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Synthesis of diphenyl-(2-thienyl)phosphine, its
chalcogenide derivatives and a series of novel
complexes of lanthanide nitrates and triflates+
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A novel synthesis of diphenyl(2-thienyl)phosphine, along with its" oxide, sulfide and selenide derivatives, is
reported here. These phosphines have been characterized by NMR, IR, MS and X-Ray crystallography. The
phosphine oxide derivative was reacted with a selection of lanthanide(in) nitrates and triflates, LnXs, to give
the resultant metal-ligand complexes. These complexes have also been characterized by NMR, IR, MS
and X-Ray crystallography. Single crystal X-Ray diffraction data shows a difference in metal-ligand
complex stoichiometry and stereochemistry depending on the counteranion (nitrate vs. triflate). The [Ln
(ArsP=0)3(NO3)z] ligand—nitrate complexes are nine-coordinate to the metal in the solid state (bidentate
nitrate), featuring a 1: 3 lanthanide—ligand ratio and bear an overall octahedral arrangement of the six, co-
ordinated ligands. Our [Ln(ArsP=0)3(NOs)z] ligand—nitrate complexes gave three examples of fac-stereo-
chemistry, where mer-stereochemistry is almost universally observed in the literature of highly related [Ln
(ArsP=0)3(NO3)s] complexes. For the Tb complexes, two different arrangements of the ligands around
the metal were observed in the solid state for [Tb(ArsP=0)3(NO3)z] and [Tb(ArsP=0)4(OTf),] [OTf]. [Tb
(ArsP=0)3(NOs3)s] is strictly nine-coordinate, ligand mer-stereochemistry in the solid state, and [Tb
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DOI: 10.1039/d2dt01570f (ArsP=0)4(0OTf),] [OTf] is strictly octahedral, six-coordinate, with a square-planar stereochemical

rsc.li/dalton arrangement of the phosphine oxide ligands around the metal.

energy,” and the active ingredient in MRI contrast agents."’

Introduction

Due to the incorporation of lanthanide metals in many every-

The elements within the f-block of the periodic table have rich
chemical properties that include: the ability to luminescence,
to give off energy via nuclear decay, and to affect the relaxation
of bound water molecules." The exploitation of these pro-
perties f-block elements components in
bioprobes,”™ magnets® and LEDs,*® a source of alternative

have made
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day materials, the US Department of Energy has deemed
several of these elements as “critical”’’ and has invested
millions of dollars’® into research that will enhance the
technology used to isolate these metals from ground ores and
end-of-life technologies. Currently, lanthanide (Ln) and actinide
(An) metals are most often purified using solvent-solvent extrac-
tion methods that utilize a ligand in an organic solvent which
extracts the metal out of acidic water." Many of the organic
ligands contain a carbonyl, phosphine oxide or phosphine
sulfide group which uses its oxygen or sulfur atom(s) to chelate
the metal. Hence, the development of new organic ligands with
these donor atoms will add to the growing body of knowledge of
f-block coordination chemistry and may lead to the develop-
ment of new compounds for f-element separations.
Triphenylphosphine has a deep, extensively productive
history in the chemistry of the transition-metals,"® but is
largely inert to coordination with the Ln(m) metals. Given well
known trends in the “hard-soft” paradigm for coordination
chemistry,"* published studies with Ln(m) metals and
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Fig. 1 Structural types of (left) triphenylphosphine oxide and (right) the
diphenyl(2-thienyl) phosphine derivatives discussed in this paper.

commercially available compounds have described stable com-
plexes with the oxides of trialkyl- and triarylphosphines." ™'
This is in contrast to the phosphine sulfides and selenides,
which are better suited for binding to the softer actinide
metals.”” In this work we aimed to develop the synthesis of an
unsymmetrical triarylphosphine ligand, where one of the aro-
matic rings contained a heteroatom that could potentially
interact with the Ln or An metal (Fig. 1). The ability to isolate
the phosphine will then allow for the straightforward synthesis
of three chalcogenide derivatives (oxide, sulfide, selenide). In
this report we describe a novel synthesis and characterization
of diphenyl(2-thienyl)phosphine along with the oxide, sulfide
and selenide. Also described here is a novel series of lantha-
nide complexes of diphenyl(2-thienyl)phosphine oxide, with
unexpected stereochemical outcomes.

