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Abstract

The formation of Fe'!' phosphinimine complexes by treatment of an S = 1 (PNNP)Fe" complex with MesN3
(Mes = 2,4,6-trimethylphenyl) is reported. The resulting compounds have been characterized structurally
and spectroscopically. Zero-field 5’Fe Mdssbauer spectroscopy and magnetic susceptibility measurements
suggest a spin-state change occurs once both phosphines have been converted to phosphinmines,
commensurate with the weaker field nature of phosphinimine ligands compared to phosphines. We propose
that phosphine oxidation proceeds through nitrene transfer to Fe to afford a formally Fe!V-imido intermediate
that is more accurately predicted to have Fe''-imidyl radical character. Although no such intermediate could
be isolated due to its instability and rapid phosphine oxidation, we support this mechanistic proposal with
stoichiometric experiments and in silico analyses at the wB97X-Ds/def2-SVP level of theory. Our
computational analyses confirm that the driving force for this transformation is very favorable.
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Introduction

While early metal imido complexes have been ubiquitous in the literature for quite some time, reports of
late metal imido complexes have only surfaced more recently. This can be attributed, in part, to the
increased reactivity of such late metal imido complexes imparted by their higher d electron counts that lead
to lower metal-ligand bond orders in certain geometries.[1,2] Iron imido complexes, specifically, are often
invoked as intermediates in processes of both synthetic and biological importance.[3-5] For example,
surface-bound iron imides are proposed as key intermediates in the industrial Haber-Bosch process[6] and
nitrogen fixation by the nitrogenase enzyme and its synthetic mimics.[7,8] The reactions of terminal Fe=NR
compounds include hydrogen atom transfer (HAT),[9-12] nitrene transfer[11,13,14] and [2+2]
cycloaddition,[15] with synthetic applications in C—-H bond amination,[16] aziridination,[17] alkyne
carboamination,[18] and alkene transposition.[19]

While terminal Fe imido complexes containing phosphine donor ligands have been isolated and
structurally characterized,[11,20—26] in many cases metal-bound phosphinimines are generated upon
addition of organic azides to phosphine-bound Fe complexes (Figure 1). The resulting highly polar
phosphinimine P-N bond has two resonance forms: a neutral ylene (RsP=NR) and a zwitterionic ylide
(RsP*-N-R), resulting in a ligand with excellent o- and t-donor abilities. [27] For example, Deng et al.
observed formation of the phosphinimine by treatment of their bis(anilido)phosphine Fe' complex with
organic azides.[28] Deng proposes that this transformation proceeds through an Fe=NR intermediate, but
such a complex was not isolated or observed. In another recent example, Szymczak and coworkers
reported the oxidation of the appended phosphines of an Fe complex ligated by a 6,6’-phosphine-substited
2,2’-bipyridine ligand via treatment with an aryl azide.[29]

In this work, we show that the triarylphosphine donors of our previously reported tetradentate
bis(amido)bis(phosphine)Fe" complex (PNNP)Fe (1)[30] are converted to phosphinimines in a stepwise
fashion by treatment with mesityl azide (MesNs, Mes = 2,4,6-trimethylphenyl). Although we were not able
to observe or isolate a putative Fe=NR intermediate, we provide computational and experimental support
that a mechanism involving such an intermediate is plausible.
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Figure 1: Selected examples of isolated iron imido complexes with bound phosphine ligands (top) and an example of reactivity of a
phosphine-bound iron complex with organic azides (bottom).

Results and Discussion

Inspired by the prolific use of organic azides as nitrene transfer reagents, we sought to explore the
generation of an Fe=NR imido species via oxidative group transfer from an organic azide to the square
planar S = 1 (PNNP)Fe complex (1). The reaction of 1 with 1 equiv of MesNs (Scheme 1) in CsHe resulted
in a color change from red-brown to a deep orange color. The 'H NMR spectrum of the resulting product
is indicative of the formation of a new asymmetric paramagnetic product 2, featuring 17 distinct resonances
between 35 and —60 ppm (Figure S1, top). The increased number of resonances relative to the '"H NMR
spectrum of 1 suggests the disruption of at least one of the mirror planes of the (PNNP)Fe framework.

