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ABSTRACT: Well-defined (TTP)Ti" (TTP = §,10,15,20-tetra-
tolylporphyrin) complexes have been shown to promote stoichio- ofy
metric deoxygenation of organic molecules, such as sulfoxides and ‘
epoxides, forming a stable (TTP)Ti'V=0 product. Here, we explore
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strategies to promote catalytic deoxygenation reactivity by (TTP)TNVOV ° (TTP)TI(DMA),
regenerating (TTP)Ti" through chemical or electrochemical |,¢|
reduction. A survey of Lewis acids revealed the effectiveness of o 0
B(OPh); in promoting activation and loss of the Ti-oxo group, e N i s

" .10 . . | [ 2 ] A
enabling Ti'-mediated reductive oxygen-atom transfer (OAT) of o @ —r2a P
diphenyl sulfoxide. Cyclic voltammetry, coulometry, EPR spectros- o« d o C° N
copy, and X-ray crystallography have been used to probe and "
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characterize Ti™ and Ti" species from the electroreductive i
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deoxygenation of the Ti'=O complex. The data implicate a
Lewis-acid-coupled electron-transfer deoxygenation pathway for Ti''=0O turnover. These fundamental studies are complemented by
electrochemical reactions demonstrating catalytic reductive oxygen-atom transfer from sulfoxides, pyridine N-oxides, and epoxides.

H INTRODUCTION Lewis acids (Figure 1B). This approach would complement

other OAT reactions, such as those catalyzed by Mo, W, and

Deoxygenation reactions represent an important class of
transformations featured in selective reduction and C—C
coupling reactions with organic molecules.' ™ These reactions
are often promoted by formation of stable oxygenated
products, exemplified by formation of phosphine or titanium
oxides in Wittig olefination” or McMurry coupling reactions,’
respectively. Titanium is an oxophilic transition metal, and
reduced Ti complexes can promote reductive oxygen-atom
transfer (OAT) from many organic molecules.’™" In the
1990s, Woo and co-workers reported the synthesis and
characterization of (TTP)Ti" complexes'’ and showed that
they promote stoichiometric deoxygenation of sulfoxides and
epoxides to form the corresponding thioether or alkene
products together with a Ti"V=0 species (Figure 1A).”"* We
postulated that (TTP)Ti complexes could support catalytic
deoxygenation reactions through the development of methods
for electrochemical regeneration of (TTP)Ti" from (TTP)-
TiVO species.””15 Studies by Kadish and co-workers, however,
showed that reduction of (TPP)TiVO (TPP = 5,10,15,20-
tetraphenylporphin) leads to reduction of the porphyrin ligand,
rather than titanium.'® This reactivity could potentially be
altered in the presence of a Lewis acid, which could promote
cleavage of the strong Ti=O bond upon reduction. If
successful, we reasoned that such reactivity could provide the
basis for electrocatalytic deoxygenation of organic molecules at
comparatively mild redox potentials and with relatively mild
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Re species,'’~'” which serve as deoxygenation catalysts in the

presence of a stoichiometric oxygen acceptor, such as PPh;.
Here, we report our investigation of electrochemical
deoxygenation. Initial studies use chemical reductants (Zn
and Mn powder) to validate the hypothesis that Lewis acids
could support catalytic deoxygenation reactivity, using (TTP)-
Ti'VO as a precatalyst. We then probe the redox behavior of
(TTP)TiVO in the absence and presence of Lewis acids,
providing insights into Lewis acid-coupled electron-transfer
(LACET) in the conversion of (TTP)TiVO into (TTP)Ti™
and (TTP)Ti" species. These results provide the basis for
electrocatalytic deoxygenation of sulfoxides, pyridine N-oxides,
and epoxides.
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We initiated our study by using chemical reductants to probe
the ability of Lewis acids to promote (TTP)Ti-catalyzed
conversion of diphenyl sulfoxide (1a) to diphenyl sulfide (2a)
with Zn and Mn powders as the stoichiometric reductant in
N,N-dimethylacetamide (DMA) as the solvent. (TTP)Ti'VO
(5 mol %) was used as the catalyst precursor. Negligible
reactivity was observed in the absence of a Lewis acid with
either reductant (Figure 2A). The presence of Lewis acidic
metal salts, MgCl, and AICl,, contributed to the formation of
2a in moderate yields. Similar outcomes were observed with
silyl chlorides, such as TMSCl and TESCl (TMS =
trimethylsilyl; TES = triethylsilyl), Wthh have been used 1n
other Ti-catalyzed reduction reactions.””~>* Borate esters™’
proved to be the most effective, with B(OPh); supporting a
nearly quantitative yield of 2a with both Zn and Mn.

These promising results with chemical reductants prompted
us to conduct Ti-catalyzed deoxygenation of la under
electrochemical conditions with B(OPh); as the Lewis acid
(Figure 2B). The reactions were performed in a divided cell
using constant potential electrolysis in DMA. Two potentials
were evaluated, one near the open circuit potential (OCP) of
Zn and the other near the OCP of Mn:** Eocp@zny~ —1.36 V
and Eocpovn) = —1.56 V (all potentials reported versus
ferrocenium/ferrocene, Fc*/Fc, as the reference, see Figure
S2). Good yields of 2a were observed at both potentials, but a
nearly quantitative yield was accessed in only 4 h at the more
reducing potential (Figure 2B).