Experimental

General considerations

All chemicals (including deuterated solvents) were purchased
from Sigma-Aldrich or Strem Chemical and used without
further purification. NMR spectral data (*H, **C, *'P, ””Se) were
recorded on either a JEOL Eclipse 300, Varian Inova 400, or
JEOL ECZS 400 NMR spectrophotometer, as stated. For NMR
spectra, chemical shifts are expressed as parts per million ()
relative to SiMe, (TMS, 6 = 0) for "H and "*C data, H;PO, (5 =
0) for *'P data and (CHj;),Se (5 = 0) for 7’Se data. IR spectra
were acquired neat on a Jasco 4100 FTIR. Elemental (CHN)
analyses were performed by Atlantic Microlab Inc., Norcross,
GA; all CHN percentages calculated for lanthanide complexes
assume three phosphine oxide ligands + Ln(NO;); or Ln(OTf);
+ residual water/solvents as indicated. Low resolution mass
spectrometry data were acquired on a Advion Expression-L
Compact Mass Spectrometer.

Single crystal X-ray crystallography

Crystals suitable for X-ray diffraction were mounted on a nylon
loop using a small amount of paratone oil. Data were collected
using either a Bruker CCD (charge coupled device) or Rigaku
OD diffractometer equipped with a low-temperature apparatus
operating at 173(2) K. Data were measured using omega and
phi scans of 0.5° per frame. The total number of images was
based on results from the program COSMO?>* or CrysAlisPro**
where redundancy was expected to be 4.0 and completeness of
100% out to 0.83 A. Cell parameters were retrieved using either
APEX I1*° or CrysAlisPro software and refined using SAINT>® or
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CrysAlisPro on all observed reflections. Data reduction was per-
formed using the SAINT or CrysAlisPro software, which cor-
rects for Lorentz polarization. Scaling and absorption correc-
tions were applied using either the SADABS®>” multi-scan tech-
nique, supplied by George Sheldrick, or as implemented in
SCALE3 ABSPACK scaling algorithm. The structures were
solved using the SHELXS-97 program and refined by least
squares method on F?, SHELXL-2014,*® which are incorporated
in OLEX2.>*?° All non-hydrogen atoms are refined anisotropi-
cally. Hydrogen atoms were calculated by geometrical methods
and refined as a riding model. The crystals used for the diffrac-
tion study showed no decomposition during data collection.
Further crystallographic data and experimental details for
structural analysis of all of the compounds are summarized in
Tables 1 and 3, and selected bond lengths and angles with
their estimated standard deviations are given in Tables 2, 4
and 5. Complete tables for each structure reported here, dia-
grams depicting the thermal ellipsoids, and descriptions of
how any disordered electron density was treated are provided
in the ESL ¥

Table 1 Crystal data and structure refinement information for oxide 4,
sulfide 5 and selenide 6

Structure 4 5 6

number

CCDC number 2096359 1844568 1844765

Empirical C16H130PS C16H13PS, C,6H13PSSe

formula

Formula weight 284.29 300.35 347.25

Temperature/K  99.98(13) 296(2) 173(2)

Crystal system  Monoclinic Monoclinic Monoclinic

Space group P24/n P2,/n P24/n

alA 9.6867(2) 10.18080(10) 10.398(3)

b/A 9.9115(2) 9.50350(10) 9.531(3)

c/A 14.6285(3) 14.9030(2) 14.811(5)

al°® 90 90 90

B° 96.773(2) 94.0376(5) 93.489(4)

7/° 90 90 90

Volume/A® 1394.67(5) 1438.33(3) 1465.2(8)

Z 4 4 4

Reflections 10173 17 457 11733

collected

Independent 2697 [Rint = 2831 [Rine = 2683 [Rine =

reflections 0.0393, Rgjoma =  0.0344, Rgjgrma =  0.0445, Rjgma =
0.0359] 0.0237] 0.0386]

Final R indexes R, = 0.0713, R, = 0.0548, Ry = 0.0465,

[1> 26 (1)] WR, = 0.1953 WR, = 0.1545 WR, = 0.1233

Final R indexes R, = 0.0761, R, = 0.0569, R, = 0.0607,

[all data] WR, = 0.2002 WR, = 0.1564 WR, = 0.1324

Table 2 Selected bond lengths (A) and angles (°) for oxide 4, sulfide 5
and selenide 6

