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ABSTRACT: Phosphinoyldithioformate ligands in binuclear molybdenum—sulfur complexes ofter a synergistic environment for
sulfur transfer (SAT) reactions. Relevant complex, 3, and its SCN~ derivative, 4, as two salts 4a and 4b were formed. Reactions of 3,
and 4b with cyclohexene sulfide (CS), styrene sulfide (SS), and propylene sulfide (PS) were studied. Different stabilities of 3 and 4b,
as 4b > 3, allowed comparisons of reactivity based on the ability of the ligands to accommodate the episulfides. A moderate reactivity
of CS, SS, and PS with 3 was arranged as CS > SS > PS, while its reactivity with 4b was negligible. The addition of PPh; was found to
increase the rate of reaction of 3 with CS to form Ph,PS. PPh, reacted with SS and PS, to form Ph;PS and polythioether as SS < PS.
PPh; reacts with 3 to abstract a sulfur atom. The mechanism of the SAT reaction is proposed to take place in two steps to form a
sulfurated complex followed by its sulfur expulsion, while the addition of PPh; replaces the expulsion step with a faster Ph;PS

formation. 3 was ascertained as an efficient catalyst and the nonrigid ligands accommodated the episulfides and PPh; in their
reactions without evident catalyst deactivation.

B INTRODUCTION

Sulfur atom transfer (SAT) reaction is a key reaction in many

obstacles like dimerization and subsequent deactivation of the
catalyst."*** Dinuclear molybdenum sulfur complexes have a
natural ability to coordinate sulfur and add sulfur atoms into
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substitution reactions of thiolate complexes employed for
hydrodesulfurization (HDS),'™® model reactions of metal-
loenzymes,*™® or iron—sulfur proteins.”® Sulfur atom transfer
has many industrial applications and has, therefore, received
extensive attention.” "> The rate and mechanism of H,S
elimination from a catalyst and the nature of the HDS active
site are still debated."'” By analogy, the reductive elimination
of H,S or thiols (RSH) from complexes could be very slow
and, therefore, rate-determining. The direct metal-mediated
SAT reactions employing molybdenum,'*™*' tungsten,”*~*
thenium,”® or rhodium,”” " complexes have been reported,
where mononuclear complexes undergo facile oxidative
addition of sulfur or thiolate and reductive elimination in a
catalytic reaction."*** A major drawback identified involves
catalyst deactivation through dimerization of the catalyst.
Certain characteristics have been highlighted that may improve
catalyst performance through improved catalyst stability and
efficiency.'*” Sulfur atom transfer from an episulfide to a
metal may proceed through either an oxidative addition to the
metal or in a ligand-based insertion redox reaction into M—S$
bonds.""'**"** Bulky phosphine ligands may prevent common
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terminal Mo—S bonds to form sulfur ligands with several sulfur
atoms.”* These sulfur ligands undergo an internal redox
reaction where elemental sulfur is expelled when the ring size
becomes sterically crowded.”® PPh, is well-known to react
rapidly with available sulfur or oxygen in Mo and W
complexes,”®**7*° where the addition of PPh, to a catalytic
reaction significantly increased the apparent SAT reaction
rates.”®*® PPh, reacts spontaneously with sulfur, albeit
sufficiently slowly, to negligibly impact its reaction with sulfur
in the complex.

Ambidentate phosphinoyldithioformate ligands have been
shown to adapt versatile coordination preferences that depend
on the Lewis acidity of the metal center and on the steric and
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electronic propertles lmparted by the substituent on the
phosphorus atom.**™* These substituents also influence the
physical properties of the compounds, such as solubility and
crystallinity. Compounds of phosphinoyldithioformate ligands
with the [Mo,0,(u-S),]*" core were found to exhibit nonrigid
behavior in solution while adopting octahedral geometry
around the Mo centers.” Despite coordinative saturation, the
Mo centers proved to be able to catalytically remove sulfur
atoms from activated episulfides. A bimetallic mechanism was
proposed where the sulfur is inserted into a metal—sulfur bond
releasing the alkene followed by sulfur expulsion.*’ A
mechanism proposed for the Mo(CO), desulfuration of
episulfides similarly suggests the formation of a metallacycle.**
The rate-determining step was found to be the sulfur expulsion
step based on the identification of the triply bridged sulfur
intermediate by ESI MS and also influenced by solvent
properties.”” To increase solubility and potential catalytic
activity, a phenethyl-substituted phosphinoyldithioformate
ligand, 2, was synthesized, and its mixed ligand octahedral
complexes with DMF (3), and SCN~ (4) were synthesized.
The catalytic abilities of 3 and 4b in SAT reactions were
evaluated alone and in the presence of PPh;. Importantly, 3
was found to be an effective catalyst without evident
deactivation.

B RESULTS AND DISCUSSION

Syntheses and Characterization. Syntheses. Ligand 1
was prepared by using a Grignard reaction to obtain a new
substituent on ligand 2 (Scheme 1). Me,N[2], ligand 2, was

Scheme 1. Synthesis of Compounds
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prepared by condensing 1 with CS,, followed by a cation
exchange. Complex 3 was synthesized in ligand exchange
reactions of Me,N[2] with (Me,N),[Mo,0,(u-S),(Cl),],* in
DMF at aerobic conditions and room temperatures (Scheme
1). Complex 3 further reacted with two equivalents of
(Et,N)SCN or (Bu,N)SCN in DMF at ambient temperature
to form 4a and 4b.

Employing a Grlgnard reaction described here results in a
76% yield of 1.*° Several syntheses of 1 were previously
reported from a reaction of styrene with various forms of
phosphorus in the superbasic KOH-DMSO system resulting in
partial oxidation of the secondary phosphine 1 to a tertiary
phosphine side product.”” Alternate reactions employing
styrene with red or white phosphorus also form 1, albeit in
much lower yields.*”** The tertiary phosphine side product
was not observed in the Grignard reaction, and the product
was isolated as a crystalline solid. Scheme 1 depicts the
synthetic routes for the compounds, with details given in the
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experimental section. The reactions to form 3 and 4 were
conducted in stoichiometric ratios (Scheme 1).

The compounds 1—4 were characterized spectroscopically,
by mass spectrometry and elemental analysis. 3—4 are
microcrystalline dark red and orange solids that formed in
good yields with moderate solubility in organic solvents. The
salts of compound 2 are pink crystalline solids.

Two different salts of 4, Et,N* (4a) and Bu,N* (4b) were
synthesized and characterized to evaluate their nonrigid
properties under the reaction conditions employed. Complexes
3 and 4b were chosen for catalytic studies due to 4b superior
solubility to 4a in nonpolar noncoordinating solvents.

Molecular Structure Analyses. A summary of crystal data
and structural refinement parameters for K[2], and 4a is given
in Table S1. Selected bond distances and angles are given in
Tables S2—S5.

X-ray quality single crystals of K{(PhCH,CH,),P(O)CS,}-
(C4H0,)45, K[2] were obtained by diffusion of dioxane/ether
(1:1) mixture into a THF solution (Figure 1a). The potassium
cation revealed strong electrostatic interactions with the CS,~
moiety when comparing the sum of the covalent radius of
potassium and oxygen (2.59 A), or sulfur (2.99 A) atoms
respectively, and the van der Waals radius for the same (4.27
A/4.55 A).” The iso-bidentate CS,” moiety for the C—S
bonds was confirmed and is comparable to that reported for
(Ph,P){Ph,P(0O)CS,} (Table S2).** This important character-
istic of the CS,” moiety coordination is observable in the IR
spectrum.*’ The P=0 bond distance was found to be slightly
long 1.500(2) A compared to similar reported P—O bond
distances and shorter than single P—O bond distances of 1.526
A 42,5054

Single crystals of 4a, (Et,N),[Mo,0,(u-S),(2),(SCN),]
were obtained by the slow evaporation of a saturated solution
of 4a in acetonitrile. Figure 1b shows the ellipsoidal plot of the
chiral anion of 4a.