Orange single crystals of 2 suitable for X-ray diffraction analysis were obtained, and the solid-state
structure of 2 (Figure 2) revealed an approximately square planar (14 = 0.171)[31] complex with a MesN
fragment inserted into one of the two Fe—P bonds of 1. The P-N distance of 1.6201(17) A is on the order
of the average P=N double bond (1.584 A) in structures deposited into the Cambridge Structural
Database,[32] consistent with formal two-electron oxidation of the triarylphosphine from P to PV. Also of
note is the contraction of the Fe1-N2 linkage (1.8984(17) A) trans to the newly-formed phosphinimine
relative to the Fe1-N1 linkage (1.9659(18) A) trans to the unfunctionalized phosphine, which demonstrates
the weaker trans influence of the phosphinimine relative to the phosphine expected due to the
phosphinimine’s lack of Tr-accepting character.
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Scheme 1: Reaction of (PNNP)Fe (1) with 1 and 2.5 equiv mesityl azide to produce 2 and 3, respectively.



Figure 2: Displacement ellipsoid (50%) representation of 2. All H atoms and the diethyl ether solvate molecule are omitted for clarity.
Relevant geometric parameters (distances in A, angles in °): Fe1-N1: 1.9659(18), Fe1-N2: 1.8984(17), Fe1-N3: 1.9683(17), Fe1—
P2: 2.2856(6), P1-N3: 1.6201(17), N1-Fe1-P2: 163.22(5), N2-Fe1-N3: 172.61(7), 12 = 0.171.

Since the net oxidation process is phosphorus-based, the Fe! oxidation state is maintained, as
supported by zero-field 5’Fe M&ssbauer spectroscopy measurements (Figure S2 and Table 1). The isomer
shift (0) observed for 2 is 0.46 mm/s, which is substantially higher than the previously reported isomer shifts
for S=1 Fe" complex 1 (0 = 0.17 mm/s)[30] and its S = 0 Fe'" Si-H and B—H activation products (6 = 0.16—
0.24 mm/s).[30,33] The increase in isomer shift from 1 to 2 may be explained by the increased d electron
density afforded by replacement of one of the 1r-accepting phosphines by a m-donating phosphinimine (as
observed, for example, in the series of complexes examined by Neese).[34] Although the spin state of 2
cannot be unequivocally assigned using Mdssbauer spectroscopy alone, the solution-state magnetic
moment of 2 was found to be 3.63 ps, which is most consistent with maintenance of the S = 1 spin state.
Although 3.63 ps is higher than the spin-only value of 2.83 ys expected for S = 1 species, it is consistent
with other square planar S = 1 iron species, including 1.[30,35-38] On this basis, we assign 2 as an
intermediate-spin S =1 Fe'' complex.

Treatment of 1 with 2.5 equiv of MesN3 (Scheme 1) in CeHs resulted in a dramatic color change from the
deep red-brown typical of 1 to a dark yellow-green. The 'H NMR spectrum of the product revealed a
symmetric species 3, as evident by the appearance of just eight broad and paramagnetically shifted peaks,
roughly half the number compared to 2. Based on the stoichiometry and comparisons to 2, we posited that
3 was the result of oxidation of both phosphine donors of the Fe-bound [PNNP]?- ligand to phosphinimines.

Indeed, the solid-state structure of 3 (Figure 3) revealed that both phosphine donors of the [PNNP]2-
ligand have been converted to phosphinimines in 3. Unlike 2, the geometry about Fe in 3 is distorted
tetrahedral (14 = 0.452). As was the case with 2, the P-N bond lengths of 1.617(3) and 1.614(3) A are on
the order of a P=N double bond, suggesting that both phosphinimine donors adopt the neutral phosphorus(V)
resonance form as L-type ligands. The elongated Fe—Namice bonds in 3 (2.058(3) and 2.055(3) A) relative
to those in 2 (1.966(2) and 1.899(2) A) and 1 (1.872 A) as well as the distorted tetrahedral geometry are
both suggestive of a high-spin Fe complex.



Figure 3: Displacement ellipsoid (50%) representation of 3. All H atoms and solvent molecules are omitted for clarity. Relevant
geometric parameters (distances in A, angles in °): Fe1-N1: 2.058(3), Fe1-N2: 2.055(3), Fe1-N3: 2.080(3), Fe1-N4: 2.085(3), P1—
N3: 1.617(3), P2-N4: 1.614(3), N2-Fe1-N3: 148.45(10), N1-Fe1-N4: 147.78(10) 74 = 0.452.