4 (X=0) 5 (X=9) 6 (X=Se)
P1-X1 1.514(3) 1.9573(11) 2.1132(12)
P1-C1(thienyl) 1.776(3) 1.792(3) 1.799(4)
P1-C5 1.803(2) 1.812(3) 1.815(4)
P1-C11 1.802(4) 1.813(3) 1.821(4)
X1-P1-C1 112.73(17) 113.01(10) 112.86(14)
X1-P1-C5 111.64(14) 113.38(10) 113.33(13)
X1-P1-C11 112.46(17) 112.66(10) 112.38(14)

This journal is © The Royal Society of Chemistry 2022
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Synthesis

Diphenyl(2-thienyl)phosphine 3. A round bottom flask was
charged with ca. 25 mL of anhydrous diethyl ether and 550 mg
solid Mg turnings. To this solution was added 2.81 g of 2-bro-
mothiophene 1 (0.0172 mol), and the reaction was stirred for
three hours at room temperature. The solution was cooled in
an ice bath, placed under an atmosphere of N,, and diphenyl-
phosphine chloride 2 (2.87 mL, 3.44 g, 0.016 mmol) was
added dropwise. The reaction was stirred overnight at room
temperature. The reaction solution was decanted away from
the magnesium turnings into a separatory funnel, and the
round bottom flask was rinsed with ether. Water was added to
the separatory funnel, and after shaking the solution the pH of
the aqueous layer was neutralized with either 3 M NaOH or 3
M HCIL. In the case of emulsion formation, saturated NaCl can
be added to aid in the separation of the layers. The organic
layer was separated, washed three times with water, dried over
anhydrous sodium sulfate and concentrated under reduced
pressure to give the product as a colored oil or low-melting
solid, typically light amber, and occasionally light green (80%
average yield). If an oil is obtained, it will often crystallize
upon standing overnight. "H NMR (300 MHz, CDCl): § 7.60
(m, 1H), 7.48-7.26 (m, 11H), 7.15 (m, 1H); ">*C NMR (75 MHz,
CDCl;): 6 138.2 (d, Jep = 27 Hz), 138.1 (d, Jo_p = 9 Hz), 136.5
(d, Jo-p = 26 Hz), 133.2 (d, Je_p = 20 Hz), 132.2, 129.0, 128.6 (d,
Jop = 8 Hz), 128.2 (d, Jo_p = 8 Hz); *'P NMR (161 MHz, CDCl,):
5 —18.9; FT-IR (cm™): v 1403, 972, 683.

Diphenyl(2-thienyl)phosphine oxide 4. Phosphine 3 (4.12 g,
1.18 mmol) was added to a round bottom flask and dissolved
in 12 mL of DMSO (0.168 mol). The molybdenum catalyst
Mo00,Cl,(DMSO), was added as a solid (0.208 g, 0.59 mmol),
and the reaction was stirred at 100 °C for twenty minutes. The
solution was allowed to cool to room temperature, and was
poured into 60 mL of 1 M NaOH. The resultant white, cloudy
solution was filtered via a Biichner funnel to give the crude
product as a mixture of white and pink solids. This crude
product (3.33 g) was purified by dissolution in hot methanol
(ca. 13 mL) and precipitation with water (ca. 10 mL) to give the
target phosphine oxide as a white solid (65% yield).
Occasionally activated charcoal was added during this recrys-
tallization step to remove colored impurities. Crystals suitable
for analysis by X-ray diffraction were formed by slow evapor-
ation of the product from CDCl;. The characterization details
below agree with previous reports.’’ 'H NMR (400 MHz,
CDCly): 6 7.75-7.70 (m, 4H), 7.58-7.26 (m, 7H), 7.21-7.18 (m,
2H); '"H NMR (400 MHz, CD;CN): § 7.87 (m, 1H), 7.72-7.46 (m,
10H), 7.38 (m, 1H), 7.22 (m, 1H); "*C NMR (75 MHz, CDCl,): §
137.0 (d, Jo-p = 10 Hz), 133.9 (d, Jc-p = 111 Hz), 134.0 (d, Jc-p =
5 Hz), 133.7 (s), 132.3 (d, Jo-p = 3 Hz), 131.8 (d, Jc_p = 10 Hz),
128.6 (d, Jop = 13 Hz), 128.3 (d, Jcp = 14 Hz); *'P NMR
(161 MHz, CDCl,): 6 23; *'P NMR (161 MHz, CD;CN): § 19.8;
mp: 116-117 °C; FT-IR (cm™'): v 1402, 1177 (P=0).