Mechanistic Studies of the Deoxygenation of (TTP)Ti'VO

The results described above indicate that the Lewis acid plays a
crucial role in promoting reduction of (TTP)Ti"VO to the
catalytically active low-valent Ti species. Efforts to interrogate
this process further were initiated by analyzing the redox

Figure 2. (A) Evaluation of various Lewis acids for Ti-catalyzed
deoxygenation of la with metal reductants (Zn or Mn). Yields
determined by 'H NMR spectroscopy (int. std. = 1,3,5-trimethox-
ybenzene). (B) (TTP)Ti-catalyzed deoxygenation of la using
constant potential electrolysis in a divided cell (Ag/AgNO; reference
electrode). TBA = n-tetrabutylammonium.

properties of (TTP)Ti'VO by cyclic voltammetry (CV) (Figure
3A). Two well-defined redox features were observed with
cathodic peak potentials of —1.45 V (E;) and —2.00 V (E,).
The redox behavior of (TTP)Ti"VO aligns with CV data for
(TPP)TiVO reported previously by Kadish and co-workers
and is consistent with sequential electron-transfer without
cleavage of the Ti"'=0O bond.

Upon addition of three equivalents of B(OPh),;, both
reduction peaks shift to more positive potentials (E.;’ = —1.33
V, E,’ = —1.61 V). The former feature (E’) is distinctly
irreversible. The less-well-behaved redox behavior of (TTP)-
Ti'VO in the presence of B(OPh); was probed further by
coulometry studies. A solution of 10 mM (TTP)Ti"VO with 30
mM B(OPh); was electrolyzed at —1.3 V and at —1.6 V, and
the data show passage of approximately 1 F/mol and 2 F/mo],
respectively, at these two potentials (Figure 3B). The boron
speciation in this process was analyzed by ''B  NMR
spectroscopy during the electrolysis of (TTP)Ti"O in the
presence of 4.5 equiv B(OPh),. Constant potential electrolysis
initiated at —1.3 V and continued until 1 F/mol of charge had
passed resulted in the conversion of 2 equiv of B(OPh); into
borate species (Figure 3C). Passing an additional 1 F/mol at
—1.6 V showed no additional changes in the boron speciation
(see Section S5.3 of the Supporting Information for details).
These data suggest that the reductive deoxygenation of
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A. Cyclic voltammetry studies
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Figure 3. (A) Cyclic voltammetry (CV) analysis of 1 mM (TTP)Ti"O in the absence (gray) and presence (red) of 3 mM B(OPh),, 5 mL DMA,
r.t. (B) Coulometric analysis of (TTP)Ti'VO (10 mM) with B(OPh); (30 mM) at E,,’ or E,’ (for conditions, see Section SS.1 in the SI). (C) ''B
NMR spectroscopic analysis showing formation of borate species during reduction of (TTP)Ti'VO in the presence of B(OPh),. Conditions:
Divided cell, cathodic chamber: 10 mM (TTP)Ti"VO, 5 mL DMA, 4.5 equiv B(OPh);, 0.2 M TBAPF; anodic chamber: 5 mL. DMA, 0.2 M

TBAPF, 3 equiv Et;N. E,,, =

—1.3 V and then —1.6 V. (D) CV analysis of (TTP)Ti"’O (1 mM) in the presence of BPh; (1—60 mM) in DMA

(0.2 M TBAPFg, scan rate 100 mV/s), r.t. (E) Reaction time course for Ph,SO deoxygenation mediated by electrochemically generated (TTP)Ti™
and (TTP)Ti" species (Conditions: 10 mM (TTP)Ti™ and (TTP)Ti" species, 100 mM Ph,SO, DMA, 1 h, r.t.). (F) (TTP)Ti'VO deoxygenation
sequence, forming [(TTP*)Ti'VO]™ and [(TTP)Ti"VOJ*" in the absence of B(OPh);, and formation oxo free species in the presence of B(OPh)s,
together with single-crystal X-ray structures of (TTP)Ti'VO, (TTP)Ti™Cl, and (TTP)Ti"(DMA),. Ellipsoids shown at 50% probability, all H—
atoms omitted for clarity. (G) X-band EPR spectra of one-electron-reduced Ti species generated in the presence and absence of B(OPh):
[(TTP*)TiVO]™ (gray), [(TTP)Ti"™]* (dark red), and (TTP)Ti™Cl (pink) (115 K, microwave frequency 9.303 GHz, microwave power 0.6325
mW). (H) SOMO images of [(TTP*)TiVO]™ and [(TTP)Ti"(DMA),]* derived from DFT calculations.
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(TTP)TiVO involves 2 equiv of B(OPh); but only one
electron, as depicted in the chemical equations in Figure 3C.
This result rationalizes the irreversible CV behavior associated
with the Ti'V/™ in the presence of B(OPh); (cf. Figure 3A),
since reduction is paired with loss of the oxo ligand,
contrasting the relatively reversible Ti""" feature.

