80 for [30]", 1.82 for and lo, and 1.97 for and Ilo) of the three systems
are comparable. The analogous behavior of these systems is important because both a tethered
system, such as [3]" and untethered ones such as I and I1, behave similarly.

Computational modeling

Further insights into the bonding of [31]" and [30]" were derived from computations.
Optimization of the structures of these two isomers was carried out at the B97M-V/def2-mTZVP
level of theory affording computed Cearr-O1 distances of 1.54 A for [31]* and 2.65 A [30]", in
good agreement with the experimental values (1.534(4) A for [31]" and 2.653(5) A [30]"). With
these optimized structures at our disposal, we carried out an atoms-in-molecules (AIM) analysis
(42), which unveiled, in both cases, a bond path connecting the carbenium center to the oxygen
of the phosphine oxide moiety (Fig. 3A). The elevated electron density (p(r)) value of 1.96 x 10
l'in the [31]" is consistent with the formation of a bond displaying significant covalency, which is
also supported by the negative values of both the Hessian H(r) (-2.06 x 10!) and Laplacian
V2p(r) (-2.62 x 107" (43). By contrast, the low p(r) value of 2.34 x 10 ¢/A? determined for
[30]" indicates the presence of a weaker interaction. This p(r) value is comparable to that found
for the long C-N interaction in IM-F>CO, a species that has been described as the tetrel-bonded
adduct of imidazole and F>CO (Fig. 3A) (44). The sign and magnitude of the Hessian and
Laplacian are also comparable (H(r) = 0.917x107 and V?p(r) = 0.751x10! for [30]* vs H(r) =
0.3x107 and Vp(r) = 0.65x107! for IM-F2CO), leading to propose that the Ccarr-O1 interaction in
[31]" is a tetrel bond. To solidify this view, we have also carried out second-order perturbation
theory calculations using the Natural Bond Orbital (NBO) program (Fig. 3A). This approach
reveals that the Ccar,-O1 bond in [30]" corresponds to a second-order donor-acceptor interaction
involving an oxygen lone pair as the donor and the carbenium p orbital as the acceptor. This
interaction, which can be regarded as the orbital term of the Cca-O1 tetrel bond, makes a
significant contribution of 27.3 kJ/mol (Eqel) to the stability of the molecule. The coulombic
term of this interaction can be qualitatively derived from an inspection of the Electrostatic
Potential (ESP) map depicted in Fig. 3B. This map shows a n-hole located over the carbenium
atom (45), interacting with the negative surface presented by the oxygen atom of the phosphine
oxide unit. This situation, described for other tetrel-bonded systems (/7-19), indicates
electrostatic attraction between the Lewis opposite partners. In the case of [31]", the NBO
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analysis identifies an NLMO (Natural Localized Molecular Orbital) that spans the two atoms.
The atomic parentage of this NLMO (O 72.1%, C 27.9%) confirms the polar covalent or dative
nature of the interaction.
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Fig. 3. Computational investigation of [3]*. (A) AIM and NBO plots obtained for [31]" and
[30]". The plots have been truncated to focus on the Cear-O1 linkage. The AIM plots show the
bond paths connecting the two atoms while the NBO plots show the relevant orbitals. The structure
of IM-F>CO is also shown as an inset. (B) ESP map of [31]" plotted with an isovalue of 0.05. (C)
Relaxed potential surface scan of [3]" upon elongation of the Cearp-O1 distance from 1.4 A to 3.0
A, showing the existence of two energy minima (blue data point and solid line). The optimized
structure of [31]", [31s]" and [30]" are also shown, along with their Gibbs free energy (red data
point and dashed line).