The molecular Mo centers are related by a C, axis, and the
anion plot was generated by symmetry. The NCS7,
isothiocyanato ligand, is linear with a 179.8° N—C—S angle.
The equatorial position trans to each other is a common
arrangement for monodentate ligands in this system.*»>>™>’
The Mo—N bond distance is 2.178(17) A and comparable to
2.174(5) A obtained for the Mo—N bond distance in
[M0,0,(1-8),(SCN)s(CH;CN)]*~.%° Ligand 2 coordinates
in an S,0-bidentate coordination mode with the sulfur donor
atoms in the equatorial plane and the oxo donor trans to the
molybdenyl group. This coordination mode of the phosphi-
noyldithioformate ligand results in a P=0 bond distance of
1.503(18) A compared to 1.500(17) A in 2, and 1.506(10) A
in [Ph,Pb{Ph,P(0O)CS,},(H,0)] and 1.519(19) A in
[Mo,0,(u-S),{Ph,P(0)CS,},(DMF),].**** The Mo-O0l,
and Mo—S1 bond distances are unexceptional.*”**~®* Trans-
influence of the molybdenyl group leads to an elongated Mo—
02 bond of 2.21(10) A compared to the expected 1.95(10) A
for Mo—O single bond and in good agreement with reported
values of 2.30(16) and 2.25(15) A for K,[Mo,0,(u-S),(cys),]
and [Mo,0,(u-S),(DMF)] respectivc=.ly.45’60’63_66 The dihe-
dral angle of the core [Mo0,0,(u-S),]*" in 4a was calculated as
160.4°, at the upper reported range of 150 to 160° for similar
compounds.***°"*” The Mo—Mo distance was calculated as
2.842 A or slightly longer than the 2.835 A for [Mo,O,(u-
$),{Ph,P(0)CS,},(DMF),]."”> Compared to the structure of
2, the C1-S bond distances are nonequidistant as expected for
dithioformate with a single metal—sulfur bond (C—S dist., =

https://doi.org/10.1021/acs.inorgchem.4c05188
Inorg. Chem. 2025, 64, 4431-4446


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c05188/suppl_file/ic4c05188_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c05188/suppl_file/ic4c05188_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c05188/suppl_file/ic4c05188_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05188?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05188?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c05188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

a) b)

s1 Mot sN1  c18 S4

Figure 1. Molecular structure (a) depicting the atom labeling of 2, and (b) Molecular structure of the anion of 4a. Hydrogen atoms are omitted for

clarity.

Table 1. Selected ">*C{'H} and *'P{'H} NMR data [, ppm, J(Hz)] for 1-2 and 3—4“

comp. PPh,” Ph,PS” 1 (Me,N)[2] 3 4a 4b
5'P{'H} —5.3 (s) 43.3 (s) 31.0 (s) 43.8 (s) 80.1 (s, br.), 79.7 (s, br.) 65.9 (s) 66.6 (s)
5(SCN),Bc{'H} 142.8 (s) 143.8 (s)

“2 in D,0, 1, 3, in CDCl,;, 4a in DMSO-dg, 4b in CDCl,. YThis work in CDCl; and ref 68.

1.683(3) A) and a C=S bond (1.650(3) A), as reflected in the pounds 3 and 4 exhibit single major bands for the

IR spectrum of 4a. dithioformate and phosphinoyl groups in the IR spectra, as
Comparable dithioformate C—S bond distances in the S,0- S,0 bidentate chelate moieties shift to higher (C=S; aniso-
bonded [Ph,Pb{Ph,P(O)CS,},(H,0)] are 1.701(2), and CS,7), and lower energy weak C—S stretch (see experimental).
1.651(2).*° The angle O1—-Mo—02 is 160.2°, and the N1— The solution IR spectrum of 4b in CHCI; confirmed that the
Mo—S2 angle is 77.2° resulting in an overall distorted S,0-bidentate coordination is present in solution, as well. The
octahedral geometry around the Mo-center. Complex 3 is '"H NMR spectra of bis(phenylethyl)phosphine oxide, 1,
significantly more soluble than its phenyl or benzyl counter- potassium, and tetramethylammonium salts of 2 revealed two
parts,*’ but the phenethyl substituents also impart steric bulk multiplet signals for @-methylene protons and a single
to the Mo centers as seen in the crystal structure (Figure 1b). multiplet for f-methylene protons. The protons on the two
This orientation with the O donor atom trans to the Mo=0 phenyl groups on each ligand were observed as two multiplet
group results in more steric hindrance than if the O donors signals with overlapping ortho, meta, and para protons.
were cis positioned, along with the prediction of increased Obtained spectra of 1—4 revealed that the two phenethyl
lability caused by the trans influence of the molybdenyl group. groups on phosphorus are not chemically equivalent.
Chemical Characterization. The phosphinoyldithioformate The '"H NMR spectra for 3—4a/b at ambient temperature
ligands are ambidentate nonrigid ligands that may coordinate show a single set of protons for the ligands, and the DMF is
in many coordination modes as demonstrated for phenyl and dissociated in solution. Integration of the resonances in all
benzyl substituted analogous complexes.** Analysis of 1—4 was spectra gave satisfactory results, although the signals for 3—4a/
performed using 'H, "“C{'H} NMR, and *'P{'H} NMR b are broad and only partially resolved. Data and coupling
spectroscopy, electronic spectroscopy, IR spectra, and constants for the C{'H} NMR spectra are given in the
elemental analysis. The NMR spectroscopic details for ligands experimental section. The dithioformate group was observed as
and complexes are given in the experimental section and in a doublet for the C” atom (Scheme S1). Phosphorus couples to
Figures S7—S19. Atom labeling scheme is given for the 'H and carbon over three bonds in 1—4, revealing doublets for a-/f-
BC{'H} NMR in Scheme S1. Mass spectrometry data was methylene carbons (Cl, Cz) and ipso-carbons (C3), and
collected for the compounds 1—4. Observed and simulated singlets for the ortho-, meta- and para-carbons (C*, C3, C%) of
mass spectra and m/z values for 3 and 4a/b are given in the SI 1—4. Table 1 provides the N-coordinated SCN™ carbon atom
(Figures S21—26) and the experimental. chemical shifts for 4a/b, and the phosphorus atom chemical
Infrared spectra of the ligands 1—2 showed the expected shifts for 1—4. The *'P{'H} NMR spectra of 3, 4a, and 4b
vibrational bands for the ligand and complex functional groups (Figure S13) at ambient temperature are given in Table 1 and
(Figures S1—S3) consistent with previously reported data (see Figure S13.
experimental).*”***® The solid-state coordination of 2 is Based on crystal structure analysis of both 4a and
consistent with an S,0 bidentate coordination in 3 and 4a/b [{Ph,P(0O)CS,},M0,0,(u-S),(DME),], the Mo—S and Mo—
(Figures S4—S6) as confirmed by the crystal structure analysis O(ligand) bonds favor the cis and trans positions to the Mo=
of 4a. In 4, the isothiocyanato ligands were observed at an O group respectively, leaving cis coordination for the DMF
energy expected for N-coordinated SCN™ ligands.60 Com- ligands and a single signal in the *'P{"H} NMR spectrum for
4433 https://doi.org/10.1021/acs.inorgchem.4c05188
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Scheme 2. 3'P{'"H} NMR Chemical Shifts of Coordination Isomers of 3 in DMF-d,*
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4a and 4b.* The *'P{'"H} NMR spectrum of 3 results in two P
signals for the mixed cis/trans coordination of the ligand O-
donor and DMF (Scheme 2)."> Upon dissociation of DMF, a
downfield shift of the P signal was observed at 90 ppm.

Comparison of reported data reveals a downfield shift of
about 10 to 15 ppm of the P signal in the *'P{'H} NMR
spectra of Sn(IV), Pb(II), and Hg(II) complexes of R,P(O)-
CS,” ligands (R = Ph, Bn) that are of the order S,0 > S,S ~ S,
where the P=0 group is free in the singly S-bonded, and §,S-
bidentate coordination.’”*" This bidentate S,0 downfield shift
is significantly smaller than what is observed for the
[Mo,0,(u-S),]** core, which shows A(SP) downfield shifts
of 31, 42.8, and 36.2 ppm at room temperature for Ph, Bn, and
PhCH,CH,— substituents, respectively.”> In comparison, the
Mo(CO),(dppe) complex, with bidentate dppe ligand, exhibits
a large downfield shift of 68.0 ppm that was concluded specific
to a five-membered ring strain and bite angle, as well as the size
of the metal center.”” The observed signal for 3, and its phenyl
and benzyl counterparts, at ambient temperature is an average
signal for their coordination isomers. The A(SP) shift ranks as
Sn(IV), Hg(1l), Pb(IV) < Mo(V) in 3 < Mo(CO),(dppe) in
good agreement with that 3 has both a smaller metal center
(Mo(V) vs Mo(0)) and phosphorus is not the actual donor
atom. Low-temperature *'P{'"H} NMR spectra of the
complexes possessing phenyl- or benzyl-substituted ligands in
solution exhibited five and four different signals for the P
atoms, respectively.” Interpretation based on electron density
on the P atom is that the signals at ~90 ppm are from the two
S,0-bonded coordination, and the two upfield signals are from
S, O-bonded coordination plus cis and trans-DMF coordina-
tion (Figure S20). This assumption is corroborated by a
3'P{'H} NMR spectrum of 3 in DMF-d, (Scheme 2 and exp.)
which exhibits one downfield and two upfield shifts from the
average ~80 ppm in CDCl; to 89.8 ppm for the §,0-
coordination and 72.5/76.8 ppm for the octahedral coordina-
tion with cis/trans-DMF ligands (Scheme 2). Thus, it was
expected that the reactions of 3 may show products with
multiple coordination isomers and have up to two open
coordination sites on each Mo center.

The *'P{'H} NMR spectrum of 4b displays a single sharp
signal at 66.6 ppm, consistent with a single coordination
isomer present at ambient temperature. The structural, NMR,
and IR data agree with an S,0-coordination and an overall
octahedral geometry around the Mo centers.

