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Abstract

The coordination of a carbonyl to a Lewis acid represents the first step in a wide range of catalytic 

transformations. In many reactions it is necessary for the Lewis acid to discriminate between 

starting material and product, and as a result, how these structures behave in solution must be 

characterized. Herein, we report the application of computational modeling to calculate properties 

of the solution interactions of acetone and benzaldehyde with FeCl3. Using these chemical models, 

we can predict spectral features in the carbonyl region of infrared (IR) spectroscopy. These 

simulated spectra are then directly compared to experimental spectra generated via titration-IR. 

We observe good agreement between theory and experiment, in that, between 0 and 1 equiv 

carbonyl with respect to FeCl3, a pairwise interaction dominates the spectra. When >1 equiv 

carbonyl is present, our theoretical model predicts two possible structures composed of 4:1 

carbonyl to FeCl3, for acetone as well as benzaldehyde. When these predicted spectra are 

compared with titration-IR data, both structures contribute to the observed solution interactions. 

These findings suggest that the resting state of FeCl3-catalyzed carbonyl-based reactions 

employing simple substrates starts as a Lewis pair, but this structure is gradually consumed and 

becomes a highly ligated, catalytically less active Fe-centered complex as the reaction proceeds. 
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An analytical model is proposed to quantify catalyst inhibition due to equilibrium between 1:1 and 

4:1 carbonyl:Fe complexes.
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INTRODUCTION

Historically, transformations involving carbonyl compounds have played a crucial role in 

synthetic organic chemistry. Lewis acids (LA) have been employed ubiquitously to activate 

carbonyl-containing compounds in synthetic organic methods.1–4 The underlying principle 

of LA activation operates via its ability to modify the electronic distribution of organic 

functionalities (e.g., carbonyls) that are capable of electron donation. Although the 

commonly accepted notion is that either the complex derived from a 1:1 Lewis pair (1)5–13 

or a 2:1 carbonyl-Lewis acid complex (2)6,13–20 enables the reaction (Scheme 1a), the actual 

mode/structure that is responsible for the activation is not always obvious. For instance, 

Schindler et al. invoked alternative modes (3, 4) of LA activation of aliphatic ketones via a 

singly bridged homobimetallic dimer (4, Scheme 1b).21 Additionally, investigations 

involving simple carbonyls and LA carried out by the Devery lab revealed instances where 

LA can form complexes beyond the traditional 1:1 or 2:1 carbonyl-Lewis acid complexes (5, 

Scheme 1c).22 Taken together, these findings guide our understanding of the mechanistic 

intricacies associated with LA-promoted reactions such as Diels–Alder reactions,23 aldol 

reactions,1,24,25 ene reactions,26,27 and photochemical reactions.28,29

FeCl3-mediated carbonyl-olefin metathesis is an efficient method to construct complex 

molecular scaffolds starting from simple molecular building blocks involving carbonyl and 

olefin functionalities.30 In particular, this method has been successfully utilized in the 

synthesis of many cyclic motifs involving di- and trisubstituted cyclopentenes and 

cyclohexenes, polycyclic aromatic hydrocarbons,31 and 2,5-dihydropyrroles.32,33 Since then, 

a multitude of synthetic developments have expanded the utilization of Fe(III),21,31–35 as 

well as employing Ga(III),36,37 BF3·OEt2,38 montmorillonite, and I2.39 Mechanistic 
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investigations conducted by the Schindler, Zimmerman, and Devery groups identified that 

the catalytic cycle (Scheme 2) initiates through the generation of activated coordination 

complex 7 via interaction of the iron(III) chloride with the Lewis basic carbonyl moiety of 

6.40 Complex 7 then isomerizes into oxetane intermediate 8 through a turnover limiting 

asynchronous, concerted [2 + 2]-cycloaddition. Subsequently, 8 fragments into cycloalkene 

product 9 and carbonyl byproduct-Fe(III)-complex (1) via a retro-[2 + 2] cycloaddition. 

Finally, carbonyl exchange turns the catalyst over. This last crucial step, while seemingly 

simple, has tremendous implications on the success of the catalytic mechanism: byproduct 

10 is itself a Lewis base (LB) which can potentially bind to the LA catalyst. Indeed, our 

group and others have witnessed that byproduct inhibition hinders catalysis via inefficient 

carbonyl exchange and through the formation of alternative catalyst structures (5) that 

potentially remain catalytically active to a different degree.41 Therefore, a detailed 

understanding of the solution behavior of the LA catalyst in the presence of substrate and 

carbonyl byproducts is needed to find reaction conditions that facilitate conversion of 

recalcitrant metathesis substrates.

Studying the solution behavior of the catalyst in a mixture of metathesis substrates and 

typical carbonyl byproducts is inherently complex due to potential competitive binding to 

the catalyst center. Although techniques like solid-state infrared (IR) spectroscopy and X-ray 

crystallography have proven useful in characterizing the interactions of LA and LB under 

stoichiometric conditions in the solid phase, experimental methods to characterize carbonyl-

LA interactions in solution via in situ NMR are even more limited for paramagnetic Lewis 

acids. Recently, the Devery group developed a method relying on in situ solution-phase IR 

spectroscopy and solution conductivity to investigate the solution interactions between metal 

halide LA and simple carbonyl compounds such as acetone, benzaldehyde, and 

acetophenone.22,41,42 With these detection methods, titrations into DCE containing LA as 

either a homogeneous solution (BF3, BCl3, InCl3, GaCl3, TiCl4, and SnCl4) or a 

heterogeneous slurry (FeCl3, AlCl3, and ZrCl4), facets of the Lewis pair interactions were 

observed. For instance, while no ground state complexation for ZnCl2 and CeCl3 was 

detected, 1:1 classic Lewis pairs involving BF3, BCl3, InCl3, and GaCl3 were detected. 