Variation of the B(OPh), concentration (3—9 mM) leads to
systematic changes in the Ti""/™! potential, with a plot of E.’
versus log[B(OPh),] exhibiting a slope of 71 mV/decade
(Figure S6b). The poor reversibility of the CV feature
complicates this analysis and prompted us to analyze the
same behavior with the somewhat weaker Lewis acid BPh,>
(Figure 3D).”® More reversible Ti"/' CV behavior was
observed with BPh;, and variation of the BPh; concentration
(1—60 mM) revealed an approximately Nernstian anodic shift
of the Ti'"/™ redox potential: E, , versus log[BPh;] = 54 mV/
decade. These data provide support for a Lewis acid-coupled
electron-transfer (LACET) pathway for (TTP)Ti"O deoxy-
genation.

Deoxygenation (TTP)Ti"VO at the Ti"™/™ redox potential
rationalizes the ability of the (TTP)Ti catalyst to promote la
deoxygenation with Zn or at —1.3 V (cf. Figure 2B). To probe
this reactivity further, we generated TTP-ligated Ti'" and Ti"
by performing constant potential electrolysis of (TTP)Ti'VO in
the presence of 3 equiv of B(OPh); at —1.3 and —1.6 V,
respectively. Time-course analysis of the stoichiometric
reaction of these species with la showed that both Ti'! and
Ti" promote conversion of 1a to Ph,$ in yields consistent with
their one- and two-electron redox stoichiometries. The Ti'
species is more reactive, exhibiting a higher rate than that of
Ti'™ (Figure 3E). Fitting of these time-course data to a pseudo-
first-order kinetic model (Ph,SO: Ti = 10) reveals rate
constants of k = 2.2 X 1072 M~! s7* for Ti" and k = 1.6 X 107>
M~ s7! for Ti'"" in the deoxygenation of Ph,SO.

Structural, spectroscopic, and computational studies pro-
vided further insights into the Ti-based redox reactivity
associated with the deoxygenation reactions. An X-ray crystal
structure of (TTP)Ti'VO reveals a terminal oxo ligand with a
Ti—O bond length of 1.641(3) A reflecting a “short” double
bond or “long” triple bond, consistent with competition
between the oxo and porphyrin ligands for the z-symmetry
orbitals on Ti (Figure 3F).”

One-electron electrochemical reduction of (TTP)TiVO in
the absence of B(OPh), afforded a new Ti species that exhibits
a sharp, isotropic signal in the EPR spectrum at g = 2.001
(Figure 3G). In contrast, the product of one-electron reduction
of (TTP)TiVO in the presence of B(OPh); exhibits a broad,
anisotropic EPR signal (g = [1.940, 1.956, 1.974]) (Figure
3G). Efforts to obtain X-ray crystal structures of these
complexes were unsuccessful; however, addition of MgCl, to
the latter reaction generated (TTP)Ti"'Cl, which was isolated
and characterized by single-crystal X-ray diffraction (Figure 3F,
see Section S2.5 in the Supporting Information). EPR
spectroscopic analysis of this complex revealed an anisotropic
feature with g = [1.900, 1.904, 1.966]. Further reduction of the
[(TTP)Ti"]* species generated in the presence of B(OPh,)
afforded (TTP)TiY, isolated as the bissDMA adduct, which
was characterized by single-crystal X-ray diffraction (Figure
3F).

These experimental data were complemented by density
functional theory (DFT) computational analysis™® of the one-
electron reduced Ti complexes to gain insights into the origin
of the different EPR data (Figure 3H). The g value at 2.001 is

characteristic of an organic radical, implicating formation of a
porphyrin-radical anion species, formally retaining a Ti''=O
fragment: [(TTP*)TiVO]~.'®* DFT analysis supports this
conclusion, evident from a SOMO localized on the periphery
of the porphyrin ligand (Figure 3H). The sequence of
reversible one-electron reduction features evident in the gray
trace of Figure 3A suggests that the Ti"'=O fragment remains
intact even upon two-electron reduction, forming [(TTP)-
TiVO]?>".'° This behavior contrasts the reduction reactions
observed in the presence of B(OPh);, which results in loss of
the oxo ligand. The EPR data observed following one-electron
reduction implicate formation of d' Ti"" species in which the
unpaired electron resides in a d,,-like Ti orbital according to
DFT analysis (Figure 3H). This reactivity is supported by the
X-ray structures of (TTP)Ti"'Cl and (TTP)Ti"(O-DMA),
(Figure 3F).