Diphenyl(2-thienyl)phosphine sulfide 5. Phosphine 3
(500 mg, 2.42 mmol) and solid sulfur (80 mg, 2.42 mmol) were
mixed in 10 mL chloroform for 60 minutes. A second batch of

This journal is © The Royal Society of Chemistry 2022
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sulfur was added (56 mg, 1.75 mmol) and the mixture was
stirred for another hour. The reaction mixture was then filtered
through a pad of Celite and concentrated under reduced
pressure to give the crude product as a solid (578 mg). The
product was suspended in hot isopropanol (75 °C, ca. 10 mL)
to which DMSO was added dropwise until complete dis-
solution occurred (ca. 5 mL). The solution was allowed to cool
to room temperature, at which point the product crystallized
as white snowflakes (423 mg, 73% recovered yield). Crystals
suitable for analysis by X-ray diffraction were formed by slow
evaporation of the product from CDCl;. 'H NMR (400 MHz,
CDCly): § 7.88-7.71 (m, 4H), 7.54-7.42 (m, 7H), 7.16 (m, 2H);
3C NMR (75 MHz, CDCl,): 137.2 (d, Jc_p = 10 Hz), 135.5 (d,
Jo-p = 93 Hz), 134.5 (d, Jo_p = 5 Hz), 133.7 (d, Jc_p = 89 Hz),
131.9 (d, Jc_p = 4 Hz), 131.8 (s), 128.6 (d, Jc_p = 13 Hz), 128.4
(s); *'P NMR (161 MHz, CDCl,): § 35; mp: 113-126 °C.

Diphenyl(2-thienyl)phosphine selenide 6. Phosphine 3
(500 mg, 2.42 mmol) and solid selenium (190 mg, 1.86 mmol)
were stirred in 10 mL chloroform for 60 minutes. The reaction
mixture was filtered through a bed of Celite, then concentrated
under reduced pressure to give a white solid. The crude
product stirred in boiling isopropanol (ca. 10 mL), to which
DMSO was added dropwise until all of the solid had dissolved
(ca. 5-10 mL). The solution was allowed to cool to room temp-
erature, and the product precipitated as a white, flaky solid
which was isolated by vacuum filtration (380 mg, 65% recov-
ered yield). A second crop of the product may be obtained
from the mother liquor, with a relatively low yield (40 mg, 7%
additional yield). Crystals suitable for analysis by X-ray diffrac-
tion were formed from slow evaporation of the product from
CDCl;. "H NMR (400 MHz, CD;CN): § 7.95-7.26 (m, 13H); *'P
NMR (161 MHz, CDCl;): 6 23 (Se satellites Js..p = 734 Hz);
77Se** NMR (76 MHz, CDCl,): § —232.6 (d, “Jp_s. = 739 Hz); mp:
149.3-150.7 °C.

Complexes of phosphine oxide 4 with lanthanide nitrate
hydrates. General procedure. A round bottom flask was
charged with the phosphine oxide 4 (3 molar equivalents, gen-
erally between 25-50 mg) and ca. 15 mL acetonitrile. The Ln
(NO3); hydrate (1 molar equivalent) was added to the reaction
as a solid, and the solution was stirred at room temperature
for 30 minutes. The volatiles were removed under reduced
pressure to give the complexes as colorless solid powders or
solid films on the surface of the round bottom flask. The com-
plexes were triturated 2-3 times with diethyl ether (5-10 mL)
and placed under high vacuum over night to remove any
residual solvents. Typical isolated yields of the complexes were
85-90% as powders.

[La(4)3(NO3);] complex. "H NMR (400 MHz, CD;CN): §
7.68-7.60 (m, 5H), 7.54-7.47 (m, 3H), 7.38-7.31 (m, 4H),
7.08-7.04 (m, 1H); *'P NMR (161 MHz, CD;CN): 27; FT-IR
(em™): v 1150 (P=0); ESI-LRMS (M*, m/z): caled for [La
(C16H130PS),(NO;),(CH;CN)]" 872.0, found 872.1; CHN ana-
lysis calculated (found) for La(C,;cH;30PS)3(NO;);(H,0): C
48.21 (48.08), H 3.46 (3.31), N 3.51 (3.74).

[Pr(4)s(NO3)5] complex. FT-IR (cm™"): v 1149 (P=0); ESI-LRMS
(M*, mfz): caled for [Pr(C;qH;30PS);(NO;);(CH;CN),J** 568.5,

Dalton Trans., 2022, 51, 9103-9115 | 9105



Paper

found 568.6; CHN analysis calculated (found) for Pr
(C16H,50PS)5(NO;)5(H,0),.5: C 47.07 (46.80), H 3.62 (3.38), N 3.43
(3.97).