The Fe! oxidation and spin state of 3 were further investigated using zero-field ®’Fe Mdssbauer
spectroscopy (Figure S2 and Table 1). The Méssbauer spectrum of 3 reveals a quadrupole doublet centered
at 6= 0.95 mm/s. This isomer shift is significantly increased with respect to 1 and 2 but compares favorably
to other high-spin S = 2 Fe'!l complexes.[39—42] A solution-state magnetic moment measurement afforded a
magnetic moment of 5.31 s, which is consistent with the spin-only value (4.90 ps) expected for an S= 2
species. This observed change in spin state from S=1 in 1 and 2to S= 2 in 3 is likely due to the change
in ligand field, as the phosphines in 1 and 2 are expected to be stronger field than phosphinimine ligands.
The geometric distortion from square planar toward tetrahedral is also consistent with the proposed S= 2
spin state.

We questioned whether additional mesityl azide would react further with 3 in a metal-centered reaction
once both phosphines were oxidized. Treatment of 1 with > 3 equiv of MesNs results in the exclusive
formation of 3 with unreacted MesN3 observed by 'H NMR spectroscopy. We propose that this lack of further
reactivity can be attributed to steric and electronic differences between 3, which is S = 2 and tetrahedral
with weak field ligands, and 1 and 2, which are S = 1 and square planar with stronger field ligands.

Table 1: Zero-field "Fe Mdssbauer parameters obtained by fitting spectra obtained at 4 K and effective magnetic moments measured
in CgDg solution for Fe-containing compounds 1-3.

5Fe Mossbauer

0, mm/s|AEq|, mm/s Her: He
1[30] 0.17 2.20 3.62
2 046 1.96 3.63
3 09 1.31 5.31

As organic azides are often used as nitrene transfer reagents to generate high valent iron imido
complexes, we hypothesized that the transformation observed herein proceeds through an Fe=NMes
intermediate Int-A (Scheme 2). No intermediate species were detected when reactions to form 2 or 3 were
monitored in situ using "H NMR spectroscopy. Therefore, we attempted experiments to verify our proposed
mechanism and explored the viability and thermodynamic accessibility of intramolecular nitrene transfer



from Fe to P shown, as shown in Scheme 2, using density functional theory (DFT) calculations.
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Scheme 2: Proposed mechanism for formation of 2 from 1 through intermediate Int-A.

First, we sought to ensure that the phosphinimine is formed by a process involving the Fe center of 1
rather than by a direct Staudinger reaction between the organic azide and the phosphine sidearms. We
deemed that such a reaction would be unlikely while the phosphines remain bound to Fe but could be made
possible by reversible phosphine dissociation. To this end, we attempted a direct Staudinger reaction of the
unmetallated H2[PNNP] ligand precursor with MesNs in THF (Scheme 3(a)) and monitored the progress of
the reaction by 3'P{'H} NMR spectroscopy (Figure S3). While we did observe conversion to the
phosphinimine, the progress of this reaction was much slower than the conversion of 1 to 2 or 3. Over the
course of 20 h, only ~50% phosphine-to-phosphinimine conversion was noted in the absence of Fe, beyond
which point no further conversion was observed. The direct Staudinger reaction pathway is therefore quite
slow compared to the 2 h timescale used for the synthesis of 2 and 3. Since the conversion is accelerated
dramatically when ligated to Fe, itis likely that a reaction with the Fe center is responsible for the conversion
to the phosphinimine.

We then explored the impact of blocking one of the apical coordination sites on the (PNNP)Fe center.
Considering that one of the axial coordination sites of the previously reported five-coordinate
(PNNP)Fe(PMes) complex[30] is occupied by PMes, we investigated whether this would hinder the
generation of a phosphinimine-ligated species. Treatment of (PNNP)Fe(PMes) with 3 equiv of MesNs
(Scheme 3(b)) resulted in no conversion to 2, 3, or any other new iron-containing species after one hour; the
"H and 3'P{"H} NMR spectra of the crude reaction mixture (Figures S4 and S5) revealed only the starting
materials and small amounts of the Staudinger products originating from reactions with free H2[PNNP] and
PMes, likely a result of minor decomposition pathways. This experiment provides further support for the
involvement of Fe in the phosphine oxidation process since blocking one of the apical coordination sites of
the (PNNP)Fe complex in (PNNP)Fe(PMes) may preclude the formation of any Fe-bound intermediates.
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Scheme 3: Mechanistic control experiments. (a) Staudinger reaction of unmetallated H,PNNP] with mesityl azide. (b) Attempted
oxidation of (PNNP)Fe(PMej3) with mesityl azide.