Reactions and Kinetics. Reactions of 3 and 4b with
Episulfides and PPhs. A comparison of phenyl and benzyl-
substituted ligand properties showed that the more soluble
benzyl-substituted phosphorus ligand is a more active catalyst
in the desulfurization (SAT) of episulfides.”” Since the
phenethyl group is more electron-donating and more organo-
soluble, there is a reason to believe that it is a more active SAT
catalyst. Reactions of 3 and 4b with cyclohexene sulfide (CS)
and propylene sulfide (PS), and of 3 with styrene sulfide (SS)
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were run at an ambient temperature in CDCIl;. The reactions
produce elemental sulfur and alkenes. The formation of
elemental sulfur was confirmed by its melting point.
Monitoring of the reaction progress was conducted following
the desulfurization in the 'H NMR spectra (Figure 2). Analysis

100+
B 80
3]
3
= 604
o A
=2
E 404 —— % cyclohexene yield
% —&— % styrene yield
2 204 c
0 T T T 1
0 1 2 3 4

Time, hours

Figure 2. Reaction progress for SAT reactions with 3 (1 mol %) in
CDCl,. See text and Table 2 for propylene sulfide data.

determining present products postreaction was performed
using 'H and C{'H} NMR data by verifying known chemical
shifts. Efforts searching for coordinated alkenes or episulfide by
NMR aided by reported cases for {CpMo(u-S),} dimers,”
proved fruitless.

Cyclohexene sulfide was about 95% converted to cyclo-
hexene in 2 h while the styrene sulfide reacted more slowly,
exhibiting about 70% conversion after 4 h. The catalyst
concentrations were varied from 0.1 to 1% mol in reactions of
3 with the episulfides. Selected data for SAT reactions of the
episulfides with 3/4b is given in Table 2. Yields were obtained
for catalyst loadings higher than 1 mol % in less than 4 h with
styrene sulfide and cyclohexene sulfide. Propylene sulfide
reaction yields after 4 h were only 24% for 1 mol % of 3.

Reactions employing 3 as a catalyst for SAT of these
episulfides exclusively formed alkenes (Table 2, entries 1—3).
The alkene formation is rapid in reactions with cyclohexene
sulfide and styrene sulfide, although significantly slower for the
latter (Entry 2), and particularly slow with propylene sulfide
(Entry 3). The turnover frequency (TOF, Table 2) was
calculated to compare the reactions for cyclohexene sulfide and
styrene sulfide. TOF for SAT of cyclohexene sulfide
desulfurization (221 h™') is found to be significantly larger
than for styrene sulfide (47 h™") Postreaction mass spectrum
evidenced the addition of sulfur to the complex as an
intermediate (Figure $32, Table S6).*> Therefore, a possible
mechanism would require sulfur expulsion that could be aided
by PPh; which is a well-known sulfur abstraction agent. Thus,
rhenium catalysts with PPh; and episulfides have been
reported to give TOF values in the range of 17 to 600 h™'
(Table S7)”"** and a tungsten complex, with various alkyl and

https://doi.org/10.1021/acs.inorgchem.4c05188
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Table 2. Selected Reaction Yields for NMR Scale Reactions in CDCl; of 3 with/without PPh;, or 4b with Episulfides

S [3.0r4b| H>=<H
A ./ g +“1/88y
R R’
entry  catalyst,  catalyst,” mol %  PPh,” mol %  epi-sulfide  cat./PPh,, ratio  product (alkene/PTE), %  time,h  conv.%”  TOF,h~!
1 3 0.50 CS 100/- 0.47 52 221
2 3 1.0 SS 100/- 0.98 19 47
3 3 1.0 PS 100/- 26.6 42
4 3 0.50 100 CS 0.0050 100/- 0.42 64 305
S 3 1.0 100 SS 0.010 100/- 0.40 25 80
6 3 0.50 100 PS 0.0050 6.1/93.9 22 93
7 4b 1.0 CS 100/- 23 26
8 4b 1.0 PS 100/- 23 7

“w/respect to episulfide. bFor conversion of episulfide at the time given in the table. “mol episulfide reacted/mol catalyst X hour; PS, propylene

sulfide; SS, styrene sulfide; CS, cyclohexene sulfide; PTE, polythioether; TOF, mol episulfide reacted per mol complex per hour, or turnover
frequency.
a) b)
100 100 ¢
T * T
Q Q 80
E 804 £ —— benzyl, 0.5mol%
S S
© 604 o 60 < - phenethyl, 0.5mol%
= c
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Figure 3. Comparison of reaction yield of cyclohexene for different substituents on the phosphinoyldithioformate ligand (a) reaction yield at 60
min vs concentration of catalyst and, right; (b) function of time for the three catalysts given in the legend. Figure legend: benzyl;
[{(Bn),P(0O)CS,},M0,0,(u-S),(DMF),] and phenyl; [{(Ph),P(0O)CS,},M0,0,(-S),(DMF),] adapted from ref 43. Available under a CC-BY
4.0 license, 2021, Razinkov, Ingvarsdottir, Kvaran, Jonsdottir, Suman; phenethyl = 3, this work.

benzyl-substituted dithiolene groups gave TOF values in the
range of 5.3 to 17.1 h™! (Table S7).*

PPh; and the episulfides were used in a ratio of 1:1 based on
the hypothesis that the sulfur atom of the episulfides is
activated by its interaction with the Mo center (Table 2,
entries 4—6). TOF increased for cyclohexene sulfide to 305
h™ and almost doubled for the styrene sulfide to 80 h™'.
However, for longer reaction times than 1 h, PPh; was found
to have a negative impact on the SAT of styrene sulfide, and
mainly polythioether was formed in the reactions with
propylene sulfide. It was established that 3 is not involved in
polythioether formation. In SAT reactions of propylene sulfide
with {MeReO(edt)},, (edt = 1,2-ethanedithiolate) and PAr,
(Ar = aryl), PAr; has been reported as a noninnocent reagent
coordinating to the dimeric Re complex, forming a less
catalytically active mononuclear complex.”®

Entries 7 and 8 in Table 2 show results for SAT of
cyclohexene sulfide and propylene sulfide with 4b. Both
yielded alkenes as products, but the reaction yield was very low
within 23 h. In 4a/b the isothiocyanato ligands are positioned
cis to the Mo=0 group (Figure 1). The hypothesis was that
they would impact the nonrigid behavior of the ligand O-
donors who are positioned trans to the molybdenyl group
where the bulky ligands folded under the [Mo,0,(u-S),]*
core (Figure 1) result in less accessibility to the Mo centers
leading to diminished reactivity. The experimental data
support this hypothesis, where 4b proved to be sluggish,
producing only 26% cyclohexene from cyclohexene sulfide
after 23 h.
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Figure 3 shows comparative plots of reaction yields for 3,
and for corresponding complexes with phenyl and benzyl
substituents™ for SAT reactions of cyclohexene sulfide as a
function of catalyst loading (a), and time (b). Figure 3b shows
the conversion of cyclohexene sulfide for the complexes
employing 0.5 mol % of the complexes. Interestingly, 3 did not
perform better than its counterpart with the benzyl-substituted
ligand. The catalytic activity is arranged by substituents as
benzyl > phenethyl > phenyl for desulfurization of cyclohexene
sulfide. The increased organosolubility of 3 might be expected
to improve the catalytic activity since the solubility is an
important factor where polar coordinating solvents slow the
SAT reaction. However, since the crystal structures revealed
that the organic substituents on the phosphinoyl ligands pack
trans to the molybdenyl groups in solution, they may disperse
sufficiently to crowd the substrate access to the molybdenum
centers despite dissociation of the dative P=O bond.
Furthermore, considering that the benzyl group is less bulky
than the phenethyl group and more soluble than the phenyl-
substituted complex we conclude that the steric bulk effect
competes with the solubility effect in determining the catalytic
abilities. Conversely, the substituents on the P atom in 3
reduce the rigidity of the catalysts with an increase in o-
donating abilities. This suggests that the phenyl-substituted
complex could become more active if its solubility was
improved. Thus, SAT reactions with PAr; (Ar- para-
substituted aryl), propylene sulfide, and {MeReO(edt)},
have been found to yield the slowest reactions with the
weakest Lewis base.”
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Reactions of 3 with cyclohexene sulfide and with PPh; were
monitored both by '"H NMR and *'P{'H} NMR to elucidate
(a) the sulfur rich intermediate in the reaction of 3 and
cyclohexene sulfide, and (b) the specific reaction behavior of
PPh,.

The reaction of propylene sulfide and 3 did not produce the
alkene in a significant yield and styrene sulfide product yields
were limited in the presence of PPh, (Table 2). Although the
cyclohexene sulfide initial reaction rate was influenced by the
addition of PPh,, the final reaction yields were similar (Figure
4). The reaction clearly progresses much faster with 3 than the

80
2
g 60 -
2
° —— a)CS,0.5mo0l% 3
o 40
3 -& b)CS, 0.5mol% 3, PPh,
%ﬁ 20 -+ ¢) 1:1CS + PPh,
=
(e
0 1 T 1 T 1
0.0 0.2 0.4 0.6 0.8 1.0
Time, hours

Figure 4. Cyclohexene reaction yields with 0.5 mol % 3, (a) without
and (b) with PPh;, and (c) contribution from the spontaneous
reaction of cyclohexene sulfide (CS) and PPh,.

spontaneous reaction of cyclohexene sulfide and PPh;. The
stoichiometric reaction of cyclohexene sulfide with PPh; to
form cyclohexene is discussed next but it was found to
contribute up to about 6% of the final reaction yield (Figure
4).