Alternatively, 2:1 coordination complexes (2, Scheme 1a) were observed when simple 

carbonyl compounds were added to TiCl4 and SnCl4. Interestingly, highly ligated complexes 

(5, Scheme 1c) were formed when superstoichiometric amounts of carbonyl were added to 

FeCl3 and AlCl3. Additionally, these highly ligated structures resulted in an increase in the 

solution conductivity, consistent with some number of the chloride ligands being displaced 

from the metal center to the outer sphere. This effect had the consequence of allowing 

additional equivalents of carbonyl to add to the metal center. Importantly, these data suggest 

that the system under consideration has an appreciable equilibrium concentration of a new 

cationic species (5) that can potentially alter the metathesis reaction mechanism. This 

removal of chloride from the inner sphere of Fe(III) is similar to the behavior of 

homobimetallic association; however, unlike the LA-mediated chloride removal in the 

homobimetallic system, conditions leading to LB-mediated removal of chloride result in a 

decrease in reaction rate.
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Because of this dichotomous complexity, an in-depth understanding of the thermodynamics 

of the superstoichiometric carbonyl addition and associated kinetics for the ligand 

displacement is still lacking. Further investigation is therefore warranted to achieve 

systematic guiding principles for efficient catalysis involving carbonyls and metal halides. 

Computational modeling is a powerful tool in investigating probable structures for LA 

complexes and their spectral features. Herein, careful computational modeling and IR 

deconvolution studies provide structural insight into the formation of the complexes that 

result from the addition of simple carbonyls (acetone and benzaldehyde) to LA (FeCl3). We 

have chosen FeCl3 as the model LA due to its high utility in carbonyl-olefin metathesis, and 

of equal importance, its unusual solution behavior in the presence of simple carbonyl 

compounds. In particular, we report that two possible structures composed of 4:1 carbonyl to 

FeCl3 exist in the presence of superstoichiometric carbonyl, both of which contribute to the 

observed solution spectra. Furthermore, the implications of this highly ligated Fe-centered 

complex in inhibiting the catalytic activity are illustrated through an analytical model. This 

fundamental understanding of how the carbonyl specifically interacts with the LA in 

solution will promote the ability of synthetic chemists to develop efficient catalysis resulting 

in high yielding procedures.

Computational Details.

All quantum chemical calculations utilize density functional theory (DFT) as implemented 

in the Q-Chem 5.1 electronic structure program.43 Geometry optimizations were carried out 

using the B97-D44 density functional employing the double-ζ, 6–31+G* basis set. Initial 

transition state (TS) searches were performed using the reaction discovery tools of the 

Zimmerman group, in particular, the double-ended Growing String Method (GSM).45–47 

GSM locates minimum energy reaction paths and the associated transition states, without 

requiring detailed prior knowledge of the transition state structures. To ascertain the true 

nature of all stationary points, normal-mode analysis was conducted at the B97-D/6–31+G* 

level of theory. These frequency computations were further used to assign theoretical IR 

spectra of the predicted structures. Following this, single-point solvent phase calculations on 

the gas phase optimized geometries were performed using the SMD48 solvent model, with 

1,2-dichloroethane (DCE) as the solvent. SMD energies were computed using the ωB97X-

D349 density functional and the def2-TZVP basis set in the ORCA quantum chemical 

package.50 The solvent-phase free energies, G(l), were obtained by scaling the 

corresponding vibrational frequencies and gas-phase entropies S(g), in order to account for 

the rotational and translational degrees of freedom in the solvent phase. Noncovalent 

interaction (NCI) analysis was performed using the NCIPLOT program.51,52 The high spin 

sextet state was found to be always lower in energy compared to other possible spin states 

(quartet, doublet) for all of the Fe3+ complexes investigated here. Reported energies for 

intermediates and activation barriers are solvent phase (DCE) free energies obtained using 

the ωB97X-D3/def2-TZVP level of theory in the sextet spin state (see S2 in the Supporting 

Information (SI) for full computational details).
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RESULTS AND DISCUSSIONS

FeCl3–Acetone System.

Titration-IR provides the ability to compare the relative amount of free carbonyl compound 

with the complex formed between acetone (Ac) and LA (FeCl3, Fc). Under anhydrous 

conditions, Fc is largely insoluble in DCE, so Ac was titrated to a 12 mL slurry of Fc (2 

mmol, Figure 1a) to bring Fc into solution. As Ac is added to the slurry, a concentration-

dependent progression of observations occurs. Beginning from 0 to 1 equiv of Ac, a single 

vibration at 1633 cm−1 (Figure 1b) appears. Additionally, the system undergoes a phase 

transition from heterogeneity to homogeneity upon the addition of 1 equiv Ac, consistent 

with the formation of Lewis pair A in solution (see S3 in the SI for details).