Finally, we sought to explore the thermodynamic driving force associated with this transformation in silico.
Since the mechanism for formation of high valent metal-imido species from organic azides is well
understood,[43—46] we focused our attention on a potential intramolecular nitrene transfer step from Fe to
P. Geometry optimizations of Int-A and 2 (both calculated in S = 1 spin states) were performed at the
wB97X-Ds/def2-SVP level of theory using the CPCM solvation model in THF.

The optimized geometry of Fe imido complex Int-A was found to be approximately square pyramidal
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with the Fe center puckered 0.4 A out of the tetradentate plane formed by the [PNNP)]?- ligand (Figure 4).
Analysis of the spin density surface (Figure 4) and Mulliken spin populations revealed that there is one
unpaired electron on the Fe center and another on the N atom of the imido ligand, suggesting that the most
appropriate bonding description is that of an Fe'l-imidyl radical. The Fe—Nimiayl distance is 1.719 A, which is
elongated relative to the Fe—N distance observed in other phosphine-bound iron imido complexes (1.62—
1.68 A) [11,20—26] and similar to the Fe—N distance in a previously reported iron-bound imidyl radical (1.76
A).[14] The Fe-N—C angle is 138.8°, further supporting the Fe'-imidyl description. All aromatic C=C bonds
within the ring of the imidyl ligand are 1.41 + 0.02 A, consistent with localization of the radical on the N center
rather than delocalization throughout the aromatic system.

Figure 4: DFT-optimized geometry of Int-A (left) and its spin density surface (right). Mulliken spin densities: Fe (0.93), N (0.89).

The driving force for the Int-A — 2 transformation was determined to be A G°= -39.0 kcal/mol. From
this very favorable driving force and the close proximity of the Nimido to the phosphine ligands in the square
pyramidal environment of 2, it is unsurprising that any Fe=NR intermediate that is formed would
immediately attack the appended P'" donor. Presumably, complex 3 is formed via a similar series of
downhill steps. Unfortunately, the favorability of intramolecular nitrene transfer to phosphorus limits the
synthetic utility of Int-A as a potential intermolecular nitrene transfer agent.



Conclusions

In conclusion, we report herein the in situ synthesis of two Fe-phosphinimine complexes. Treating 1 with 1
equiv MesNs produces the asymmetric complex 2, in which one of the (PNNP) phosphines has been
oxidized to a phosphinimine ligand. A reaction between 1 and 2 equiv of MesNs similarly produces 3, in
which both phosphines are converted to phosphinimines. Investigation of these two complexes by zero-
field °"Fe Mdssbauer spectroscopy and measurement of their solution magnetic moment confirmed that both
2 and 3 remain in the Fe'!' oxidation state, but the weaker ligand field afforded by the phosphinimine ligands
promotes a transition from the intermediate-spin S= 1 state in 1 and 2 to a high-spin S= 2 Fe'' configuration
for 3. We posited that this transformation proceeds through a putative Fe=NMes intermediate. Although
we were unable to observe such an intermediate spectroscopically, we noted that the phosphinimines are
not formed when the open coordination sites of 1 are blocked, suggesting that the Fe center is instrumental
in the formation of the phosphinimines. We also showed that conversion to the phosphinimine when ligated
to Fe is considerably faster than the direct Staudinger reaction between the unligated H2[PNNP] ligand and
MesNs. Finally, we also investigated the viability of an Fe=NR intermediate, finding that such a species is
best described as an Fe'-imidyl complex. As expected, the phosphinimine product was found to be
thermodynamically downhill with respect to the Fe"'-imidyl.

Experimental Details

General Considerations

Unless otherwise noted, all manipulations were carried out under an inert atmosphere using a nitrogen-
filled glovebox or standard Schlenk techniques. Glassware was oven-dried before use. Solvents were
degassed by sparging with ultra-high purity argon and dried via passage through columns of drying agents
using a Glass Contours solvent purification system from Pure Process Technologies. Benzene-ds was
degassed via repeated freeze-pump-thaw cycles and dried over 3 A molecular sieves before use.
(PNNP)Fe (1),[30] H2[PNNP],[47] mesityl azide,[48] and (PNNP)Fe(PMes)[30] were prepared according to
literature procedures. NMR spectra were recorded at ambient temperature unless otherwise stated on a
Bruker DPX 400 MHz spectrometer. 'H NMR chemical shifts were referenced to residual solvent
resonances and are reported in ppm. 3'P{"H} NMR chemical shifts were referenced to an external standard
of 85% phosphoric acid (0 ppm) and are reported in ppm. Effective magnetic moments (perr) were measured
using Evans’ NMR method.[49]