Having established the nature of the bonding in [31]" and [30]", we next aimed to confirm that
these two isomers correspond to minima on the potential energy surface of the molecule (39, 40).
This view is readily confirmed by a scan of the potential energy surface of the molecule as a
function of the Ccarr-O1 bond length. Indeed, this scan affords two minima at 1.55 A and 2.55 A,
separated by only 5.4 kJ/mol in favor of the outer isomer (Fig. 3B). The geometry of each
minimum was further optimized at the BO7M-V/def2-mTZVP level of theory, resulting in
structures identical to those obtained when starting from the x-ray coordinates. To disambiguate
the role played by the supporting backbone which may be viewed as structurally enforcing the
outer isomer, we also carried out computations on the [Me3PO-CPh3]" model system. A scan of
the potential energy surface of this unsupported model system upon incremental elongation of
the Ccarb-O bond also affords a double-well potential allowing us to conclude that the observation
of an inner and outer form of [3]" is not an artifact imposed by the acenaphthene backbone. We
note, however, that the second minimum of [Me3;PO-CPhs]" occurs at a longer distance (2.80 A)
than in [3]" (2.55 A), underpinning the structural assistance of the intramolecular design adopted
for [3]". The transition state [31s]" connecting these two minima displays an imaginary
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frequency associated to the stretch of the Ccab-O1, completing our characterization of this
double-well potential energy surface. With a value of 10.2 kJ/mol, the barrier separating these
two minima is shallow, suggesting that both the inner and outer isomers rapidly interconvert.
Such an observation appears inconsistent with our ability to observe both isomers
experimentally. However, this incongruence can be reconciled by invoking the large lattice
forces, which elevate this barrier, allowing for the trapping of either isomer. Indeed, an
estimation of the lattice energy using CrystalExplorer(46) affords values of 612.0 and 587.1
kJ/mol for [31][BF4] and [30][BFs]THF, respectively. Energy decomposition analysis shows that
the coulombic and dispersion terms contribute almost equally to the stability of the lattice, which
is further strengthened by, albeit weaker, polarization interactions (see SM). We propose that
these large lattice energies contribute to freezing the inner and outer forms of [3][BF4] in their
respective structures. Efforts to observe the isomerization of [31][BF4] into the outer form in the
solid only led to the melting of [31][BF4] above 240°C as confirmed by differential scanning
calorimerty (DSC) and powder x-ray diffraction (see SM).

Solution behavior and photoredox catalysis

We have carried out variable-temperature 3C{'H} NMR measurements to verify that the two
isomers are in fast equilibrium. Using a '*C-enriched version of [3][BF4] prepared for the
purpose of this study, we observed a moderate shift of the resonance assigned to the carbenium
center from 155.8 ppm at -35 °C to 156.2 ppm at 50 °C. Based on the assumption that the
carbenium center chemical shift of [31]" is identical to that of [4]" (88 ppm) while that [30]" is
identical to that of [P"Xt]* (176 ppm), fitting of the data to the van ’t Hoff equation affords AHexp
=0.21 + 0.03 kJ/mol (R? = 0.96)which is close to the enthalpy difference derived from
computation (AHcac = 0.34 kJ/mol). In the context of these variable temperature measurements,
we also synthesized the diphenylphosphine oxide analog [5][BF4] and subjected it to the same
BC{'H} VT NMR experiment. The '3C resonance assigned to the carbenium center of this
derivative shows a more pronounced temperature dependence, progressively shifting from 104
ppm at -35 °C to 114 ppm at 50 °C, suggesting a larger enthalpy difference between the inner and
outer isomers. Indeed, a van ’t Hoff analysis of the experimental data affords AHex, =4.89 +
0.08 kJ/mol (R? = 0.99), which is close to the computed value (AHcalc = 3.35 kJ/mol). We note in
passing that only crystals of the inner isomer of [S][BF4], namely [S1][BF4], could be
reproducibly obtained (see Supplementary Materials). Monitoring the P-O stretch of [3][BF4]
and [S][BF4] by infrared spectroscopy in MeCN confirms the presence of the two equilibrating
isomers characterized by a stretching frequency (vpo) in the 1110-1130 cm™! range for the outer
isomer while the inner form is detected in the 940-980 cm™' range. [4][BF4] which only exists in
the inner form gives rise to veo = 973 cm™ while PhsPO with veo = 1115 cm™! serves as a good
reference for [30][BF4] and [So][BF4]. The dynamic nature of the P=0O-Ccav, motif observed for
[3][BF4] and [5][BF4] bears precedence in the behavior of phosphine oxide-borane
intramolecular adducts that have also been shown to possess dynamic P=0-B motifs (30, 32).
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Fig. 4. Spectroscopic probing of interconversion dynamics and reactivity. (A) Portion of the
BC{'H} NMR spectra of [3][BF4] and [5][BF4] in solvent showing the effect of temperature on
the °C resonance of the carbenium center. (B) Van ’t Hoff analysis of the data obtained for
[5][BF4] with the corresponding equilibrium equation between the two isomers and the resulting
thermodynamical parameters. (C) Reactions used to test the activity of [3][BF4], [4][BF4] and
[P"Xt][BF4] as photoredox catalysts. All reactions were carried out under green light irradiation
and the conversions are derived from 'H NMR spectroscopy. The inset shows the structure of
[PhXt]+.