[Sm(4)5(NO3)s] complex. FT-IR (ecm™'): v 1149 (P=0);
ESI-LRMS (M, m/z): caled for [Sm(C,6H;30PS),(NO;),(CH;CN)]"
882.0, 885.0, 887.0, found 881.9, 884.9, 886.9; CHN analysis cal-
culated (found) for Sm(C;sH;30PS);(NO;);(H,0)s: C 43.83
(43.51), H 4.06 (3.96), N 3.19 (3.29).

[Th(4)5(NO3);] complex. "H NMR (400 MHz, CD;CN): extremely
broad; FT-IR (cm™): v 1156 (P=0); ESI-LRMS (M", m/z): calcd for
[Tb(C;6H130PS),(NO;),(CH;CN)]" 892.0, found 892.1; CHN ana-
lysis calculated for Tb(C;6H;30PS)3(NO3);(H,0)5(CH;CN): C 45.20
(44.76), H 3.94 (3.32), N 4.22 (4.19).

[Lu(4)5(NO3);] complex. 'H NMR (400 MHz, CD;CN): §
7.77-7.61 (broad), 7.60-7.35 (broad), 7.18 (broad); *'P NMR
(161 MHz, CD5CN): 6 31; FT-IR (cm™): v 1153 (P=0); ESI-LRMS
(M, m/z): caled for [Lu(C;6H;30PS),(NO;),(CH;CN)J** 423.3,
found 422.0; CHN analysis calculated (found) for Lu
(C16H,30PS)3(NO;)3(H,0)3(CH;CN): C 45.88 (45.80), H 3.70
(3.26), N 4.28 (3.99).

Complexes of phosphine oxide 4 with lanthanide triflates.
General procedure. Phosphine oxide 4 (three molar equivalents,
around 50 mg) and the Ln(OTf); (one molar equivalent) were
ground together in the solid state using a mortar and pestle.
The mixed solid was transferred to a round bottom flask, and
heated using a wax bath until the mixture melted (typically
around 135 °C) and resolidified (typically around 155 °C). The
solid complexes were used without further purification.

[La(4);(0Tf);] complex. 'H NMR (400 MHz, CDCL): &
7.70~7.50 (m, 8H), 7.40-7.30 (m, 4H), 7.07-7.05 (m, 1H); *'P NMR
(161 MHz, CDCl): 29; FT-IR (em™"): v 1151 (P=0); ESI-LRMS
(M*, m/2): caled for [La(C;6H;30PS),(0SO,CF;),(CH;CN)P* 448.5,
found 448.1; CHN analysis calculated (found) for La
(C16H130PS);5(0SO,CF;)3(H,0);: C 39.14 (38.44), H 3.41 (2.73), N
0.00 (0.00).

[Sm(4)5(OTf);] complex. '"H NMR (400 MHz, CDCly): &
7.95-7.80 (m, 6H), 7.58 (m, 2H), 7.38 (m, 4H), 7.09 (m, 1H); *'P
NMR (161 MHz, CDCl;): 28; FT-IR (cm™'): v 1131 (P=O);
ESI-LRMS (M*, m/z): caled for [Sm(C;6H;30PS),(0SO,CF;),]**
433.0, 434.5, 435.5 found 433.1, 434.1, 435.3; CHN analysis cal-
culated (found) for Sm(C;sH;30PS);(0SO,CF;);(H,0)4: C 40.23
(40.27), H 3.11 (3.17), N 0.00 (0.22).

Dalton Transactions

[Th(4)5(0Tf)s] complex. FT-IR (cm™"): v 1132 (P=0); ESI-LRMS
(M", m/z): caled for [Tb(C;H;30PS);(0SO,CF;),(CH;CN)(H,0),**
334.5 found 334.5; CHN analysis calculated (found) for Tb
(C16H,50PS)3(0SO,CFs)3: C 41.99 (41.88), H 2.69 (2.91), N 0.00
(0.00).

[Yb(4)5(OTf)5] complex. FT-IR (cm™'): v 1135 (P=0); ESI-LRMS
(M, m/z): caled for [Yb(C;eH;30PS);(OSO,CF3);(CH;CN), (H,0);**
350.5, found 349.9; CHN analysis calculated (found) for Yb
(C16H130PS)5(0SO,CF3)5(H,0)e: C 37.46 (37.26), H 3.51 (3.30), N
0.00 (0.00).