(TTP)Ti-Catalyzed Electrochemical Deoxygenation of
Organic Substrates

The fundamental reactivity documented above was then
translated to catalytic reactions with a series of prototypical
substrates, including sulfoxides, epoxides, and pyridine N-
oxides (Figure 4). Woo and co-workers previously showed
stoichiometric deoxygenation of the former two substrate
classes using a well-defined (TTP)Ti"-alkyne complex,” while
N-oxides were not previously reported. Sulfoxide substrates
tested in our catalytic reactions included dialkyl (2b, 2c), aryl/
alkyl (2d), and diaryl (2e—i) derivatives, and the reactions
proceeded in good yields (77—-99% yield) and with high
Faradaic efficiency (70—92%). No detectable dehalogenation
was observed with 2g—i, despite precedents for stoichiometric
C(sp*)—Cl cleavage with the same (TTP)Ti"—alkyne
complex.” The catalytic conditions were also effective for
catalytic deoxygenation of heteroarene N-oxides, including
pyridine, pyrazine, and quinoline N-oxides, to afford 4a—e.
The reactions generally proceeded in excellent yield (83—
99%), except for 4-cyanopyridine N-oxide (4c), which
undergoes direct electrochemical reduction at —1.8 V (see
Figure $38), a potential near the Ti'""" potential.

Deoxygenation of epoxides required modification of the
conditions to achieve optimal results. For example, styrene
oxide afforded styrene in only 11% yield under the standard
conditions with DMA as the solvent. Switching the solvent
from DMA to THF and empirical reoptimization of the
electrochemical process (e.g., changing from divided to
undivided cell and the identity of the electrodes) resulted in
conversion of styrene oxide to styrene (6a) in 81% yield. The
mechanistic basis for this change is not fully understood;
however, we noted that the Ti""/ and Ti"™" redox potentials
of the catalyst shift to more negative values by approximately
120 mV each in THF. This observation suggests that solvent
change may contribute to additional driving force that supports
an improved synthetic outcome. The modified conditions also
led to favorable outcomes with other epoxides, affording a-
methylstyrene 6b (74%), terminal alkyl olefins 6¢ (67%) and
6d (77%), and limonene 6e (53%). This reactivity represents a
catalytic Ti'-mediated process that complements early studies
of epoxide deoxygenation with Cp,Ti""CL>**'

Energetic Considerations of Ti-Mediated Deoxygenation
Reactivity

The (TTP)Ti-mediated deoxygenation reactivity may be
compared with a direct reduction approach through electro-
chemical studies. Direct reduction of 1a occurs at E' ~ —2.9V,
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Figure 4. (TTP)Ti-catalyzed electrochemical deoxygenation of
organic substrates. Condition A: Divided cell, cathodic chamber:
0.5 mmol sulfoxides/N-oxides, 5 mol % (TTP)TiVO, S mL DMA, 3
equiv B(OPh);, 0.2 M TBAPF; anodic chamber: S mL DMA, 0.2 M
TBAPF, 3 equiv of Et;N. E,,, = —1.8 V (Ag/AgNO; as reference
electrode). Condition B: Undivided cell, 0.5 mmol epoxides, 10 mol
% (TTP)Ti"O, 5 mL THF, 3 equiv B(OPh),, 0.2 M TBAPF,, 0.2 M
TBABr. B, = —1.8 V (Ni foam as working electrode, Mg plate as
counter electrode, Ag/AgNO; as reference electrode). Yields
determined by "H NMR using 1,3,5-trimethoxybenzene as an internal
standard. “Isolated yield. "Site for epoxide deoxygenation was marked
red.

and the potential is similar in the presence of B(OPh);.** Bulk
electrolysis at this potential leads to deoxygenation of Ph,SO
in 47% yield, based on 'H NMR analysis (Figure SA, blue
trace). (TTP)TiVO undergoes reversible reduction at
potentials of —1.45 (E.) and —2.00 V (E,), but retention
of the oxo ligand (cf. Figure 3) prevents deoxygenation of the
substrate. Loss of the oxo ligand is promoted by the presence
of B(OPh);, which also contributes to reduction at less
reducing potentials, —1.33 V (E,’) and —1.61 V (E,").
Electrolysis at these potentials leads to deoxygenation of
Ph,SO in 81% and 99% vyield, respectively (Figure SA, red
trace; cf. Figure 2B). These results show that the Ti-mediated
process occurs at 1.3—1.6 V higher potential than the direct
electrochemical reduction reaction, corresponding to a much
lower overpotential for the mediated process.

DFT calculations were performed to evaluate the energetics
of the direct and mediated deoxygenation reactions (Figure
5B).”® An applied reduction potential of —1.6 V was used as
the basis for these calculations, reflecting the potential that