Continued titration beyond 1 equiv Ac yields an isosbestic point at 1648 cm−1, a decrease in 

the peak at 1633 cm−1, an increase in the peak at 1714 cm−1 (free/unbound Ac), and the 

addition of a collection of vibrations intermediate between Ac and A (Figure 1c). These 

observations are consistent with the possible formation of a new species B beyond 1 equiv 

Ac. Inspection of the titration data suggests that the formation of species B requires three 

additional equivalents Ac to consume A, displacing a chloride to the outer sphere, which is 

consistent with conductivity measurements performed on the titration in parallel.41 The 

system at 1 equiv Ac, however, displays similar spectral features as the system at 5 equiv Ac, 

suggesting that complex A is proceeding to a mixture of A, Ac, and B via a single observed 

transition about one isosbestic point.

To better understand the structure and characteristics of the Fc and Ac combination, 

quantum chemical modeling was carried out (see S4 in the SI). The investigations reveal that 

the formation of the tetrahedral 1:1 complex (11) from Fc and Ac is thermodynamically 

favorable (ΔG = −25.8 kcal/mol, ΔH = −29.9 kcal/mol) in DCE. Consistent with the large 

enthalpy of complex formation, the C=O stretching frequency of 11 is predicted to be 

significantly lower (1639 cm−1) than that in free Ac (1738 cm−1; Figure 2a, left). The 

stoichiometric composition and the C=O stretching frequency of 11 is consistent with the 

experimental observations in the region of 0–1 equiv of Ac (Figure 1b). Thus, it is 

reasonable to assign 11 as the structure of the 1:1 complex A (Figure 1a).

Next, reactions of 11 in the presence of higher equivalents of Ac were examined. Quantum 

chemical modeling suggests a trigonal bipyramidal 2:1 complex (12) is in equilibrium with 

11. The ΔG of formation of 12 from 11 is predicted to be only −2.4 kcal/mol (ΔH = −6.9 

kcal/mol). The simulated C=O stretching frequencies in 12 are predicted to be at 1673 and 

1679 cm−1 (Figure 2a, right).

Octahedral iron complexes with 3:1 Ac:Fc stoichiometry were then examined. Here, an 

octahedral iron complex where the third Ac lies trans to one of the chlorides was envisioned. 

No species of this type was found to be a stable intermediate, indicating that 12 cannot 

simply bind the third equivalent of Ac. To form a 3:1 Ac:Fc complex, simulations show that 

one of the chlorides needs to be detached from the inner coordination sphere of 12, creating 

space for the third equiv of Ac in the inner coordination sphere of Fe. The migration of a 

chloride ion from the Fe center proceeds through TS1 with an associated free energy barrier 
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of 20.4 kcal/mol (ΔH‡ = 20.3 kcal/mol) and results in the tetrahedral complex 13 (see S5 in 

the SI), which is 19.1 kcal/mol uphill from 12 (ΔH = 18.3 kcal/mol, Figure 2b). Intermediate 

13 is accessible mechanistically but not thermodynamically as its direct formation from 12 is 

significantly endoergic. However, the complexation process can pass through this 

intermediate to access more highly Ac-ligated Fe species that appear later on. Overall, the 

predicted mobility of chloride is consistent with the experimentally observed increase in 

solution conductivity beyond 1 equiv of Ac addition.41

Thus, our simulation shows that the 3:1 trigonal bipyramidal complex (14) lies 16.9 kcal/mol 

above 11 and free Ac in the free energy landscape (ΔH = 7.5 kcal/mol, Figure 3a). The 

theoretically simulated C=O stretching frequencies in 14 are predicted to be at 1669 and 

1683 cm−1 (Figure 3a). Contrastingly, the third equiv of Ac in 14 results in a vibration 

appearing at 1318 cm−1 (see S6 in the SI), which is considerably red-shifted from the C=O 

vibration seen in free Ac (1738 cm−1). This shift suggests that the strength of the C=O π 
bond of the third Ac ligand is significantly reduced, most likely due to substantial charge 

transfer from the nearby chloride ion (C−Cl distance 2.14 Å, Figure 3a) to the antibonding 

C=O π* orbital.

The quantum chemical modeling studies predicted two possible structures (15 and 16) for 

the 4:1 Lewis complex. Species 15 is essentially a trigonal bipyramidal complex with a 

weakly associated Ac (see S4 in the SI). 15 is predicted to lie 17.5 kcal/mol above from 11 
and Ac in the free energy landscape (Figure 3b, left). The weak coordination of the fourth 

Ac to the Fe center is evident from the longer bond distance (4.67 Å; Figure 3b, left) 

compared to the other three molecules of Ac (bond distances are 1.93, 2.23, and 2.31 Å). 

Noncovalent interaction (NCI) analysis of 15 indicates that the fourth Ac fits in the 

coordination pocket of Fe via dispersion interactions; whereas, the other three equiv of Ac 
are attached via strong interactions through lone-pair donation as displayed by green 

isosurfaces and blue disks, respectively, in Figure 4a. This inequivalency in the attachment 

of each Ac ligand is also reflected in the simulated IR spectra, where C=O stretching peaks 

exist at 1363, 1660, 1675, and 1712 cm−1 (Figure 3b, left). The appearance of the peak at 

1712 cm−1 is consistent with the fourth equivalent of Ac being weakly bound. The 

remaining peak at 1363 cm−1 is associated with the strongly perturbed Ac by the nearby 

chloride ion (C−Cl distance 2.24 Å, Figure 3b, left) which is similar to that of species 14 
(see S6 in the SI).