Results and discussion
Synthesis of ligands and metal-ligand complexes

Synthesis of diphenyl(2-thienyl)phosshine 3 and the chalco-
genide derivatives 4-6. Triarylphosphines are advantageous in
organo-phosphine coordination chemistry in that they are rela-
tively stable to ambient air oxidation to the phosphine oxides,
much unlike the alkylphosphines. We have chosen to incor-
porate the 2-thienyl group as one of the aromatic rings on the
phosphorus atom due to its stability and resistance to oxi-
dation. Furthermore, the location of the sulfur atom in this
heteroaromatic ring may allow for it to interact with a Ln or An
metal that is bound through the ligands P==0 group.

The synthesis of the target compound diphenyl(2-thienyl)
phosphine (3, Scheme 1) appears in a variety of publications.
Many prior syntheses cite the use of lithiated thiophene as the
nucleophile in the reaction with chlorodiphenylphosphine.***
Horner and Roder employed Grignard chemistry, with a high
level of success, that used iodothiophene as the starting
material.** Diphenyl(2-thienyl)phosphine 3 has also been made
as an example of reaction scope in the demonstration of other
general, catalytic methods.**™** In all of these previously pub-
lished methods, the Grignard chemistry appears to be the most
user-friendly and has given the highest isolated yields of
product. In this work we have chosen to use chemistry similar
to Horner and Roder, and our preparation is novel only in that
we use 2-bromothiophene as the starting material.

The synthesis begins with the generation of the Grignard
reagent from commercially available 2-bromothiophene 1 and
magnesium. From here, chlorodiphenylphosphine 2 is added

0
1l
MoO-CIzDMSO0); _ PP _s
DMSO, 100 °C | ) 4
3 s
S Mg S Ph”' “Ph Sg Ph—P_ s
M Br diethyl ether UMgBr 5 P s CHCly Tt PR ) 5
1 3hr, rt. ©/ m
§e
3 Se Ph—P.__s
CHCl, 1. P ) 6

Scheme 1 Synthesis of phosphine 3 and chalcogenide derivatives 4—6.
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slowly to the Grignard reagent. This slow addition is necessary
to obtain the phosphine in good yield.** It is not necessary to
remove unreacted magnesium metal from the reaction
mixture, and these conditions consistently generate the
desired diphenyl(2-thienyl)phosphine 3 in >70% recovered
yield as an oil or low-melting solid.

Use of the thienyl-group as a supporting ligand for phos-
phine complexes is advantageous in that the thienyl group is
known to be highly resistant to oxidation. As is elaborated in a
few, detailed studies,”> ™ the sulfur of thiophene will remain
stubbornly inert under chemical conditions where one would
normally expect other organo-sulfur functional groups to
oxidize to sulfoxides or sulfones. Thus, we can confidently use
a variety of approaches to selectively oxidize the phosphorus
atom of phosphine 3, without altering the thienyl group.

The phosphine oxide 4 has been independently synthesized
using a number of varied reaction conditions that involve the coup-
ling of a thiophene-derivative with diphenylphosphine oxide in the
presence of a metal catalyst.****>* Other groups have exploited
decarbonylation reactions in the presence of Pd(0)** or Ni(un)*® to
form the thienyl-phosphine oxide C-P bond. Interestingly, only
one group has reported the synthesis of the phosphine oxide 4 via
oxidation of the phosphine 3 with hydrogen peroxide.*®

In this work, the oxide 4 was prepared using the Mo®" cata-
lyst MoO,Cl,(DMSO), (DMSO = dimethylsulfoxide) as
described by Arnaiz and Aguado.’® Methods for the chalco-
genation of phosphines (P = X, X = S, Se, Te) are varied, and
many examples date rather early in the literature.””>° Our
method is most similar to that of Grim and Walton,*® and
perhaps only more efficient in our hands due to the higher
purity of S and Se powders now available. The sulfide 5 and
selenide 6 were prepared by stirring the free phosphine in
chloroform with one equivalent of elemental sulfur or sel-
enium, respectively.

C9
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The phosphine 3 and chalcogenide derivatives 4-6 were
characterized by NMR (*H, *C, *'P), LR-MS and IR. The 'H
NMR spectra of all four compounds 3-6 contain multiplets in
the aromatic region that are only interpretable for the thienyl
group. The *'P NMR spectra, however, are comprised of one
singlet resonating at the expected chemical shifts: phosphine
3: —18.9 ppm; oxide 4: +23 ppm; sulfide 5: +35 ppm; selenide
6: +23 ppm, with 7’Se satellites (Js._p = 734 Hz).