SAT of cyclohexene sulfide and 3 in the presence of PPh;
was monitored with *'P{'"H} NMR and the disappearance of
PPh; was quantified. The formation of Ph;PS and unreacted

100 100
el = 3
Q 80 [e]
£ P
= 1 —60 O
= ] —40 3
N L QO
= =}
g -20 3

0 I 1 1 1 0
0.0 0.2 0.4 0.6 0.8 1.0
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Figure S. Formation of Ph;PS in relation to the disappearance of
cyclohexene sulfide (CS) over time; 1 mol % 3 with cyclohexene
sulfide in the presence of PPh; in CDCl; (CS:PPh, is 1:1). TPPS,
triphenylphosphine sulfide.

cyclohexene sulfide is shown in Figure S as determined from
'H NMR spectra. An identified intermediate most likely
involves a triply sulfur-bridged complex of 3, which requires
neither a change in the oxidation states of the metal nor a
change in the charge of the complex. Triply sulfur-bridged
complexes of tungsten and molybdenum are known examples
of such complexes.””’>”®> Two reaction steps are proposed
where the initial step is the sulfur addition onto 3, releasing
alkene, and the second step is sulfur expulsion from the
complex. The sulfur expulsion reaction is expected to be the
rate-limiting step in this reaction based on the steric effects of
the sulfur-rich intermediate and the potential bond-breaking
energy required for the expulsion. Once PPh; is added, the
formation of Ph;PS is comparable to the disappearance of
cyclohexene sulfide (Figure S) suggesting that the alkene
formation has now become rate-limiting.

An intermediate with a coordinated PPh; was identified by
mass spectrometry and the *'P{'"H} NMR spectrum as a
product in the reaction of 3 and PPhy (Table S6). This was
unexpected, since PPh; is often employed as an atom
abstraction reagent for OAT or SAT reactions with Mo in
oxidation states of +IV or higher,”®’* and generally favors
coordination to organometallic Mo centers with lower
oxidation states.”~”” Careful analysis revealed that the amount
of PPh;S formed was larger than expected. Concerns regarding
the PPh; reaction behavior led to investigations of both its
reactions with the episulfides and with 3.

Coupling of coordinated PPh;-P-ligand signals in the
*P{'"H} NMR may be expected over three to four bonds as
shown in Scheme 3 to yield doublets from different
coordination modes, while the two P atoms in 3 are sufficiently
far apart to negate consideration of potential coupling between
them. Experiments confirmed that ligand 2, does not react with
PPh; in DMSO-d, over 21 h. One to four equivalents of PPh;
were added to a solution of 3 in CDCIl; and NMR spectra were
recorded. Up to 3 equiv showed multiple doublets and weak
signals that cleared up at four equiv completely (Figure 6).
Thus, integration revealed that 2 equiv coordinated to give five
doublets and two singlets (Figure 6B). Surprisingly, a sin§let
that integrated to ~0.5 equiv appeared to be from PhyPS,* as
confirmed by "*C{'H} NMR spectrum and by verifying its
"J('"P—"3C) coupling constants on an original Phy;PS sample
(experimental section and ref 68. Although the reaction of
PPh; with disulfide ligand on molybdenum or tungsten
complexes to form a terminal sulfido (S>7) group and Ph;PS
is well documented,®"%>7*787%2 abstraction of a bridging sulfur
atom formin§ Ph;PS is better known for triple or more sulfur-
rich bridges.”

Complex 3 exhibits its P signals downfield from the free
ligand 2 signal and the new doublets were assigned to P signals
of 3, while the upfield signals were assigned to coordinated
PPh, (Figure 6). The two PPh; signals correspond to the cis

Scheme 3. Possible Coordination Modes of PPh; and Phosphinoyldithioformate Ligand®
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“I-1IV show different possibilities for 3lp_3lp coupling over 3 or 4 bonds.
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1ll. S-monodentate IV. S,S-bidentate
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Figure 6. ¥'P-{'H} NMR spectra of reaction of 3 with PPhy (1:4) in CDCly; (a) before the reaction; (b) postreaction.

and trans conformations with respect to the Mo=0 group,
and they couple with the two signals (I and I in Scheme 3). A
broad singlet at 31.10 ppm, which may be a PhyPO or *J(PPh;-
PPh;) signal,”® was left unassigned.

Three doublets for 3 (Figure 6) are in the vicinity of the
sharp singlet signal observed for 4a/b. By analogy, the
isothiocyanato and PPh; coordinated complexes are expected
to have similar coordination geometry in solution. An IR
spectrum of a CHCI; solution for 4b was obtained to
investigate its solution coordination. The spectrum supports
that the coordination geometry is S,0- as in the KBr pellet for
4b and the respective upfield shift of the [3-PPh;] species may
be explained by PPh; m-acceptor ability compared to that of
the nitrogen of the isothiocyanato ligand. Although three
equivalents may be sufficient, the addition of the fourth
equivalent exhibited fewer sharp signals (Figure S33). While
integrations do not give a precise match for the PhyPS and the
complex signals, a complex with a single bridging sulfur may be
observed as the farthest downfield signal (63.45 ppm)
possessing the strongest ligand dative O bond to the Mo
center.

Polythioether formation in SAT from an episulfide into
trivalent phosphorus compounds has not been reported in
catalytic studies. Sulfur atom transfer from propylene sulfide to
PPh; employing catalytic amounts of tungsten complexes,” or
rhenium complexes,”" in CDCl,, leads to PhyPS and propylene
formation. Direct SAT of episulfides into trivalent phosphorus
compounds, such as PPh;, is well-known, but it is reported to
be slow and lead to Ph,PS and alkene formation.’>** Direct
reaction of PPh; and propylene sulfide was found to result in
7% conversion to PhyPS in CDCl, after 24 h.”' Treatment of
propylene sulfide with PPh; has given no direct reaction until a
catalytic amount of rhenium complex is added.” Sulfur atom
transfer from propylene sulfide or styrene sulfide to tri-
anisylphosphine using dithiophosphate molybdenum complex
in C4Dg leads to the formation of tri-anisylphosphine sulfide.'”
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Table 3 shows results for reactions of the episulfides with PPh;.
The products formed depended on the episulfide and on the
amount of PPh; employed.

Table 3. Selected Reaction Yields and Products for
Reactions of PPh; with Episulfides

H H
AY i K +Phyps

product
ratio conversion
RS:PPh,;, (alkene/ of
entry episulfide ratio PTE), % time, h episulfide, %
1 CS PPh,” 1.0:1.0 100/- 21 NY
2 CS PPh3b 1.0:1.0 100/- 37.4 NY
3 SS PPh,” 10:4.0 39/61 20 88
4 Ss PPh,” 1020  20/80 12 94
S PS PPh;” 10:1.0 0.5/99.5 1.5 50
6 PS PPh,”  10:01  -/100 13 100
“CDCl,. bDMSO-dG; PTE, polythioether; PS, propylene sulfide; SS,

styrene sulfide; CS, cyclohexene sulfide.

Reactions with cyclohexene sulfide were found to be slow
(Table 3), in agreement with earlier observations, yielding only
the alkene both in CDCl; and DMSO-ds*>* However,
reactions of PPh, with either styrene sulfide (in CDCl;) or
propylene sulfide (in DMSO-d¢) form polystyrene- or
polypropylene-thioethers, respectively, as the major products.
Attempts to increase the alkene yields by lowering the ratio of
PPh; to episulfide were unsuccessful for both styrene sulfide
and propylene sulfide.

Reducing the ratio of PPh; to episulfide from 1:1 to 4:6 in a
reaction with SS (in CDCl;) formed styrene and polystyrene
sulfide (Table 3); Further lowering of the ratio (1.0—10 mol
%) resulted in a spontaneous reaction with styrene sulfide to
give styrene and unreacted episulfide but no polymers. A
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Figure 7. Summary of results obtained from reactions of selected episulfides with (a) complex 3, (b) with PPh,, and reactions of PPh; with (c)

ligand 2, and (d) complex 3.

spontaneous reaction with PPh; took place until PPh; was
consumed.

A summary of reactions of 3 with/without PPhy is presented
in Figure 7. Briefly, the reaction of propylene sulfide with PPh;
was found to be faster than its reaction with 3, achieving about
50% reaction yields in 1.5 h (Tables 3 and 2). A stoichiometric
reaction of PPh; with propylene sulfide resulted in both its
polymerization and propylene formation. The reaction of
propylene sulfide with a catalytic amount of PPh; (10 mol %)
in CDCl; formed polypropylene sulfide and propylene
(99.5:0.5% ratio). 50% conversion of propylene sulfide was
observed in less than 1.5 h, and 100% conversion was achieved
in less than 4 h. Reducing the amount of PPh; (0.1 or 0.5 mol
%) in CDCly formed propylene and unreacted propylene
sulfide.