Alternatively to 15, a second 4:1 complex (16) is octahedral and 7.7 kcal/mol more stable 

than 15 (Figure 3b, right). This observation is consistent with the NCI analysis of 16 which 

indicates that all four Ac ligands are coordinated to the Fe center via strong interactions 

through lone-pair donation as depicted by the blue disks in Figure 4b. Moreover, in sharp 

contrast to 15, all four Ac ligands in 16 are in similar chemical environments indicated by 

their predicted C=O stretching peaks at 1657, 1659, 1666, and 1679 cm−1 (Figure 3b, right). 

Furthermore, the chloride ion in 16 is not bound to any particular chemical moiety, but 

instead is bound to the Fe complex by electrostatics. This predicted separation is consistent 

with the experimentally observed increase in solution conductivity upon superstoichiometric 

Ac addition. Note that although the predicted free energies indicate that there should be 12 
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present in the reaction mixture, its discrete identification in the experiments is challenging as 

there is a significant overlap between theoretically simulated peaks of 12 (1673 and 1679 cm
−1) and 15+16 (1657, 1659, 1660, 1666, 1675, and 1679 cm−1; see discussion S14 in SI).

FeCl3–Benzaldehyde System.

Complexes generated from the interaction between Fc and the LB benzaldehyde (Be) were 

the next focus of our investigations. Titration-IR enabled comparison of the relative amount 

of free carbonyl compound with the complex formed from Fc and Be (Figure 5a). When 0–1 

equiv of Be was added to a slurry of Fc (2 mmol) in DCE (12 mL), a single species with 

vibrations at 1610, 1592, and 1569 cm−1 was observed, and no unbound Be at 1704 cm−1 

was detected (Figure 5b). Just like the combination of Fc and Ac, the system transitions 

from heterogeneity to homogeneity upon the addition of 1 equiv Be, suggesting the 

formation of 1:1 Lewis pair C (Figure 5a).

Complicated behavior was noted for titrations beyond 1 equiv of carbonyl. Continuation 

yields an isosbestic point at 1574 cm−1, a decrease in the peak at 1569 cm−1, and growing 

intensity in the peaks at 1577 and 1626 cm−1. Simultaneously, the intensity of the signal for 

free/unbound Be grows at 1704 cm−1 and an additional collection of vibrations intermediate 

between C and Be appears (Figure 5c). A new species (D) is likely formed beyond 1 equiv 

Be (Figure 5a). Inspection of the titration data suggests that formation of species D requires 

three additional equiv Be to consume C, displacing a chloride to the outer sphere, which is 

consistent with conductivity measurements performed on the titration in parallel.41 At 1 

equiv Be the system displays similar spectral features as at 5 equiv Be, suggesting that 

complex C is proceeding to a mixture of C, Be, and D via a single transition with at least 

one isosbestic point at 1574 cm−1.

Quantum chemical modeling provides further insights into the structure and characteristics 

of the complexes involving Fc and Be. The investigations reveal that the formation of 

tetrahedral 1:1 complex 17 from Fc and Be is highly thermodynamically favorable (ΔG = 

−21.8 kcal/mol, ΔH = −26.2 kcal/mol) in DCE. In unbound Be, along with the C=O 

vibration at 1716 cm−1, there are two weakly absorbing peaks at 1600 and 1581 cm−1 due to 

C=C stretching vibrations in the aromatic ring. In the 1:1 Lewis pair 17, however, these 

aromatic C=C peaks mix with the red-shifted C=O stretch. Therefore, unlike the Lewis pair 

complexes of Ac, three vibrations in the region of 1700–1500 cm−1 were observed for 

complexes involving Be. The three vibrations of 17 are predicted to be 1628, 1599, and 1569 

cm−1, and are generally lower in energy than those of free Be (1716, 1600, and 1581 cm−1; 

Figure 6, left). The stoichiometric composition and the C=O stretching frequency of 17 is 

consistent with experimental observations in the region of 0–1 equiv of Be (Figure 5a). 

Thus, it is reasonable to assign 17 as 1:1 complex C (Figure 5a).

Reactions of 17 in the presence of higher equivalents of Be were considered next. Modeling 

suggests 17 transforms into a trigonal bipyramidal 2:1 complex (18) by addition of one Be 
with an associated ΔG of −5.4 kcal/mol (ΔH = −9.5 kcal/mol). The simulated C=O 

stretching frequencies in 18 are predicted to be 1660, 1653, 1602, 1601, 1577, and 1576 cm
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−1 (Figure 6, right). The close proximity of the theoretically predicted peaks, however, 

means these will not necessarily be individually resolvable in the experimental spectra.

Similar to Ac, simulation shows that species 18 can transform into a trigonal bipyramidal 

3:1 complex (19), upon chloride migration from the inner sphere followed by coordination 

of the third equivalent of Be to the iron center. Species 19 lies 9.8 kcal/mol above 17 and 

free Be in the free energy landscape (ΔH = 1.1 kcal/mol, see S5 in the SI).

Just like with complexation of Fc with multiple equiv of Ac, quantum chemical modeling 

predicts two possible structures (20 and 21) for the 4:1 complex formed from 17 and Be. 