The oxide, sulfide and selenide derivatives 4, 5 and 6 were
also characterized by single crystal X-Ray diffraction (Fig. 2).
The P=0, P=S and P=Se bond lengths were 1.514(3), 1.9573
(11) and 2.1132(12) A, respectively. The geometry around the
phosphorus atom of all three structures is close to an ideal
tetrahedron, with 7z, descriptors for four-fold coordination of
0.96 (oxide), 0.95 (sulfide) and 0.96 (selenide; where 1.00 =
perfect tetrahedron and 0.00 = perfect square planar).®! For all
three structures the largest bond angles around the phos-
phorus atom are those that involve the chalcogenide atom (X),
with C-P-X bond angles around 113°. Crystal data and struc-
ture refinement information is given in Table 1 for the struc-
tures of 4, 5 and 6, as well as selected bond lengths and angles
in Table 2. Additional data tables for these structures and
descriptions of the treatment of any disordered electron
density are given in the ESL{

Synthesis and characterization of complexes between phos-
phine oxide 4 and Ln(NOj3);. The lanthanide nitrate complexes
with phosphine oxide 4 were formed by stirring three equiva-
lents of the ligand with one equivalent of the Ln(NO;); hydrate
at room temperature in acetonitrile. This metal-ligand stoi-
chiometry was chosen due to precedents by previous groups.'®
The complexes were isolated as a thin oil after removal of the
solvent, which were triturated with a small amount of diethyl
ether to give a powder. The complexes are stable for months
when stored on the shelf.

C12
C13

Fig. 2 X-Ray crystal structures of compounds 4, 5 and 6 (from left to right) using standard CPK colors, along with the atom numbering scheme.
Thermal ellipsoids are shown at the 50% probability level, and all hydrogen atoms have been omitted for clarity. For compound 4, only the major

component is shown.
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Analysis of the 1:3 [Ln(4);(NO;);] complexes by low resolu-
tion ESI-MS was carried out by introduction of the complexes
as a dilute solution in acetonitrile. The MS spectra show peaks
corresponding to complexes with one, two or three ligands per
Ln metal, and often times as an adduct with water or CH3CN.
Ionization occurred through loss of either one or two nitrate
anions to give mono- and dicationic species.

To explore the solution behavior of the [Ln(4);(NOj3);] com-
plexes, 'H and *'P NMR were collected under a number of con-
ditions. In the "H NMR spectrum (CD;CN) of the free phos-
phine oxide ligand 4, the phenyl-ring signals comprise a com-
plicated multiplet spanning ~0.7 ppm centered at 7.5 ppm,
with distinct 2-thienyl multiplets at 7.87, 7.38 and 7.22 ppm.
The chemical shift of this multiplet is largely unchanged and
slightly broadened in the "H NMR spectra of the La*" and Lu**
complexes (Fig. 3). The signals in the "H NMR spectra of the
other complexes that were studied (Ln = Pr**, Sm**, Tb*") were
severely broadened. Analysis of the La®>" and Lu®*" complexes by
*'P NMR shows one signal that is shifted downfield slightly
from that of the free ligand (AS = 4 and 8 ppm, respectively).
This downfield shift represents a decrease in electron density
around the phosphorus atom upon Ln** complexation, which
is consistent with the donation of electron density from the
P=O0 group to form the O---Ln dative bond.

To gain insight into the speciation of the complexes in solu-
tion, we carried out a titration of the free ligand with incre-

Dalton Transactions

mental amounts of La(NOj3);-(H,0)s in CD;CN and analyzed
these solutions with "H and *'P NMR (Fig. 3). The signals in
the "H NMR spectrum (400 MHz, CD;CN) were assigned with
the assistance of the prediction tool in MestReNova.®> The
individual spectra progress from excess ligand (six equivalents)
to excess metal (1.5 equivalents). For all spectra only one set of
resonances are observed, which indicates that the metal and
ligand are undergoing exchange that is fast on the 'H NMR
time scale.