The solvent chosen may play a role since the SAT of
cyclohexene sulfide was faster in CDCl; than in DMSO-dg in
agreement with other SAT studies showm% that coordinating
solvents compete with the substrates.”"* Reactions with
episulfides in DMSO-dg appear to favor poly(thioether)
formation, although this was not explored in detail.

Kinetics of Reactions of 3 with Cyclohexene Sulfide and
PPh;. The *'P{'H}- and '"H NMR spectra of 3 in a reaction
with excess cyclohexene sulfide were monitored to gain
insights into the reaction mechanism (Figure 8).

Before the reaction, coordination isomer signals (S,0-,
+DMF) were grouped together at ~80 ppm (Figure 8A).
Sulfur precipitated during the reaction, and the *'P NMR
signal of 3 at ~80 ppm disappeared completely after the
reaction. New sharp signals appeared upfield, and a broad
signal appeared downfield. After about 30 min, dissociation of
the P=0 dative bond to the molybdenum was evidenced by
an upfield shift of the methylene proton signals in the 'H NMR
spectrum, and an upfield shift of the ligand signal in the *'P
NMR spectrum, close to where the free ligand resides at 43.8
(Table 1), consistent with the change to a single S or/and S,S
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Figure 8. *'P{'H} NMR spectra of reaction of 3 with cyclohexene
sulfide in CDCly; (A) before reaction, "H NMR shows spectrum of 3
including DMF, (B) during a reaction with cyclohexene sulfide, where
'H NMR shows spectrum of 3, cyclohexene sulfide, DMF, and
cyclohexene, and (C) postreaction where 'H NMR shows spectrum
of 3, DMF, cyclohexene. Yellow solid isolated had a mp of 107—110
°C (Sg), BC{'H} NMR shows coordinated ligand, cyclohexene, and
DME.

coordination of the ligand."”*" An unknown signal was
observed at 31.05 ppm during the reaction of cyclohexene
sulfide (Figure 8, part B), which disappeared after the reaction
was completed (Figure 8, part C). Assignment of the signals in
Figure 8A—C is given in Scheme 4. Considering that the iso-
bidentate S,S-coordination has a better back bonding ability to
the phosphorus atom than the singly S-bonded ligand its signal
may be expected to appear downfield from the singly S-bonded
isomer signal.*® The unknown signal, in the vicinity of the
Ph;PO signal position, is not likely to be caused by that, since
it is absent at the start and end of the reaction.’® It could
possibly be an effect of intermolecular forces during the SAT
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Scheme 4. Possible Scenarios for the Mechanism of Desulfurization of Cyclohexene Sulfide with 3
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reaction, where the P=0 group dissociates and is in sufficient
proximity to the cyclohexene sulfide to assist with the reaction.
After the reaction was completed, a mixture of the S-, S,S-
(48—46 ppm) and S,0-bonded isomers (90—102 ppm) are
present (Figure 8C) judging from the signals. Complex 3
survived the reaction judging from mass spectrometry data that
show signals for 3 and “3 + S” ions in the spectrum (Figures
$30—32). The signal at 62.44 ppm was assigned to the “3 + §”
isomer in agreement with the *'P{'H} NMR signal of the
isothiocyanato complex which was found at 66.6 ppm (Table
1). Sulfur expulsion may expel one or two sulfur atoms.”* The
signal at 102 ppm is further downfield than the confirmed S/O
coordination signal and fits well for a compound with a single
sulfur bridge. Expulsion of “S,” to form singly bridged species
and reform doubly bridged 3 during the reaction agrees with
the reported accessibility of an anti-isomer of the [Mo,0,(u-
S),]** core requiring bond breaking.**~* It follows that the
broad signal at 90 ppm was assigned to a mixture of syn and
anti isomers with cis/trans dative P—=O coordination or 6
stereoisomers.

Given that the reactions of 3 with cyclohexene sulfide and
styrene sulfide are reasonably paced, its kinetics and potential
mechanism were further explored. The following was evident
from the experimental data: (a) PhyPS was formed in the
presence of PPhy and 3, (b) postreaction mass spectrum
confirmed that 3 survived and that it added on a sulfur atom,
(c) *P{'"H} NMR shows two unexpected signals, one at 102
ppm, suggesting the presence of a new complex and (d)
another signal at 31.05 ppm attributable to intramolecular
interaction between the ligand P atom and the alkene, (e) the
alkene formed rapidly in a reaction of 3 and PPh; exhibiting a
saturation curve characteristic for a dissociative mechanism
and (f) alkene formed rapidly in a reaction with 3, apparently
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in a linear progression, indicative of an associative mechanism
(Scheme 4, and Figure 4).

It is proposed that the reaction of 3 and episulfide proceeds
in two steps. Scheme 4 gives a possible scenario based on well-
known redox abilities of sulfide ligands involving insertion and
expulsion of sulfur.'”""?”** The episulfide sulfur adds to one
Mo center, and the dative P—=O bond dissociates (Scheme 4,
(1)). With the help of the P atom on 2, the sulfur is inserted
into a Mo—S bond, leading to the breaking of the Mo—S bond
of the second Mo center (2). The alkene is released, and a “S,”
group is expelled (step 2a). With only one sulfur bridge,
rotation of the Mo==O groups may take place for some centers
to form the anti isomer before a second episulfide enters (steps
2a-2) and the two previous steps are repeated. A sulfur-rich
bridge with one or two S,>” ligands may also expel elemental
sulfur and exist in the syn orientation (step 2b). Species labeled
2 and 3 were observed in the reaction of 3 and cyclohexene
sulfide (Scheme 4). The release of the alkene and the sulfur
expulsion are two separate steps where the alkene is released
directly but the sulfur expulsion is likely to be sterically
controlled. Sulfur-rich bridges usually entail four sulfur atoms,
although here multiple sulfur atoms (>3) were not
evidenced.*”°

With added PPh,, coordination to the Mo center takes place
as shown in Scheme 3, and PPh; can attack the bridging sulfur
as soon as the episulfide coordinates in step 1 (Scheme 3).
Ph;PS is formed as fast as the episulfide can coordinate to Mo
or enter its vicinity, possibly nonspecifically toward a bridging
sulfur vs episulfide sulfur. In Figure 4 a, saturation curve is
observed for the SAT reaction in the presence of PPh; as is
typical for a dissociative mechanism, in this case, the sulfur
abstraction reaction. The PPh; coordination causes steric
crowding which likely explains the slowing down of the
reaction between 3 and styrene sulfide in its presence. Because
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of these observations and the identification of intermediates,
we propose that the mechanism changes from an additive to a
dissociative rate-determining step upon the addition of PPh,.
The microscopic mechanism is complicated, however. Much
lower activity of 4b is explained by the presence of its
isothiocyanato ligands limiting access to the Mo center and the
ligand P atom to form “3-§” in Scheme .

Scheme S. Proposed Main Steps in Reactions of 3 with
Episulfides (ES) (a) without PPh; and (b) with PPh,

ky
3+ES « 38 +A
k

1

[}

3-S 3 +18s,
a) Without PPh,

)

k

3+ES <3S +A (Y]
K,

3.S+TPP +3 +TPPS  (3)

b) With PPh, (TPP)

Rate of Reactions of CS and SS with 3. The mechanism for
alkene (E) formation is associative in nature and second-order
dependent on both the 3 and episulfide concentrations. The
sulfur expulsion reaction shown in Scheme Sa (2) is assumed
to be dissociative, while the sulfur abstraction reaction with
PPh; is associative. The consequences of the changes in the
rate-determining step (a) without and (b) with PPh;, are
apparent from the linear alkene formation (a) to a saturation
curve (b) shown in Figure 4. Step 1 is shared in both cases (a)
and (b) in Scheme S. Different episulfides (ES) were expected
to react at different rates, while the sulfur expulsion reaction is
assumed independent of the organic compound properties.

The kinetics for the reactions of concern for ES = CS and SS
were evaluated to explore the hypothesis of the potential
reversibility of the SAT reaction. The different results obtained
for the episulfides evoked questions regarding the reaction
mechanism, i.e., whether all three (CS, SS, and PS) proceed
through the same mechanism for the desulfuration reaction.
The cyclohexene sulfide is the most activated episulfide, while
styrene sulfide, which is bulkier and has two enantiomers, is
less activated. The propylene sulfide conversion to propylene
was surprisingly slow, considering its small size and activated
sulfur atom despite having two enantiomers. Data sets for the
reaction of 3 with two episulfides (CS and SS) were chosen for
further study of the reaction mechanism and rates for the
formation of the alkene.