The complex (20) is analogous to species 15 and estimated to be 15.9 kcal/mol uphill in free 

energy (ΔH = 2.5 kcal/mol) from 17 and free Be (Figure 7, left). Interestingly, the other 4:1 

complex (21) is analogous to species 16 and is 11.1 kcal/mol more stable than 20 (Figure 7, 

right). This observation is consistent with the NCI analysis of 21 which indicates that all 

four Be ligands are coordinated to the Fe center via lone-pair donation (blue disks in Figure 

8). Moreover, in contrast to 20, all four molecules of Be in 21 are coupled, indicated by their 

sequence of C=O stretching peaks between 1662 and 1552 cm−1. Similar to 16, the chloride 

ion in 21 is bound to the Fe complex by electrostatics, which is consistent with the 

experimentally observed increase in solution conductivity upon superstoichiometric addition 

of Be. Additionally, species 21 closely resembles the crystal structure obtained for Fc in the 

presence of excess Be.41 The cationic Fe complex is balanced by FeCl4− in the crystal 

structure. However, FeCl4− formation would result in the composition of carbonyl:Fe to be 

4:2, inconsistent with solution-phase stoichiometric observations (4:1) determined from 

component analysis of the titration-IR data. Moreover, the theoretically simulated IR spectra 

of the 4:1 complex involving the FeCl4− displays a significant mismatch between the 

simulated and experimental spectra (see S15 in the SI for details). Overall, the FeCl4−

counteranion can be attributed to the crystallization process and is inconsistent with our 

solution-phase results.

Similar to Ac, we anticipate that the reaction system will be largely populated by species 21 
at superstochiometric Be addition, since 21 is 11.1 kcal/mol more stable than 20. Good 

agreement between the experimental results (ΔG = +5.2 kcal/mol) and the theoretically 

predicted Gibbs free energy (ΔG = +5.8 kcal/mol, Figure 7, right) for the formation of 21 
from its precursor (see S11 in the SI for details) gives evidence that the computational 

modeling is an accurate representation of the possible solution structures formed in these 

systems.

Spectral Deconvolution of Titration-IR.

With a theoretical model in hand, we can corroborate our experimental observations with 

quantum chemical results. In order to interrogate the spectral results, it is necessary to 

determine which vibrations result in the observed spectra. For titration of Fc with Ac, from 0 

to 1 equiv added Ac, a single band is observed in the carbonyl region at 1633 cm−1. 

Alternatively, the incremental addition of Be to Fc yielded three bands in the carbonyl 

region at 1610, 1596, and 1573 cm−1 between 0 and 1 added Be. When titrations proceed 
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beyond 1 equiv added carbonyl, analysis of the resulting more complex spectra is less 

straightforward.

To accomplish the task of identifying bands in more complex spectra, spectral deconvolution 

was applied to the systems when >1 equiv carbonyl is present (Figure 9, top). The 

deconvolution of the experimental spectra is displayed as stacked plots, which contain an 

experimental spectrum (solid black), the spectrum that results from the combination of 

simulated peaks (dashed black), and the simulated components. Taking one of the spectra 

from Figure 1c, four individual components (I–IV) add together to a simulated spectrum in 

agreement with the original spectra, in this case where 0.265 M Ac is present in solution 

(Figure 9a). Deconvolution of spectra generated in the presence of 0.319, 0.383, 0.447, and 

0.593 M Ac yielded the same peak centers for the four components within 1 cm−1. Spectral 

bands I–III grow in intensity as the [Ac] increases. Band IV, which manifests at amounts of 

Ac less than 1 equiv with respect to Fc (Figure 1b), is consistent with Lewis pair 11 and 

decreases in intensity as [Ac] increases. Band I, at 1714.3 ± 0.3 cm−1, is consistent with 

unbound Ac.

Spectral analysis on titration of Fc with Be (Figure 9, bottom) was also performed. In the 

carbonyl region of the IR (Figure 5c), 7 bands are required to approximate the spectrum 

(Figure 9f). Further, bands V–VII are present at amounts of Be less than 1 equiv with respect 

to Fc (Figure 5b) and are consistent with 17. Band I is consistent with unbound Be. As the 

[Be] increases, bands I–IV increase in intensity and band V decreases, while maintaining the 

same peak centers at 1704.00 ± 0.00, 1685.00 ± 0.00, 1649.97 ± 0.03, 1629.5 ± 0.5, and 

1611.3 ± 0.4 cm−1, respectively. The peak centers of bands VI and VII shift to higher 

wavenumbers as [Be] increases, however, suggesting that the vibrations VI and VII in Figure 

9f are different from those in Figure 9j.

Comparison of Theory and Experiment.

Having analyzed the individual vibrational components of the observed spectra, we then 

moved to compare these to the quantum chemical results. Since the absolute value of 

theoretically simulated peaks for the carbonyls and their corresponding 1:1 Lewis complex 

differs ~6–24 cm−1 from the experimentally observed spectra, the trend between 

theoretically predicted spectra and that of experiments was analyzed instead.

The predicted IR peaks based on the computed C=O vibrations for Ac, 11, 15, and 16 are 

therefore compared with the deconvoluted experimental spectra in Figure 10. In order to 

determine if there is a correlative agreement between our predicted and observed spectra, we 

began by assigning peaks. The predicted spectrum for Ac yields one peak which we assign 

to what is observed by titration-IR. The simulated spectrum for 11 predicts a single carbonyl 

vibration that is shifted to lower wavenumbers, which we observe in titration-IR. Between 

these two points are the vibrations for the structures that form at >1 equiv Ac. The two peaks 

our simulation predicts for 15 are consistent with bands II and III from our deconvoluted IR 

data. The simulated spectrum for 16 is also consistent with band III. Plotting the predicted 

IR vibration as a function of experimentally observed vibration yields a linear correlation 

with an R2 = 0.9754 (Figure 10a). This correlation provides a mathematical relationship for 
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direct comparison of both data sets (Figure 10c). Bands I and IV are consistent with spectra 

predicted for Ac and 11, respectively. Complex 16, which our calculations predict is the 

more stable of the two possible 4:1 complexes, is consistent with band III. However, 16 does 

not align with band II, but complex 15 aligns with bands II and III. Though 16 is predicted 

to be the more stable than 15, the combined theoretical and experimental results suggest that 

we are observing a mixture of 15 and 16 in solution at >1 equiv Ac addition, where band II 

is consistent with 15 and band III represents a combination of 15 and 16.