Aiming to turn the bistability of [3][BF4] into a functional feature, we decided to test its capacity
to serve as a photoredox catalyst. We were prompted to pursue this possibility by recent reports
which demonstrated that xanthylium and thioxanthylium cations are efficient photocatalysts (47-
49). As a prelude to these studies, we inspected the nature of the excited state of [3][BF4]
associated to the UV-vis band at Amax = 520 nm. Time-dependent DFT calculations suggest that
this feature belongs to [30]" and corresponds to a transition from the acenaphthene-based HOMO
to the xanthylium-centered LUMO. In turn, the resulting charge-separated excited state
resembles that of acridinium-based photocatalysts such as Fukuzumi’s catalysts (50-52).
Calculation of the excited state oxidation potential using the reduction potential of [3][BF4] (E12
=-0.117 vs SCE) and its fluorescence spectrum (see SM) afforded a value of +2.03 V, which
suggested that [3][BF4] could function as an oxidation photocatalyst. This hypothesis was tested
in the chlorination of cyclopentene using N-chlorosuccinimide and green light illumination.
With a catalyst loading of 2 mol%, the reaction proceeded swiftly, affording chlorocyclopentene
in 53% yield after 2 hours. When the same reaction was repeated with [4][BF4], no conversion
was observed, in line with the inability of [4]" to access its outer isomer. We also tested
[P"Xt][BF4] as a photocatalyst and found this simple xanthylium cation to have a comparable
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activity. These initial results and comparison suggest that the activity of [3]" arises from the
capacity of this system to access the outer isomer [30]", with the xanthylium moiety disengaged
from dative bonding with the phosphine oxide moiety. We also tested the potential of [3][BF4]
to promote the addition of pyrazole to styrene, a reaction previously reported to proceed with 9-
mesityl acridinium as the photoredox catalyst (53). We found that this reaction was also
promoted by [3][BF4] under green light irradiation, reaching completion after 24 h when a 5
mol% catalyst loading was employed. As in the chlorination reactions discussed above, [4][BF4]
was entirely inactive, leading us to again assign the photocatalytic properties of [3]" to its outer
isomer. Finally, we also endeavored to test [P"Xt][BF4] which proved to be entirely inactive in
the same reaction under the same conditions. The failure of [P"Xt]* to promote this reaction is
proposed to result from the reactivity of the carbenium center of this derivative under basic
conditions, an interpretation consistent with the rapid discoloration of the catalyst solution when
pyrazole is added. Such a decomposition is prevented in [3][BF4] by the phosphine oxide
functionality which reversibly masks the carbenium center.

Ongoing efforts in our laboratory aim to further develop the range of dative motifs that can also
display the type of bistability observed in [3]*. Our efforts to diversify and generalize this
phenomenon not only stem from our desire to build on these original findings but also to exploit
the phenomenon beyond simple photocatalysis. We contemplate the possibility that the
structural bistability of these systems may provide access to switchable Lewis acid and Lewis
base chemistry with applications in the development of optoelectronic materials, catalysts, and
platforms for small molecule activation.
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