Data of the episulfide (ES) and the corresponding alkene
(A) concentrations as a function of time for the two reactions
were compared to a kinetic model derived for the simplified
reaction, Scheme Sa (SI Appendix 1). The following
assumptions were made: first, steady-state conditions to the
sulfurated complex (3-S), during the reactions, were assumed
(i.e, d[3-S]/dt = 0), second, the concentration of the free
complex was assumed to be a lot larger than the sulfurated
form (i.e., [3] > [3-S]) and third, the rate of sulfur removal
from 3-S by the direct expulsion (Scheme S, reaction 2) was
assumed to be faster than by the reverted reaction 1 (i.e., k, >
k_,[A]). This allowed a derivation of the expression,

v(A) ko {k_lk1
[31,[ES] k,

HAI
1
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where v(A) is the rate of formation of alkene, A (ie., v(A) =
d[A]/dt). Equation 1 corresponds to a linear relationship
between v(R)/([3]o[ES]) and [A] which should allow
evaluation of k; and the ratio k_,/k, from the intersect and
slope values of a line fit. v(A) (= d[A]/dt) was determined
from the concentration of A ([A]) as a function of time (t)
after fitting the data point by a functional form corresponding
to a pseudo-first-order formation reaction for A. Figure 9
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0.095
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Figure 9. v(R)/([3],[ES]) vs [A] for ES = CS ([3], = 0.00114 M,
[CS], = 1.134 M; top, red) and SS ([3], = 0.00112 M, [SS], = 1.122
M; bottom, blue). See main text.

shows results of the kinetic model for two sets of data points
for RS = CS and SS. The linear behavior of v(A)/([3],[ES]) vs
[A] observed strongly suggests that the kinetic model (Scheme
Sa and the above-mentioned assumptions) applies for the two
reactions of concern. Slope and intersect values of linear fit
functions differ significantly for the two reagents. Analyses
based on eq 1 result in evaluations of the rate constants k;
0.103 M™' s7! and k, = 0.075 M~ s7! for CS and SS,
respectively (i.e., k;(CS) > k,(SS)) as well as k_,/k, of about
k_,/k, = 0.23 M™! for CS and k_,/k, = 0.07 M~" for SS (i.e.,
k_1/k,(CS) > k_,/k,(SS)). Since k, is independent of ES, the
latter results correspond to k_;(CS) > k_,(SS).

Thus, the analyses give rate constants for the alkene
formation of the same order of magnitude for CS and SS,
although, as expected, the cyclohexene sulfide was a bit faster
compared to the styrene sulfide. It is possible that this first step
in the metal-mediated reaction is reversible, at least for some
substrates. First and second-order rate constants reported for
SAT with rhenium catalysts were reported as 0.98 s~ and 0.25
to 5.58 M~ s™! (SI Table $7).?® SAT reactions with AsPh,
are reported faster than their PPh; counterparts because of
their lower Lewis basicity.25’26 In this respect, the rate
constants obtained here without PPh; are within the range
of reported SAT data.

Rate of Reaction of Cyclohexene Sulfide with 3 in the
Presence of PPh;. Data of CS and the corresponding alkene
(C) concentrations as well as for PPh; (TPP) and its sulfide
(TPPS) as a function of time was compared to a kinetic model
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derived for the simplified reaction Scheme 5b (SI Appendix 2).
Steady-state conditions with respect to the sulfurated complex
(3-S), during the reactions, were assumed (i.e., d[3-S]/dt = 0)
and the concentration of the free complex was assumed to be a
lot larger than the sulfurated form (ie., [3] >[3-S]). This
allowed a derivation of the expression,

[3],[ES]
v(TPPS)

_[A] 1

(Tpp] | )

-1
{ kl

ksk, (2)
where v(TPPS) is the rate of formation of triphenylphosphine
sulfide (i.e., v(TPPS) = d[TPPS]/dt). Equation 2 corresponds
to a linear relationship between ([3],[ES])/v(TPPS) and [A]/
[TPP], which should allow evaluation of k; and the ratio k_,/
ky from the intersect and slope values. v(TPPS) (= d[TPPS]/
dt) was determined from the concentration of triphenylphos-
phine sulfide ([TPPS]) as a function of time (t) after fitting
the data point by a functional form corresponding to a pseudo
first-order formation reaction for TPPS. In short, the nonlinear
plot of ([3],[ES])/v(TPPS) vs [A]/[TPP] was obtained,
suggesting that simplified Scheme 5b is not satisfactory enough
and that more/other reactions need to be considered. The
observed coordination of PPh; to a sulfur-deficient Mo center
further confirms this conclusion (Figure 6).

B CONCLUSIONS

The reactivity of 3 was explored with three episulfides:
cyclohexene sulfide (CS), styrene sulfide (SS), and propylene
sulfide (PS), all of which produced the corresponding alkenes.
The addition of PPh; with the intention of improving a
proposed sulfur expulsion second step in the SAT reaction led
to unexpected results which inspired additional studies of the
reaction of PPh; with both the episulfides and 3 that were
conducted. Monitoring of the reactions with *'P{'H} NMR
proved informative, revealing coordination isomers of 3 with
PPh;. Dissolution results in dissociation of the DMF ligands
and dissociation of the dative P=0 bond. The isothiocyanate
coordinated complex 4 is stable in solution, and its
characterization was invaluable in identifying the coordination
isomers of 3 by *'P{'H} NMR. S,0-coordinated species of 3
with DMF, PPh;, and S were assigned based on the 3p
chemical shifts observed. The upfield shifts of 3 with these
added coordinated ligands were ordered as PPh; > S~ >
SCN™ > DMF assuming the bond strength of the dative Mo—
O bond to be weaker with a stronger donor ligand. A possible
mechanism was postulated based on the *'P{"H} NMR and
mass spectrometry data (Figure 8, Scheme 4). The formation
of an anti coordination isomer of 3 was evidenced in the NMR
data, strongly supporting bond breaking and reforming of the
sulfur bridges. Bond breaking of the bridging sulfur atoms
explains the formation of Ph;PS in a reaction of 3 and PPh;,
although another reported example of these bridges breaking in
the [Mo,0,(u-S),]** core requires heating. Coordination of
the PPh; is better known for coordination to a low valent Mo
organometallic center and was quite unexpected. In these
aspects, 3 behaves like an electron-rich metal center despite its
formal oxidation state of +V.

Observing a slow down of the SAT reaction of SS in the
presence of PPh; led to the exploration of stoichiometric
reactions of the episulfides and PPh; that led to different
product distribution depending on the episulfide that also
depended on the ratio of PPh; employed for PS and SS. When
3 and PPh; were employed together, CS and SS produced the
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alkenes at increased reaction rates, while PS formed mostly
polythioether. Although the polythioether is formed in
stoichiometric reactions with PPh;, lowering its ratio
significantly may avoid polythioether formation.

Comparison of 3 with the complex possessing the analogous
benzyl-substituted ligands revealed less reactivity despite
increased solubility, as may be expected from the crystal
structure, which shows organic substituents to be bulky and to
reside below the plane of the [Mo,0,(u-S),]*" core. Although
the P=0 dative bond dissociates in a solution, the bulky
ligands may disperse around the core for the SAT reaction in
nonpolar solvents. It is also unlikely that 3 participates in
polythioether formation. 4b was found to be rather unreactive
as was expected for isothiocyanato ligands to render a rigid
octahedral coordination geometry around the Mo centers.

In this study, propylene sulfide yielded significantly less
alkene than expected for its small size leading to speculation
regarding reversibility of the SAT. Attempts to kinetically
evaluate its reversibility concluded that it may be reversible for
some substrates. Kinetic analysis concluded that the sulfur
expulsion step in the presence of PPh; is not straightforward
and undefined reactions influence the reaction kinetics, which
supports that bond breaking and intermolecular interactions
may play a role.

B EXPERIMENTAL SECTION

General Consideration. Infrared spectra were obtained with a
Smart Omni-Transmission Nicolet iS10 spectrophotometer in the
range of 4000—400 cm™'. NMR spectra were recorded on a Bruker
Avance NEO 400 MHz spectrometer operating at 400.1, 100.6, and
162 MHz for 'H, *C-{'H}, and *P-{'H}, respectively. The
deuterated solvents served as a lock in the 'H, *C-{'H} and *'P-
{'H} measurements. The parameter used references 85% H;PO, as an
external standard. UV—visible spectra were recorded on Agilent Cary
3500 Multicell P UV—vis spectrophotometer. Mass spectra were
recorded on a Bruker Compact micrOTOF-Q spectrometer, equipped
with an E-spray atmospheric pressure ionization chamber (ESI).
Formiat standard was used for calibration both in positive and
negative mode. The melting point of isolated sulfur samples was
recorded on BUCHI Melting Point M-560 from 50 to 140 °C at a
temperature rate increase of S °C/min. Elemental analyses were
obtained from Midwest Microlab, IN, United States.

Reagents and solvents were purchased from Sigma-Aldrich and
used without further purification unless otherwise stated. Deuterated
solvents were used as obtained from Sigma-Aldrich.
(Me;N),[Mo,0,(-S,)(C1),],"> {(Ph),P(0)CS,},M0,0, (-
$)2(DME),, {(Bn),P(O)CS,},M0,0,(u-S),(DMF),, 71 and
(Et,N)SCN and (Bu,N)SCN,”>” were prepared by published
methods.