Titration of Fc with Be displays more complex spectral behavior, which can be related to the 

quantum chemical model by focusing on the vibrations we can specifically identify. The 

simulated spectrum for Be is consistent with the C=O vibration observed for Be (Figure 

10b). The prediction for 17 yields three IR peaks at lower wavenumbers relative to Be, 

which is consistent with titration-IR data, when Fc is in excess with respect to Be. For 20 
and 21, significant overlap exists between these predicted spectra, as well as the predicted 

spectrum for 17, which is still present in the solution. This overlap is located between 1550 

and 1625 cm−1. However, spectral overlap decreases in the region between 1625 and 1690 

cm−1. In this region, 21 is predicted to have a vibration that is consistent with band III. 

Additionally, our prediction for 20 is consistent with bands II and IV. Like with the Ac data, 

plotting the predicted IR vibrations as a function of experimentally observed vibrations for 

the Be data yields a linear correlation with an R2 = 0.9934 (Figure 10b). Again, the observed 

correlation assists in the direct comparison of both data sets (Figure 10d). Using this 

comparison, band I is consistent with Be. During our titrations, bands VI and VII shift as the 

[Be] increases. As a result, positive identification of these bands when Be is present in 

excess with respect to Fc is difficult. However, band V is consistent with the prediction of 

one of the vibrations of 17. Similar to analysis of the Ac-based data, both 4:1 complexes are 

required to explain the observed IR bands. Thermodynamically more stable complex 21 is 

consistent with only band III, while 20 is consistent with both bands II and IV. Analogous to 

the Ac system, the combined theoretical and experimental results suggest there exists a 

mixture of 20 and 21 in solution with superstoichiometric Be addition. Previously, we were 

able to obtain a crystal of a complex from a solution of Fc and excess Be.41 The X-ray 

crystal structure is consistent with the predicted structure of 21, and the solid-state IR for the 

crystal is consistent with the spectrum predicted for 21. This spectrum includes band III, but 

neither band II nor band IV is present (see S8 and S9 in the SI for more detail).

DISCUSSION

The combination of experiment and simulation yields the following model for complexation 

of carbonyls with Fc: (1) When Fc is present in excess with respect to Ac, the 1:1 Lewis pair 

11 results. (2) The observed spectrum for 11 is in good agreement with the predicted 

spectrum. (3) When more Ac is added to a solution of 11, Lewis pair 11 is consumed and 

converted to one or more structures with higher coordination numbers. (4) The predicted 

spectra for both 15 and 16 are required to assign all observed bands in the titration-IR data. 

(5) Titration of Fc with Be yields analogous results. Additionally, the kinetic examination of 

carbonyl-olefin metathesis shows that (6) Ac-producing 22 reaches full conversion with as 

little as 5 mol % Fc (Figure 11a); whereas, 50 mol % Fc, is required for Be-producing 
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reaction of 25 (Figure 11d).41 (7) The addition of 50 mol % Ac or Be at the onset of the 

metathesis reaction of 22 or 25, respectively, inhibits catalytic turnover. (8) The addition of 

50 mol % Be (open red squares, Figure 11e) at the onset of the metathesis reaction of 25 
resulted in relatively less product than when Ac is introduced to the reaction of 22 (open 

green squares, Figure 11b). (9) The ratio of Ac to Fc in the reaction of 22 is 10:1; whereas 

the ratio of Be to Fc at the onset of the reaction of 25 is 1:1. Taken together, these 

observations allow us to address how superstoichiometric amounts of Ac and Be impact the 

catalytic cycle of carbonyl-olefin metathesis by transforming the 1:1 complex into highly 

ligated carbonyl complex (16, 21).

We have previously demonstrated that modification of the olefin partner in carbonyl-olefin 

metathesis-active substrates changes the mechanism of the reaction.40 Further, we showed 

that changing the olefin of the substrate from one that produces Ac to one that produces Be 
can significantly decrease the yield. Li33 and Schindler21 have shown that the addition of 

allyltrimethylsilane to Be-producing reactions improves reaction outcomes by scavenging 

Be out of the reaction mixture. The reason for these alterations is likely to improve the 

efficiency of the ultimate step of the metathesis cycle: carbonyl exchange. Under 

stoichiometric conditions, metathesis substrate 22 can displace Ac from 24 (Figure 11c).21 

However, this exchange becomes difficult in the presence of superstoichiometric amounts of 

Ac, which inhibits the catalytic cycle. Likewise, the presence of Be inhibits catalytic 

turnover (Figure 11f). One question remains: what causes Be-producing reactions to require 

these procedural alterations?