enables near-quantitative deoxygenation of Ph,SO (cf. Figure
2B; variation of this potential would lead to Nernstian shifts in
the free energies of redox steps: AG = —nFE). The ground-
state (TTP)Ti"VO complex (together with the other
stoichiometric species in the reaction) was defined as the
reference energy of AG = 0 kcal/mol. B(OPh), (abbreviated as
B]) does not form a stable adduct with (TTP)Ti'VO,
consistent with experimental findings. The Ti'"VO—[B] adduct
is calculated to be unfavorable by 3 kcal/mol relative to
dissociated Ti"VO and [B] species. On the other hand,
B(OPh); leads to more favorable reduction of Ti"O by
forming a (Ti™O[B])~ adduct, which is calculated to be 12.5
kcal/mol more favorable than the free [(TTP)TiO]™/[B]
species. Further 1 e~ reduction of (Ti™O[B])™ is uphill,
reflecting the more negative Ti"" redox potential, and forms
(TTP)Ti"(DMA), upon loss of the oxo ligand through
formation of [(PhOQ);B—0-B(OPh);]*>~. The (TTP)-
Ti'(DMA), species is calculated to be a ground-state triplet,
with one of the unpaired electrons distributed in 7-symmetry
porphyrin-based orbitals (88%) mixed with a d-like orbital
(12%), and the other localized in the in-plane d,,like orbital
(Figure SC-i). Deoxygenation of Ph,SO will require inter-
system crossing to access the singlet Ti"O and Ph,S complex.
Computational details of this pathway are the focus of ongoing
investigation; however, a barrier of AG* = 19.5 keal/mol for
this oxo-transfer reaction may be derived from the kinetics of
the reaction of electrochemically generated (TTP)Ti" species
with Ph,SO (cf. Figure 3E), adjusted for standard corrections
to account for the nonstandard-state concentrations of the
reagents (see Section S9 in the Supporting Information for
details). Similar DFT computational analysis has been
conducted with BPh; as the Lewis acid, using a —1.8 V
applied potential to reflect the Ti"!! redox potential observed
in the presence of BPh; (see Figure S8 in the SI). Some minor
differences are evident; however, the analysis reinforces the
pathway in Figure 5B involving a Lewis acid-coupled electron-
transfer mechanism for Ti"VO deoxygenation prior to Ti'-
promoted OAT from Ph,SO.

The notable difference in redox potentials between Ph,SO
and the titanium complexes is readily rationalized by the metal
(or porphyrin)-based orbitals that are accessible in Ti'VO and
TiVO—[B], which lie at lower energy than the antibonding
orbital with mixed S—O and aryl  character in Ph,SO (Figure
5C-ii). Even though reduction of Ti'¥ to Ti" is much easier
than Ph,SO, there is a 43.5 kcal/mol driving force for Ph,S-to-
Ti OAT. This analysis highlights the benefit of a mediated
strategy for deoxygenation of organic substrates, whereby the
Ti-based mediator has relatively low-lying Ti-based orbitals
that enable electron transfer at moderate redox potentials while
leveraging the high Ti"'=0 bond strength to promote OAT.

These results also highlight the beneficial effect of the Lewis
acid-coupled electron-transfer (LACET) mechanism for
reduction of the Ti'V=O species (Figure 5D). Direct
deoxygenation of the (TTP)Ti"VO by a Lewis acid is
unfavorable, while direct reduction of (TTP)TiVO leads to
reduction of the porphyrin ligand, leaving the Ti=O bond
intact. When paired, the Lewis acid and reducing equivalents
provide an efficient pathway for cleavage of the Ti=O bond
and formation of the reactive Ti" species, which supports
mediated electrochemical deoxygenation of the organic
substrate.
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Figure 5. (A) Overpotential comparison of direct (blue trace: no catalyst) vs Ti-mediated (red trace: 5 mol % (TTP)TiVO) electrochemical
deoxygenation of 1a. Conditions: Divided cell, cathodic chamber: 0.5 mmol 1a, S mL DMA, 3 equiv B(OPh)s, 0.2 M TBAPF; anodic chamber: §
mL DMA, 0.2 M TBAPF, 3 equiv Et;N, E,,, = —=1.6 V or —1.3 V (mediated) or —2.9 V (direct). RVC as working electrode, graphite rod as
counter electrode, Ag/AgNOj as reference electrode. Yields determined by "H NMR spectroscopy (int. std. = 1,3,5-trimethoxybenzene). Yield of
2a% are listed separately for direct and mediated electrolysis. [B] = B(OPh);. (B) Energy diagram for comparison of three different pathways for
electrochemical 1a deoxygenation: direct, with [B] (blue); mediated, with [B] (red); mediated, without [B] (gray). Relative free energies were
obtained from DFT calculations and corrected based on AG = —nFE where E,, = —1.6 V vs Fc*/Fc. (C) SOMO images of {(TTP)Ti"O[B]}~ (p-
tolyl groups, which have no unpaired spin density, are omitted for clarlty) and [PPhZSO] species from DFT calculations. (D) Proposed Lewis acid-
coupled electron-transfer (LACET) pathway for turnover of Ti"'=O to regenerate Ti'.
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B CONCLUSIONS

The results described herein introduce an electrochemical
pathway for selective deoxygenation of organic substrates using
a Ti-base mediator. Use of mild Lewis acid, B(OPh),,
facilitates electrochemical reductive turnover of (TTP)TiVO
to (TTP)Ti" and subsequent OAT from the oxygenated
organic substrates. Mechanistic studies, including electro-
chemical (CV, coulometry), EPR spectroscopic, and X-ray
crystallographic analysis, have been used to identify and
characterize the key low-valent Ti intermediates. Collectively,
these data highlight a Lewis acid-coupled electron-transfer
pathway for electrochemical generation of a reduced Ti
mediator that can promote efficient OAT reactivity.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c11967.

Experimental details, electrochemical data, compound
characterization data with NMR spectra (PDF)

Accession Codes

Deposition Numbers 2543658—2543660 and 2560731 contain
the supporting crystallographic data for this paper. These data
can be obtained free of charge via the joint Cambridge
Crystallographic Data Centre (CCDC) and Fachinformations-
zentrum Karlsruhe Access Structures service.