Syntheses. (Et,N)SCN. Et,NCI-H,O (3.68 g, 20 mmol) was added
to a solution of KSCN (2.0 g, 20 mmol) in absolute ethanol (100
mL). After stirring for 30 min white precipitate (KCl) was removed
by filtration, and the solvent was removed under reduced pressure.
The white precipitate was dried in vacuo. Yield: 3.7 g (99%). M.p.:
242 °C. FT-IR (cm™): v(SCN), 2056 (vs). '"H NMR (CDCl;-d,) §,
ppm: 3.36 (q, 8H, CH,), 1.32 (tt, 12H, CH;). “C{'H} NMR
(CDCly-d,) 8, ppm: 130.83 (s, SCN), 52.66 (t, C—Hj;), 7.70 (s, C—
H,).

(Bu,N)SCN. Bu,NBr (6.47 g 20 mmol) was prepared in an
analogous method as the Et,N* salt. The white precipitate was dried
in vacuo. Yield: 5.95 g (99%). M.p.: 119—120 °C. FT-IR (cm™):
v(SCN), 2055 (vs). '"H NMR (CDCl;-d,) §, ppm: 3.32 (t, 8H, CH,),
1.67 (t, 8H, CH,), 1.45 (t, 8H, CH,), 0.99 (t, 12H, CH,). “C{'H}
NMR (CDCly-d,) 8, ppm: 130.96 (s, SCN), 58.89 (s, C—Hj), 24.09
(s, C—H,), 19.83 (s, C—H,), 13.75 (s, C—H,).

(PhCH,CH,),P(O)H, 1. (2-Bromoethyl)benzene (101 mL, 73
mmol) in dry diethyl ether (200 mL) was added dropwise to Mg
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turnings (18.1 g, 73 mol) in dry diethyl ether (150 mL). Dibutyl
phosphite (42.5 mL, 21 mol) in diethyl ether (150 mL) was added
dropwise to the solution. When all reactants were added, the solution
was refluxed for 20 min; 10% HCI solution (370 mL) was slowly
added. The water phase was separated from the organic phase. The
organic phase was washed with 2% HCI (10 X 150 mL). The water
phase was extracted with toluene (S X 75 mL). The organic phases
were combined and dried with Na,SO, overnight, filtered and
solvents were removed by rotary evaporation. Diethyl ether (50 mL)
was added to the yellow oil and kept at —18 °C overnight. The white
crystalline material was filtered off, washed with diethyl ether (50
mL), and dried in vacuo. Yield: 41 g (76%). FT-IR, (cm™):
v(P(0)H), 2306 (vs), v(P=0), 1221 (vs), 1160 (s), 1129 (s). 'H
NMR (CDCly-d,) 6, ppm: 6.90 (d, J = 452 Hz, 1H, P(O)H), § 7.33,
7.23 (m, 4H, m, 6H, C-H,, C-H,,, C—H,), 3.07 (m, C—H,, 4H),
221 (m, C—H,, 2H), 2.08 (m, C—H,, 2H). *'P{'H} NMR (CDCl,
d,) 6, ppm: 30.96 (s). *C{'H} NMR (CDCl;-d,) §, ppm: 140.14,
(d3](P Cy),12.12 Hz), 128.78, 128.17, 126.67 (s, C,, C,, C,), 30.20
(d,'J(P-CH,), 63.63 Hz), 27.86 (d*J(P-CH,), 4.04 Hz). UV/vis
(DMF, 2 X 107 M), nm (¢, M~ cm™"): 268 (2898). ESI-MS: [M +
Na]* = C;H;OPNa* (m/z = 281.1066); found m/z = 281.1063.
K{(PhCH,CH,),P(0)CS}(C,Hg0,)y 5 KI2]. KOH (3.6 g, 57.6 mmol)
in water (5§ mL) and CS, (4.4 g, 57.6 mmol) were added to a solution
of bis(phenylethyl)phosphine oxide (15.0 g, 57.6 mmol) in THF (100
mL). The solution changed from colorless to dark red. After stirring
for 15 h, water was removed (lower layer). THF was removed under
reduced pressure and the dark red oil residue solidified when left in
vacuo overnight. 1,4-dioxane (50 mL) was added to the solution and
diethyl ether until turbid and placed in a freezer at —18 °C overnight.
The dark red microcrystalline solid was filtered off, washed with
diethyl ether, and dried in vacuo. Yield: 13.2 g (55%). FT-IR (cm™):
v(CS,), 1079 (m), 1036 (vs), 911 (w), (P=0), 1215 (w), 1205 (m),
1153 (s), 1128 (s). '"H NMR (400 MHz, D,0) §, ppm: 7.25, 7.15 (m,
4H, m 6H, C-H,, C-H,,, C—H ) 3.75 (s, 4H, dioxane), 2.79 (m,
4H, C—H,), 243 (m, 2H, C— Hz), 2.16 (m, 2H, C—H,). 3'P{'H}
NMR (162 MHz, D,0) &, ppm: 43.6(s). *C{'H} NMR (101 MHg,
D,0) §, ppm: 256.58 (d,'J(P-CS,), 62.62 Hz), 141.39 (d,*J(P-C,),
14.14 Hz), 128.71, 128.20, 126.38 (s, C,, C,, C,), 66.55 (s, dioxane),
29.80 (d,'J(P- CHZ), 62.62 Hz), 27.39 (d,*](P- CHZ) 3.03 Hz). UV/
vis (DMF, 7 X 107> M), nm (¢, M™' cm™): 362 (11882). UV/vis
(DMF, 1.4 X 107*M), nm (&, M~' cm™): 472 (61). ESI-MS: [M"] =
C,,H,50PS, (m/z = 333.0542); found, m/z = 333.0512. Anal. Calc.
for C,,H,sKOPS, C 54.78, H 5.32. Found: C 55.09, H 5.17.
(Me,N){(PhCH,CH,),P(0)CS,}, (Me,N)[2]. Me,NCl (0.303 g, 2.71
mmol) was added to a stirred solution of K{(PhCH,CH,),P(O)-
CS,}(C,Hg0,)5 (1.129 g, 2.71 mmol) in CH,ClL, (20 mL). After
stirring for 4 h, the solution changed color from dark red to purple,
and a white precipitate (KCl) was filtered off, and the solvent was
removed under reduced pressure. Dark purple oil was dissolved in 10
mL of DMF, and diethyl ether was added until turbid. The purple
solid was filtered off and dried in vacuo. Yield: 0.83 g (75%). FT-IR
(em™): ¥(CS,), 1029 (vs), 898 (w), v(P=0), 1210 (m), 1198 (m),
1167 (vs). "H NMR (400 MHz, D,0) &, ppm: 7.32 (m, 4H, m, 6 H,
C-H,, C-H,, C-H,), 3.16 (s, 12H, C—H,), 2.87 (m, 4H, C-H,),
2.53 (m, 2H, C— Hz),234 (m, 2H, C—H,). BC{'H} NMR (D,0) §,
ppm: 256.69 (d, °J(P-CS,), 62.62 Hz), 141.49 (d’J(P-C)), 14.14
Hz), 128.76, 128.23, 126.43 (s, C,, C,, C,), 55.24 (t, C—Hj,), 30.03
(d,'J(P-CH,), 63.63 Hz), 27.32 (d,}J(P- CHZ) 14.14 Hz). *'P{'H}
NMR (D,0) 8, ppm: 43.79 (s). ESI-MS: [M~] = C,,H,,0PS, (m/z
= 333.0542); found, m/z = 333.0533. UV/vis (DMF, 6.38 X 10~° M),
nm (¢, M™! em™): 363 (11776), 473 (65).
{(PhCH,CH;),P(0)CS;};M0,0,(u-5),(C3sH,NO),, 3.
(Me,N),[Mo,0,(u-S),(Cl),] (0.17 g, 0.30 mmol) were dissolved
in DMF (7 mL). (Me,N){(PhCH,CH,),P(0)CS,} (0.25 g, 0.60
mmol) in DMF (5 mL) was added to the solution. After stirring for 1
h, the solution changed color and a white precipitate formed
(Me,NCl). Diethyl ethyl (30 mL) was added to incipient
precipitation of Me,NCI and the precipitate was allowed to settle
for 10 min. After filtration, solvents were removed under reduced
pressure. Dark red solid was isolated by filtration, washed with diethyl
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ether (50 mL), and dried in vacuo. Yield: 0.23g (70%). FT-IR
(em™): (C=0), 1641 (s), v(P=0), 1214 (w), 1179 (w), 1071
(vs); (CS,), 1053 (vs), 862 (w), v(Mo=0), 943 (s), v(Mo—S,),
476. "H NMR (400 MHz, CDCl;-d,) 8, ppm: 8.03 (s, 1H, C(O)H),
7.33 (m, 17H, C—H), 7.01 (m, 3H, C—H), 3.48 (m, 2H, CH,), 3.19
(m, 2H, CH,), 2.96 (s, 3H, CHj;), 2.87 (s, 3H, CHj), 2.78 (m, 8H,
CH,), 2.46 (m, 4H, CH,). *'P{"H} NMR (CDCl;-d,) §, ppm: 80.05,
79.74.3'P{'"H} NMR (DMF-d,) 8, ppm: 89.78, 76.80, 72.51. *C{'H}
NMR (CDCly-d,) 8, ppm: 241.66, (d,'J(P-CS,) 51.51 Hz), 163.62 (s,
C(O)H), 139.37, 138.94 (d, d,}J(P—Ci), 14.14, 15.15 Hz), 128.90,
128.82, 12823, 128.16, 127.01, 126.95 (s, C,, C,, C,), 36.98 (s, C—
H;), 31.92 (s, C—Hj,), 30.10, 29.85 (dd,'J(P-CH,), 6161 64.64 Hz),
27.12,27.08 (dd,*J(P-CH,), 18.18, 18.18 Hz). UV/vis (DMF 1.22 X
107 M), nm (¢, M~ cm™): 290 (sh), 359 (18770), 456 (2008). ESI-
MS: [M + CH;0"-2C;H,NO]™ = C;H,;;Mo,0,P,Ss (m/z
1001.8877); found m/z 1002.0222. Elemental Anal. Calc. for
C4oHsoMo,N,04P,S: C, 43.63; H, 4.58; N, 2.54. Found: C, 43.57; H,
4.60; N, 2.11%.