EQUILIBRIUM MODEL FOR ACTIVE CATALYST CONCENTRATION

To understand the answer to this question, we first recognize that atomistic simulations 

predict that the conversion of Lewis pair 11 to tetra-ligated complex 16 (Figure 11c) is less 

favorable than conversion of 17 to 21 (Figure 11f) by 4.0 kcal/mol. Under equivalent 

conditions, metathesis reactions that produce Be can more easily access 21, thus removing 

Fc from the active catalytic cycle and inhibiting product formation. To more precisely 

elucidate how activity varies with carbonyl byproduct formation, we fit an analytical model 

(see equilibrium expression in Figure 12 and S10 in the SI for details) to experimental data 

under the assumption that metathesis reactivity terminates when 99% of catalyst is 

consumed. For reaction of 28 with Ac byproduct (Figure 12), 56% yield at 1 mol % Fc and 

99% yield at 5 mol % Fc30 are consistent with an equilibrium constant of KAc = 0.00063 

mol−3 L3. Using KAc, the effective catalyst concentration [Fe]total can be determined as a 

function of substrate conversion (Figure 12a), where [Fe]total is the sum of all catalytically 

active Fe(III) species, including Fc, the Fc-28 complex, and 11. The plots for 1 mol % Fc 
(Figure 12a, blue) and 5 mol % Fc (Figure 12a, orange) show how catalyst loading impacts 

the relationship of [Fe]Total and conversion. When Ac byproducts are formed at 5 mol % 

catalyst loading, a significant amount of active catalyst is still left even after 99% 

conversion.

This analysis was applied to the reaction of 30 with Be byproducts.40 We again calculate the 

equilibrium constant for formation of 21, KBe = 0.14 mol−3 L3, applying the assumption that 

a 60% yield for the 5 mol % catalyst loading corresponds with 99% consumption of 
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complex 17 (Figure 12b, blue).40 This model shows negligible consumption of Fc at a 

loading of 50 mol % (Figure 12b, orange), which is adequate to complete the reaction. The 

model also determines that a catalyst loading of 20 mol % Fc in the Be-producing reaction 

(Figure 12b, green) would provide an equivalent [Fe]Total at full conversion as that of the 

Ac-producing reaction (Figure 12a, orange). In other words, for Be-producing metathesis 

reactions, a 4-fold increase in the catalyst loading is required for high yielding procedures.

The analytical model is consistent with titration-IR observations, where 1) increasing the 

ratio of Fc to carbonyl byproduct increases the amount of Lewis pair (11) relative to highly 

aggregated complex (16) in solution and 2) metathesis substrate can efficiently access the 

Fe(III) center of the Lewis pair (11) via carbonyl exchange but is inhibited by the four 

equivalents of byproduct in complex (16).41 Additionally, the model provides estimates of 

the impact of byproduct inhibition on the reaction rate as a function of the catalyst loading.

Next, the KBe/KAc ratio (222) from the model (which was extracted from experimental data) 

corresponds to a relative free energy of inactive Fc formation, ΔΔG = 3.2 kcal/mol. This 

value is in agreement with the quantum chemical prediction of ΔΔG = 4.0 kcal/mol for the 

same quantity. Overall, this model’s prediction of a decreased ΔG for the formation of 21 
relative to 16 is consistent with the need for higher Fc loadings or chemical removal of 

byproduct Be from the reaction for high yielding reactions.

Finally, we examine the physical reason that Be converts Fc to cationic Fe complex 21 
(Figure 11f) more easily than Ac drives Fc to the corresponding species 16 (Figure 11c). 

This difference likely is due to the ability of the ligand to better stabilize the charge on the 

Fe center in 21 vs 16 in the absence of the third chloride ion. In particular, distribution of 

charge across the four aromatic rings may be largely responsible for the ΔΔG of 4.0 kcal/mol 

compared to Ac, which has less atoms about which it can delocalize the excess charge. 

Mulliken charge analysis (see S18 in the SI for more details) provides support for this 

hypothesis. This explanation is in agreement with our previous report that found solution 

conductivity increases more with respect to each equivalent of Be (1130 ± 20 mS cm−1 per 

equiv Be) added as compared to Ac (450 ± 30 mS cm−1 per equiv Ac).41 Overall, the 

quantum chemical model, kinetic model, and solution conductivity experiments are all 

consistent with 21 being more stable under equivalent conditions as the reaction progresses, 

therefore, exhibiting more pronounced inhibition than 16 (Figure 12).

CONCLUSION

The solution structures formed via coordination of Ac and Be to Fc were investigated based 

on theoretical modeling. For the interaction of Ac and Fc, our model predicts a pairwise 

interaction between Ac and Fc under stoichiometric conditions. When superstoichiometric 

amounts of Ac are present with respect to Fc, two solution structures composed of four 

molecules of Ac and one Fc result. Likewise, the model predicts a stoichiometric pairing of 

Be and Fc which transitions to two possible solution structures of 4:1 Be to Fc. These 

models allowed us to predict what spectral features would be observable in the infrared. 