B AUTHOR INFORMATION
Corresponding Authors

Yang Yang — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States; ® orcid.org/0000-0001-8572-5155;

Email: yyang222@wisc.edu

Shannon S. Stahl — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States; ® orcid.org/0000-0002-9000-7665; Email: stahl@
chem.wisc.edu

Authors

Ruohan Deng — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States

Tianxiao Jiang — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States

Haoran Chen — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States

Ilia A. Guzei — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States; ® orcid.org/0000-0003-1976-7386

Leah C. Garman — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States; ® orcid.org/0000-0002-3445-652X

Xianyuan Zhao — Department of Chemistry, University of
Wisconsin—Madison, Madison, Wisconsin 53706, United
States; ©® orcid.org/0000-0001-7926-6562

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.6c11967

Author Contributions

'R.D. and T.J. contributed equally to this work. The
manuscript was written through contributions of all authors.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Dr. Dillon T. Hofsommer and Prof. John F.
Berry for helpful discussions and Dr. McKenna Goetz for
editorial assistance. We are grateful to the NIH (R3S
GM134929; RD., T)J., and S.S.S.) and the Donors of the
American Chemical Society Petroleum Research Fund (T.J.)
and for financial support of this research. NMR spectrometers
were supported by the NSF (CHE-1048642) and by a
generous gift from Paul J. and Margaret M. Bender. A mass
spectrometer was supported by the NIH (S10 OD020022).
The EPR spectrometer was supported by the NSF (CHE-
0741901). The purchase of the Bruker D8 VENTURE Photon
III X-ray diffractometer was partially funded by NSF Award
CHE-1919350 to the UW—Madison Department of Chem-

istry.

B REFERENCES

(1) Hartwig, W. Modern Methods for the Radical Deoxygenation of
Alcohols. Tetrahedron 1983, 39, 2604—2645.

(2) Volkov, A,; Tinnis, F.; Slagbrand, T.; Trillo, P.; Adolfsson, H.
Chemoselective Reduction of Carboxamides. Chem. Soc. Rev. 2016,
45, 6685—6697.

(3) Chakraborty, B.; Menezes, P. W.; Driess, M. Beyond CO,
Reduction: Vistas on Electrochemical Reduction of Heavy Non-Metal
Oxides with Very Strong E—O Bonds (E = Si, P, S). J. Am. Chem. Soc.
2020, 142, 14772—14788.

(4) Pommer, H. The Wittig Reaction in Industrial Practice. Angew.
Chem., Int. Ed. 1977, 16, 423—429.

(5) McMurry, J. E. Carbonyl-Coupling Reactions Using Low-Valent
Titanium. Chem. Rev. 1989, 89, 1513—1524.

(6) Fachinetti, G.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. Carbon
Dioxide Activation. Deoxygenation and Disproportionation of Carbon
Dioxide Promoted by Bis(Cyclopentadienyl)Titanium and -Zirco-
nium Derivatives. A Novel Bonding Mode of the Carbonato and a
Trimer of the Zirconyl Unit. J. Am. Chem. Soc. 1979, 101, 1767—1775.

(7) Mathey, F.; Maillet, R. Reduction Des Oxydes de Phosphines
Par Le Systeme Cp,TiCl-Mg. Tetrahedron Lett. 1980, 21, 2525—
2526.

(8) Chen, T. L.; Shaver, A; Chan, T. H. The Reaction of (5-
C;H;),Ti(CO), with Sulfoxides. J. Organomet. Chem. 1989, 367, CS—
C7.

(9) Wang, X; Woo, L. K. Titanium(II) Porphyrin Complexes:
Versatile One- and Two-Electron Reducing Agents. Reduction of
Organic Chlorides, Epoxides, and Sulfoxides. J. Org. Chem. 1998, 63,
356—360.

(10) Diéguez, H. R.; Lopez, A.; Domingo, V.; Arteaga, J. F.; Dobado,
J. A; Herrador, M. M,; Quilez Del Moral, J. F.; Barrero, A. F.
Weakening C—O Bonds: Ti(IlI), a New Reagent for Alcohol
Deoxygenation and Carbonyl Coupling Olefination. J. Am. Chem.
Soc. 2010, 132, 254—259.

(11) Nguyen, T. T.; Kortman, G. D; Hull, K. L. Synthesis,
Cycloaddition, and Cycloreversion Reactions of Mononuclear
Titanocene—Oxo Complexes. Organometallics 2016, 35, 1713—1725.

(12) Woo, L. K; Hays, J. A.; Jacobson, R. A.; Day, C. L. Low-Valent
Titanium Porphyrin Complexes. Synthesis and Structural Character-
ization of the First Titanium(Il) Porphyrin Complex, (*-
Diphenylacetylene) Titanium Octaethylporphyrin. Organometallics
1991, 10, 2102—2104.