Synthesis of (PNNP=NMes)Fe (2)

To a 20 mL scintillation vial equipped with a stir bar, 1 (0.0402 g, 0.0633 mmol) was dissolved in CeHs (3
mL). A CsHe (1 mL) solution of mesityl azide (0.0102 g, 0.0633 mmol, 1.0 equiv) was added dropwise. The
mixture was allowed to stir for 80 minutes, during which time the solution changed from a deep red-brown
to a dark orange color. The volatile components were removed in vacuo via lyophilization. Single crystals
suitable for X-ray diffraction analyses were grown by vapor diffusion of Et20 into a concentrated THF solution
of 2 at —35°C. Collection of these orange crystals yielded 2 as a spectroscopically pure solid (0.0289 g,
58.4%). "H NMR (400 MHz, CesDs): & 34.86, 26.96, 24.03, 20.44, 19.21, 10.76, 7.66, 7.43, 6.82, 3.71, 2.20,
0.78, —3.72, —18.45, —25.52, —26.10, -58.70. All peaks are broad singlets owing to the paramagnetism
of 2. Evans’ method (CsDe): 3.63 us. Combustion analysis data were not obtained owing to the air and
moisture sensitivity of 2 and its thorough characterization using alternative methods including "H NMR and
zero-field ’Fe Méssbauer spectroscopies.

Synthesis of (MesN=PNNP=NMes)Fe (3)

To a 20 mL scintillation vial equipped with a stir bar, 1 (0.0753 g, 0.119 mmol) was dissolved in CsHe (3
mL). A CsHs (1 mL) solution of mesityl azide (0.0496 g, 0.308 mmol, 2.6 equiv) was added dropwise. The
mixture was allowed to stir for 120 minutes, during which time the solution changed from a deep red-brown
to a dark yellow-green color. The volatile components were removed in vacuo via lyophilization. Single
crystals suitable for X-ray diffraction analyses were grown by vapor diffusion of Et20 into THF in the glovebox



freezer at —35°C. Collection of these yellow-green crystals yielded 3 as a spectroscopically pure solid
(0.0262 g, 23.7%). "H NMR (400 MHz, Ce¢Ds): 644.75, 41.87, 26.13, 2.11, 1.35, 0.30, —23.59, —26.09.
All peaks are broad singlets owing to the paramagnetism of 3. Evans’ method (CsDs): 5.31 us. Combustion
analysis data were not obtained owing to the air and moisture sensitivity of 3 and its thorough
characterization using alternative methods including 'H NMR and zero-field 5’Fe Méssbauer
spectroscopies.

Attempted Reaction of (PNNP)Fe(PMes) with Mesityl Azide

To a 20 mL scintillation vial containing (PNNP)Fe(PMes) (0.010 g, 0.015 mmol) in THF (2 mL), a solution
of mesityl azide (0.008 g, 0.047 mmol, 3 equiv) in THF was added. The solution was allowed to stir for 1 h.
Volatiles were removed in vacuo to yield a red powder. The only observed products from this control
reaction were unreacted (PNNP)Fe(PMes) and MesNs, with a small amount of free ligand that dissociated
and reacted with the azide via the Staudinger reaction.

Attempted Reaction of Ho[PNNP] with Mesityl Azide

To a 50-mL round bottom flask (open to atmosphere), H2[PNNP] (54.6 mg, 0.094 mmol) and THF (3 mL)
were added and stirred for 10 min to ensure complete dissolution of the H2[PNNP] . Mesityl azide (30.6 mg,
0.19 mmol, 2.02 equiv) was added to the stirring solution, using a portion of THF (1 mL) to rinse the reagent
vial to ensure quantitative transfer. The mixture was allowed to stir for 20 h. Aliquots were taken at 1, 2, 3,
4, 5, and 20 h marks and analyzed by 3'P{'"H} NMR to monitor conversion. Only ~50% oxidation of the
phosphine moieties to the phosphinimines (assigned based on 3'P{'"H} NMR spectra) was noted over the 20 h
period. Additional time did not result in further conversion.