(Et,N),[{(PhCH,CH,),P(0)CS },M0,0,(1-S),(SCN),], 4a. (Et,N)-
SCN (0.10 g, 0.53 mmol) was added to a stirred solution of 3
(0.291 g, 0.265 mmol) in DMF (10 mL). After stirring for 30 min,
DMF was removed under reduced pressure. An orange solid was
isolated by filtration, washed with ethanol (20 mL) and diethyl ether
(50 mL), and dried in vacuo. Yield: 0.28 g (80%). FT-IR (cm™):
v(SCN), 2086 (vs), v(P=0), 1217 (w), 1182 (w), 1171 (m), 1096
(s); v(CS,), 1052 (vs), 831 (w), v(Mo=0), 935 (s), v(Mo—S,),
482. '"H NMR (CD;CN-d;) 8, ppm: 7.34 (m, 9H, C—H), 7.12 (m,
8H, C—H), 6.65 (m, 3H, C-H), 3.16 (q, ] = 7.26 Hz, 16H, CH,),
2.77 (m, 4H, CH,), 2.60 (m, 2H, CH,), 2.36 (m, 4H, CH,), 2.23 (m,
2H, CH,), 2.03 (m, 2H, CH,), 1.82 (m, 2H, CH,), 1.20 (tt, 24H,
CH,;). 3'P{'H} NMR ((CD,),CO-dy) 8, ppm: 6591 (s). *C{'H}
NMR (DMSO-d;) 6, ppm: 242.45 (d,'J(P-CS,) 59.59 Hz), 142.83 (s,
SCN), 141.69, 140.97 (d, d,}J(P—C,), 16.16, 17.17 Hz), 128.69,
128.58, 128.40, 128.29, 127.99, 127.66, 126.11, 125.76 (s, C,, C,,
C,), SL.41 (t, C—Hy), 30.69, 27.76 (d, d'J(P-CH,), 60.6, 67.67 Hz),
26.06 (d J(P-CH,), 19.19 Hz), 7.09 (s, C—H,). UV/vis (DMF, 1.296
X 107° M), nm (g, M~ em™): 362 (19754), 458 (1826). ESI-MS:
[M + C,H;0 -2(Et;,;NSCN)]~ = C;4H,;Mo,0P,S; (m/z
1001.8877); found m/z = 1001.8385. Elemental Anal. Calc. for
Cs,H,6Mo,N,O,P,Ss: C, 46.9; H, 5.75; N, 4.2. Found: C, 46.39; H,
5.51; N, 4.36%.

(BuyN),[{(PhCH,CH,),P(0)CS },M0,0,(1i-S),(SCN),], 4b. (Bu,N)-
SCN (0.16 g, 0.53 mmol) was added to a stirred solution of 3 (0.29 g,
0.265 mmol) in DMF (10 mL). After stirring for 30 min, DMF was
removed under reduced pressure. An orange solid was isolated by
filtration, washed with ethanol (20 mL) and diethyl ether (50 mL),
and dried in vacuo. Yield: 0.32 g (78%). FT-IR (cm™'): v(SCN),
2082 (vs), v(P=0), 1216 (w), 1099 (s); v(CS,), 1052 (vs), 830 (w),
v(Mo=0), 939 (s), v(Mo-S,), 480. (CHCl;, cm™): 2(SCN), 2088
(vs), v(P=0), 1216 (vw), 1100 (s); (CS,), 1052 (vs), v(Mo=0),
939 (s), v(Mo—S,), 478. 'H NMR (CDCl,-d,) &, ppm: 7.33 (m, 3H,
C-H), 7.21 (m, SH, C—H), 7.09 (m, 9H, C—H), 6.68 (m, 3H, C—
H), 3.32 (t, 16H, CH,), 2.74 (m, 6H, CH,), 2.34 (m, 4H, CH,), 2.11
(m, 2H, CH,), 1.96 (m, 2H, CH,), 1.70 (m, 2H, CH,), 1.66 (qui,
16H, CH,), 1.42 (sextet, 16H, CH,), 0.96 (t, 24H, CH,). *'P{'"H}
NMR (CDCly-d;) 6, ppm: § 66.58 (s). *C{'"H} NMR (CDCl;-d,) §,
ppm: 242.55 (d,'J(P-CS,) 56.56 Hz), 143.84 (s, SCN), 141.52,
141.42 (d, d’J(P-C,), 16.16, 16.16 Hz), 129.25, 128.78, 128.51,
128.46, 128.26, 128.16, 126.25, 125.81 (s, C,, C,, C,), $8.72 (s, C—
H;), 31.42, 28.73 (d, d'J(P-CH,), 61.61, 68.68 Hz) 27.02 (d,*j(P-
CH,), 24.24 Hz), 24.12 (s, C—H,), 19.89 (s, C—H,), 13.94 (s, C—
H,). UV/vis (DMF, 1.284 X 10™° M), nm (¢, M™' cm™): 362
(19309), 458 (1926). ESI-MS: [M + C,H;0™-2(Bu,NSCN)]~
Cy¢H,1Mo,04P,S¢ (m/z = 1001.8877); found m/z = 1001.8740.
Elemental Anal. Calc. for C4H,0sMo,N,O,P,Ss: C, 52.49; H, 7.00; N,
3.60. Found: C, 52.53; H, 7.02; N, 3.54%.

BC{"H} NMR of PhsPS in CDCly-d,. 8, ppm: 132.99 (d,'J(P-C),
85.85 Hz), 132.35 (d,’J(P—C,,), 11.11 Hz), 131.65 (d,*J(P-C,), 3.03
Hz), 128.61 (d,)J(P-C,), 12.12 Hz).
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Catalytic Experiments. The progress of the catalytic sulfur atom
transfer reactions was monitored by '"H NMR spectroscopy. Samples
were prepared aerobically by mixing episulfide and deuterated solvent
in a screw-capped NMR tube. A blank spectrum of the episulfide was
obtained prior to the addition of 3 or 4a at ambient temperature and
pressure. Control reactions, under the same conditions without a
catalyst, showed no identifiable alkene formation over the time of the
catalytic runs. The predetermined molar ratio of episulfide (CS, SS, or
PS) to 3 was mixed in an NMR tube with solvent (CDCl,, CD,Cl,,
etc.) to yield solutions that were 3, 1, 0.5, and 0.1 mol % in 3. The
NMR tube was wrapped with parafilm, and NMR spectra were
recorded at regular intervals. For reactions including PPh, both 'H
NMR and *'P{'"H} NMR spectra were collected. The alkene
concentration was calculated based on the integration of the
unreacted episulfide using the solvent signal as standard for the 'H
NMR spectrum, and for *P{'H} NMR, PPh,Br was used as an
internal standard for integration. Sulfur that precipitated in the NMR
tube was confirmed by melting point determination of 107—110 °C,
and the solution mixture was analyzed by mass spectrum for
experiments of CS with 3, and with 3 and PPh; as indicated in the
main text.

X-ray Crystallography. X-ray quality single crystals of K[2], were
obtained by diffusion of dioxane/ether (1:1) mixture into a THF
solution. Single crystals of 4a were obtained by slow evaporation of a
saturated solution in acetonitrile. The crystals of 4a were isolated from
their mother liquor, immediately immersed in cryogenic oil, and
mounted. The X-ray single-crystal data were collected using MoKa
radiation (A = 0.71073 A) on a Bruker D8Venture (Photon100
CMOS detector) diffractometer equipped with a Cryostream (Oxford
Cryosystems) open-flow nitrogen cryostats at 295(2) K for 2 and
150(2) K for 4a. The unit cell determination, data collection, data
reduction, structure solution/refinement, and empirical absorption
correction (SADABS) were carried out using Apex-1IL°* The
structure was solved by direct method and refined by full-matrix
least-squares in F2 for all data using SHELXTL and Olex2
software.”™” All nondisordered non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were placed in the calculated
positions and refined in the riding model.
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