Using these predictions, we see good agreement between the Lewis pairs 11 and 17 and 

spectra generated via titration-IR, which are observed when Fc is in excess relative to the 
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carbonyl. When Ac is in excess relative to Fc, our experimental spectra display vibrations 

consistent with a mixture of Ac, 11, 15, and 16 based on our model. A similar examination 

of Be and Fc reveals vibrations consistent with Be, 17, 20, and 21. These findings are 

consistent with our previous proposal that these structures result in product inhibition of Fe-

catalyzed carbonyl-olefin metathesis.41 This work describing the solution structures, in 

concert with the report of Fe(III) dimers being active in the reaction of aliphatic carbonyls,21 

emphasizes that significant consideration of solution structures allows for a more complete 

understanding of reaction behavior in catalytic systems. Importantly, our theoretical model 

for the ground state interactions of carbonyls and FeCl3 not only allows us to understand 

what is happening in solution in carbonyl-olefin metathesis but also provides an avenue for 

predicting the impact of alternative Lewis acids and ligand effects on ring-closing carbonyl-

olefin metathesis. Because these unusual structures are likely a factor in many carbonyl-

based FeCl3-catalyzed reactions, we are currently examining alternative systems to 

understand the impact of the solution structures accessible to FeCl3 in catalytic regimes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Proposed concentration-dependent interactions between Fc (2 mmol in 12 mL DCE) and 

Ac. (b) Solution IR spectra at 0–1 equiv Ac and (c) beyond 1 equiv Ac addition.
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Figure 2. 
Theoretically predicted thermodynamics and C=O IR stretching frequency (cm−1) of (a) 1:1 

and 2:1 complex formed from Fc and Ac and (b) thermodynamics of chloride migration. 

Reaction energies (kcal/mol) were obtained at ωb97X-D3/def2-TZVP/SMD(DCE) level of 

theory. Color code: Fe, cyan; Cl, magenta; O, red; C, gray; H, white.
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Figure 3. 
Theoretically predicted thermodynamics and C=O IR stretching frequency (cm−1) of (a) 3:1 

and (b) 4:1 complex formed from Fc and Ac. Reaction energies (kcal/mol) were obtained at 

ωb97X-D3/def2-TZVP/SMD(DCE) level of theory. Color code: Fe, cyan; Cl, magenta; O, 

red; C, gray; H, white.
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Figure 4. 
NCI surfaces of species (a) 15 and (b) 16. Color code: Fe, cyan; Cl, magenta; O, red; C, 

gray; H, white.

Malakar et al. Page 20

ACS Catal. Author manuscript; available in PMC 2022 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(a) Proposed concentration-dependent interactions complexes between Fc (2 mmol in 12 mL 

DCE) and Be. (b) Solution IR spectra at 0–1 equiv Be and (c) beyond 1 equiv Be addition.
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Figure 6. 
Theoretically predicted thermodynamics and C=O IR stretching frequency (cm−1) of 1:1 and 

2:1 complex formed from Fc and Be. Reaction energies (kcal/mol) were obtained at ωb97X-

D3/def2-TZVP/SMD(DCE) level of theory. Color code: Fe, cyan; Cl, magenta; O, red; C, 

gray; H, white.

Malakar et al. Page 22

ACS Catal. Author manuscript; available in PMC 2022 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Theoretically predicted thermodynamics and C=O IR stretching frequency (cm−1) of 4:1 

complex formed from Fc and Be. Reaction energies (kcal/mol) were obtained at ωb97X-D3/

def2-TZVP/SMD(DCE) level of theory. Color code: Fe, cyan; Cl, magenta; O, red; C, gray; 

H, white.
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Figure 8. 
NCI surfaces of 21. Color code: Fe, cyan; Cl, magenta; O, red; C, gray; H, white.

Malakar et al. Page 24

ACS Catal. Author manuscript; available in PMC 2022 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Stacked plots of spectral deconvolution of titration of Fc (2 mmol in 12 mL DCE) with Ac 
(top) and titration of Fc (2 mmol in 12 mL DCE) with Be (bottom). Depicted y-axes list 

absorbance for simulated components.
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Figure 10. 
(a) Correlation of theoretical IR vibrations with deconvoluted experimental vibrations for 

complexes of Fc and Ac. (b) Correlation of theoretical IR vibrations with deconvoluted 

experimental vibrations for complexes of Fc and Be. (c) Comparison of deconvoluted 

vibrations (solid lines) with correlation-corrected simulated spectra (dashed lines) for a 

mixture of Fc and 0.593 M Ac. (d) Comparison of deconvoluted vibrations (solid lines) with 

correlation-corrected simulated spectra (dashed lines) for a mixture of Fc and 0.824 M Be.
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Figure 11. 
(a) Carbonyl-olefin metathesis reaction of 22. (b) [22] vs time for reaction of 22 (green ■). 

[22] vs time for reaction of 22 with 50 mol % Ac (green □).41 (c) Efficient carbonyl-

exchange in catalytic carbonyl-olefin methathesis when the byproduct is Ac. (d) Carbonyl-

olefin metathesis reaction of 15. (e) [25] vs time for reaction of 25 (red ■). [25] vs time for 

reaction of 25 with 50 mol % Be (red □).41 (f) catalyst inhibition when the byproduct is Be. 

Free energies (kcal/mol) were obtained at ωb97X-D3/def2-TZVP/SMD(DCE) level of 

theory. Color code: Fe, cyan; Cl, magenta; O, red; C, gray; H, white.
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Figure 12. 
Comparative catalyst inhibition in carbonyl-olefin metathesis involving (a) Ac producing 

substrate (28) and (b) Be producing substrate (30) with varied catalyst loading.
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Scheme 1. 
Different Modes of LA Activation of Carbonyl Substrate: (a) Classic Understanding of LA 

Activation via 1:1 and 2:1 Lewis Acid Complex Formation, (b) LA Activation via 

Homobimetallic Association, (c) LA Activation in the Presence of Superstochiometric 

Carbonyl in Solution
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Scheme 2. 
Proposed Mechanism of Carbonyl-Olefin Metathesis and Byproduct Inhibition
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