Mébssbauer Spectroscopy Details

Samples for zero-field ®’Fe Mdssbauer spectroscopy were prepared by suspending approximately 30
mg of sample in Paratone®-N cryoprotectant oil and loaded into the sample holder under liquid N2. Spectra
were obtained at <4 K over a 24-hour period using a See Co. (Minneapolis, MN) constant-acceleration
spectrometer equipped with a Janis SHI-4 cryostat. Isomer shifts (&) are reported relative to a 25-um thick
sample of a-Fe foil at 295 K. Data folding and fitting routines were performed using the WMOSS-4F software
package.[50]

Single-Crystal X-Ray Diffraction Data Collection, Solution, and Refinement of 2

The single crystal X-ray diffraction studies were carried out on a Nonius Kappa Apex |l diffractometer
equipped with Mo Ky radiation (A= 0.71073 A). The crystal was mounted on a MiTeGen Micromount with
Paratone 24EX oil. Data were collected in a nitrogen gas stream at 100(2) K using ¢ and w scans. Data
collection was 99.8% complete to 25°in 6 (0.83 A). The crystal-to-detector distance was 60 mm using variable
exposure time (4 s to 10 s) depending on 8 with a scan width of 1.0°. A total of 150059 reflections were
collected with =13 < h<< 13, -15 < k<< 15, —24 < I 24. Of these, 9449 reflections were found to be
symmetry independent, with a Rint of 0.0259. Indexing and unit cell refinement indicated a primitive triclinic
lattice with space group P1. The data were integrated using the Bruker SAINT[51] software program and
scaled using the SADABS[52] software program. Structure solution and refinement were done within the
Olex2 software package.[53] Solution by direct methods (SHELXT[54]) produced a complete phasing model
for refinement. All nonhydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-
2014[55]). All hydrogen atoms were placed using a riding model with positions constrained relative to their
parent atom using the appropriate HFIX command in SHELXL-2014. A summary of determined parameters
and refinement statistics are available in Table S1.

Single-Crystal X-Ray Diffraction Data Collection, Solution, and Refinement of 3

The single crystal X-ray diffraction studies were carried out on a Nonius Kappa Apex Il diffractometer
equipped with Mo Ky radiation (A= 0.71073 A). The crystal was mounted on a MiTeGen Micromount with
Paratone 24EX oil. Data were collected in a nitrogen gas stream at 100(2) K using ¢ and w scans. Data
collection was 99.8% complete to 25° in 8(0.83 A). The crystal-to-detector distance was 60 mm using
variable exposure time (4 s to 10 s) depending on 6 with a scan width of 1.0°. A total of 136191 reflections



were collected with =56 < h< 56, -19 < k< 19,-17 < I 17. Of these, 10154 reflections were found to
be symmetry independent, with a Rint of 0.0794. Indexing and unit cell refinement indicated a C-centered
monoclinic lattice with space group C2/c. The data were integrated using the Bruker SAINT[51] software
program and scaled using the SADABS[52] software program. Structure solution and refinement were done
within the Olex2 software package.[53] Solution by direct methods (SHELXT[54]) produced a complete
phasing model for refinement. All nonhydrogen atoms were refined anisotropically by full-matrix least-
squares (SHELXL-2014[55]). All hydrogen atoms were placed using a riding model with positions
constrained relative to their parent atom using the appropriate HFIX command in SHELXL-2014. A
summary of determined parameters and refinement statistics are available in Table S1.

Computational Details

All calculations were performed in the ORCA 5.0.4 software package[56,57] and accounted for solvation
effects in THF (€ = 7.25; n = 1.407) using the CPCM model[58]. Geometry optimizations for all complexes
were performed at the wB97X-D3[59] / def2-SVP[60] level of theory. Crystallographic coordinates were used
as the input geometries for products 2 and 3 or were used as a starting point and modified as necessary
for intermediates whose crystallographic coordinates were not available. In all cases, ORCA-internal basis
sets, which include appropriate pseudopotentials as necessary, were employed without modification. The
natures of the resulting stationary states were verified by performing single-point frequency calculations on
the optimized geometries. For structures in which imaginary frequencies were identified, a small structural
perturbation along the negative dimension of the Hessian was applied before a subsequent reoptimization
to resolve the imaginary frequency. All free energies herein are reported with solvation effects included.
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Appendix A. Supplementary data

CCDC 2307664—2307665 contains the supplementary crystallographic data for compounds 2 and 3. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving. html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data to this article can be found online at
https://doi.org/
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