(13) Thorman, J. L; Young, V. G.; Boyd, P. D. W,; Guzei, L. A;
Woo, L. K. Atom Transfer Reactions of (TTP)Ti(5>-3-Hexyne):

https://doi.org/10.1021/jacs.6c11967
J. Am. Chem. Soc. 2026, 148, 39046—39053

920z 1990300 91 U0 Jasn NOSIAVYIN-NISNODSIM H0 AINN Aq 4pd° 296 199 SOE(/606.L0 1 89/9¥06€/9€/8Y L /pd-ajonJe/jesoel/6io soe sqnd woyy papeojumog


https://pubs.acs.org/doi/10.1021/jacs.6c11967?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2543658&id=doi:10.1021/jacs.6c11967
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2543660&id=doi:10.1021/jacs.6c11967
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2560731&id=doi:10.1021/jacs.6c11967
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8572-5155
mailto:yyang222@wisc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shannon+S.+Stahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9000-7665
mailto:stahl@chem.wisc.edu
mailto:stahl@chem.wisc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruohan+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianxiao+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilia+A.+Guzei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1976-7386
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leah+C.+Garman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3445-652X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianyuan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7926-6562
https://pubs.acs.org/doi/10.1021/jacs.6c11967?ref=pdf
https://doi.org/10.1016/S0040-4020(01)91972-6
https://doi.org/10.1016/S0040-4020(01)91972-6
https://doi.org/10.1039/C6CS00244G
https://doi.org/10.1021/jacs.0c05862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197704233
https://doi.org/10.1021/cr00097a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00097a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00501a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00501a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00501a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00501a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00501a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4039(80)80117-1
https://doi.org/10.1016/0040-4039(80)80117-1
https://doi.org/10.1016/0022-328X(89)87225-0
https://doi.org/10.1016/0022-328X(89)87225-0
https://doi.org/10.1021/jo971893p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971893p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971893p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja906083c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja906083c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00053a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00053a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00053a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00053a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0003426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c11967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Synthesis and Molecular Structure of trans -(TTP)Ti[OP(Oct);],.
Inorg. Chem. 2001, 40, 499—506.

(14) Kuzmin, J.; Margarita, C.; Ahumada, G.; Mitra, M.; Lundberg,
H. Titanium-Mediated Organic Electrosynthesis. ACS Catal. 2025,
1§, 13377—-13390.

(15) Gross, B. M.; Razavi, S.; De Almenara, A. J; Stoltz, B. M.
Radical Deoxygenation of Alcohols via Visible Light Irradiation of a
Titanium Porphyrin Catalyst. Org. Lett. 2026, 28, 4876—4881.

(16) Malinski, T.; Chang, D.; Latour, J. M.; Marchon, J. C.; Gross,
M,; Giraudeau, A.; Kadish, K. M. Electrochemistry of Oxo- and
Peroxotitanium(IV) Porphyrins. Mechanism of the Two-Electron
Reduction of a 17>-Coordinated Peroxo Ligand. Inorg. Chem. 1984, 23,
3947-39SS.

(17) Enemark, J. H,; Cooney, J. J. A; Wang, J.-J; Holm, R. H.
Synthetic Analogues and Reaction Systems Relevant to the
Molybdenum and Tungsten Oxotransferases. Chem. Rev. 2004, 104,
1175—-1200.

(18) Sousa, S. C. A.; Fernandes, A. C. Efficient Deoxygenation
Methodologies Catalyzed by Oxo-Molybdenum and Oxo-Rhenium
Complexes. Coord. Chem. Rev. 2015, 284, 67—92.

(19) Sudrez-Pantiga, S.; Sanz, R. Deoxygenation Reactions in
Organic Synthesis Catalyzed by Dioxomolybdenum(VI) Complexes.
Org. Biomol. Chem. 2021, 19, 10472—10492.

(20) Fuerstner, A.; Hupperts, A. Carbonyl Coupling Reactions
Catalytic in Titanium and the Use of Commercial Titanium Powder
for Organic Synthesis. J. Am. Chem. Soc. 1995, 117, 4468—4475.

(21) Xie, H; Guo, J.; Wang, Y.-Q.; Wang, K,; Guo, P.; Su, P.-F,;
Wang, X,; Shu, X.-Z. Radical Dehydroxylative Alkylation of Tertiary
Alcohols by Ti Catalysis. J. Am. Chem. Soc. 2020, 142, 16787—16794.

(22) Ni, J; Xia, X; Zheng, W.-F.; Wang, Z. Ti-Catalyzed
Diastereoselective Cyclopropanation of Carboxylic Derivatives with
Terminal Olefins. J. Am. Chem. Soc. 2022, 144, 7889—7900.

(23) Elias, J. S.; Costentin, C.; Nocera, D. G. Direct Electrochemical
P(V) to P(III) Reduction of Phosphine Oxide Facilitated by Triaryl
Borates. J. Am. Chem. Soc. 2018, 140, 13711—-13718.

(24) Su, Z.-M; Deng, R;; Stahl, S. S. Zinc and Manganese Redox
Potentials in Organic Solvents and Their Influence on Nickel-
Catalysed Cross-Electrophile Coupling. Nat. Chem. 2024, 16, 2036—
2043.

(25) Beckett, M. A,; Strickland, G. C.; Holland, J. R;; Varma, K. S. A
Convenient N.M.R. Method for the Measurement of Lewis Acidity at
Boron Centres: Correlation of Reaction Rates of Lewis Acid Initiated
Epoxide Polymerizations with Lewis Acidity. Polymer 1996, 37,
4629—4631.

(26) Further analysis of stoichiometric reactions between (TTP)
Ti"O and B(OPh); shows that phenoxide ligands can be transferred
to Ti'V to afford (TTP)TiV(OPh),. This behavior further complicates
the electrochemical analysis of stoichiometric and catalytic reactions
with B(OPh); as the Lewis acid. Catalytic reactions with B(OPh); are
somewhat better than those with BPh; as the Lewis acid under
chemical and electrochemical conditions (see Figure 2A and Table
SS, respectively); however, the reactions with BPh; are more well-
defined owing to the lack of transmetalation reactivity, contrasting the
behavior of B(OPh);. Many of the experimental and computational
results obtained with B(OPh); have been reproduced with BPh,.
Together the data support a common mechanistic framework,
involving Lewis acid-coupled deoxygenation of (TTP)Ti"O as the
basis for catalyst regeneration. Relevant content with BPh; is included
in the manuscript (Figure 3D) and throughout the Supporting
Information: see Section S3.5, Table S5 (electrocatalytic studies);
Section S4.4, Figure S8 (CV studies and Nernstian shift); Section 5.2,
Figure S12 (time course of OAT from coulometry); Section S6.1,
Figure S17 (*H NMR of (TTP)Ti"VO with 60 equiv of BPh;); Section
S7.4, Figure S37 (Computational free-energy diagram for the BPh;-
promoted deoxygenation pathway).

(27) Dwyer, P. N,; Puppe, L,; Buchler, J. W,; Scheidt, W. R.
Molecular Stereochemistry of (a, y-Dimethyl-a, y-
Dihydrooctaethylporphinato) Oxotitanium(IV). Inorg. Chem. 1975,
14, 1782—178S.

39053

(28) Full details are elaborated in the Supporting Information (see
Section S7), but the B3LYP functional was employed for all
calculations. For the free energy calculations, the LANL2DZ basis
set with the corresponding effective core potential (ECP) was
employed for Ti, while def2-TZVP was used for B, O, and S, and
def2-SVP for all other elements. Solvent effects were modeled by
polarizable continuum model using the integral equation formalism
(IEF-PCM) variant with parameters corresponding to N,N-
dimethylacetamide (DMA). Standard state corrections were applied
to account for the non-standard concentrations of reagents and
solvents.

(29) Dawson, G. A,; Lin, Q.; Neary, M. C,; Diao, T. Ligand Redox
Activity of Organonickel Radical Complexes Governed by the
Geometry. J. Am. Chem. Soc. 2023, 145, 20551—20561.

(30) RajanBabu, T. V.; Nugent, W. A. Selective Generation of Free
Radicals from Epoxides Using a Transition-Metal Radical. A Powerful
New Tool for Organic Synthesis. J. Am. Chem. Soc. 1994, 116, 986—
997.

(31) Justicia, J.; Jiménez, T.; Morcillo, S. P.; Cuerva, J. M.; Oltra, J.
E. Mixed Disproportionation versus Radical Trapping in Titanocene-
(1II)-Promoted Epoxide Openings. Tetrahedron 2009, 65, 10837—
10841.

(32) Kong, Z; Pan, C; Li, M; Wen, L; Guo, W. Scalable
Electrochemical Reduction of Sulfoxides to Sulfides. Green Chem.
2021, 23, 2773-2777.

https://doi.org/10.1021/jacs.6c11967
J. Am. Chem. Soc. 2026, 148, 39046—39053

920z 1990300 91 U0 Jasn NOSIAVYIN-NISNODSIM H0 AINN Aq 4pd° 296 199 SOE(/606.L0 1 89/9¥06€/9€/8Y L /pd-ajonJe/jesoel/6io soe sqnd woyy papeojumog


https://doi.org/10.1021/ic0003426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5c03780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6c00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6c00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00192a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00192a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00192a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020609d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020609d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2014.09.008
https://doi.org/10.1016/j.ccr.2014.09.008
https://doi.org/10.1016/j.ccr.2014.09.008
https://doi.org/10.1039/D1OB01939B
https://doi.org/10.1039/D1OB01939B
https://doi.org/10.1021/ja00121a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00121a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00121a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-024-01627-5
https://doi.org/10.1038/s41557-024-01627-5
https://doi.org/10.1038/s41557-024-01627-5
https://doi.org/10.1016/0032-3861(96)00323-0
https://doi.org/10.1016/0032-3861(96)00323-0
https://doi.org/10.1016/0032-3861(96)00323-0
https://doi.org/10.1016/0032-3861(96)00323-0
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://doi.org/10.1021/ic50150a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50150a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11967/suppl_file/ja6c11967_si_001.pdf
https://doi.org/10.1021/jacs.3c07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2009.10.038
https://doi.org/10.1016/j.tet.2009.10.038
https://doi.org/10.1039/D1GC00591J
https://doi.org/10.1039/D1GC00591J
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c11967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