Analysis of the same solutions by *'P NMR (161 MHz,
CD;CN) reveals slightly different behavior. Here, the singlet
that corresponds to the phosphorus atom of the ligand broad-
ens upon addition of La(NO;);-(H,0)s in solutions where there
is a significant excess of ligand (five or six equivalents). We
interpret this broadening to be from the presence of a signifi-
cant amount of free ligand in solution, and a rate of ligand
exchange that is intermediate on the *'P NMR time scale. The
3P NMR spectrum of the solution with a 1: 3 La**-ligand ratio
shows a sharper signal that is shifted downfield from free
ligand (AS 8 ppm), and represents the average resonance from
a solution where most of the ligands are complexed to a metal.
The chemical shift of the *'P NMR signal stabilizes upon
addition of another equivalent of metal (1 :2 La**-ligand ratio)
to give a sharp singlet that does not shift downfield when
more metal is added. We interpret these results as an indi-
cation that the speciation of the complexes is fluxional in solu-

o
S N
@—‘r‘!—go + La(NO3);3 CD.CN complex
1H NMR (400 MHz) © 31P NMR (161 MHz)
1.5:1
La-ligand * . ¥ X
11 - @ %
La-ligand VWA Pl %
1:2 - . "
Laigand % LY S X
13 - & " L
La-ligand py A e
°
1:4 u »x
La-ligand ke e
°
15 - ¥
La-ligand A M VAN
16 = x
La-ligand A
L] ¥
free ligand X
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f1 (ppm) f1 (ppm)

Fig. 3 NMR spectra of the titration of ligand 4 (10 mg in 0.75 mL CD3CN) with La(NOz3)3:(H,O)e (1.0 M in CD3CN) to give varying stoichiometries of
metal to ligand in solution. In the *H NMR spectrum the resonances corresponding to the hydrogen atoms of the thienyl ring are labeled according
to the diagram shown; resonances corresponding to the hydrogen atoms of the phenyl rings are unlabeled. The signal marked with a ‘x’ in the 3'P

NMR spectrum corresponds to a minor impurity.
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tions of acetonitrile, and that it is likely that no more than
three or four ligands coordinate directly to the metal when
nitrate is the counteranion. This coincides with the analysis of
1:3 Ln-ligand 4 complexes via X-Ray diffraction (vide infra).

In the solid state, the complexes were characterized by IR
and X-Ray crystallography. The IR spectrum of the free phos-
phine oxide 4 shows a P=0 stretch at 1185 cm™'. The fre-
quency of the P=O stretch in the IR spectra of the [Ln
(4)3(NO3)3] complexes moves to lower wavenumbers ranging
from 1149-1156 cm ™" (Av = 36-29 cm™ ). This shift represents
a weakening of the P=0 bond, which is again consistent with
the donation of electron density from this bond to form the
O---Ln bond.

Single crystals of the Ln(4);(NO3); complexes were grown by
vapor diffusion of either diethyl ether or benzene into a solu-
tion of the complex in acetonitrile. Analysis of these crystals by
X-ray diffraction revealed a 1:3 ratio between the metal and
the ligand with three bidentate nitrate anions completing the
inner coordination sphere.

For the complexes where Ln = La, Pr and Sm the X-ray diffr-
action structures are isomorphic and were solved in the high
symmetry space group R3 (Fig. 4). The electron density corres-
ponding to every atom in the structures, other than the metal
center, was disordered. A detailed description of how this com-
plete molecular disorder was treated can be found in the ESL ¥
The geometry of these nine-coordinate structures resembles a
tricapped trigonal prism as defined by Alvarez and co-
workers.®> Analysis of the inner-coordination sphere using the
program SHAPE®! is consistent with this description.

The model of the La*" complex is shown in Fig. 4 as a repre-
sentative example, along with the atom labelling scheme. In

Paper

each complex the electron density corresponding to the thienyl
ring was disordered. This disorder was modeled as two
rotational isomers around the P1-C1 bond, with occupancy
ratios of 84:16 for the La®" complex, and 70: 30 for the Sm**
complex. This disorder was relatively minor in the Pr**
complex and was not modeled, in part, due to a poor data-to-
parameter ratio. Due to the high symmetry of the diffraction
data, it is not possible to determine the combination of indi-
vidual thienyl ring orientations in each complex, so we have
modeled only the extremes. The orientation of the three
thienyl rings where the sulfur atom points toward the other
ligands as shown in Fig. 4, is one extreme and can be
described as “sulfur-in”. This orientation represents the major
component of the disordered electron density. The other
extreme is where the sulfur atom of each thienyl ring points
away from the other ligands and can be described as “sulfur-
out” (not shown). For the “sulfur-in” orientation of the thienyl
rings, an intramolecular sulfur-n®°° interaction is observed
between the aromatic rings. In the “sulfur-out” orientation, a
CH-r interaction is present between the thienyl rings of the
ligands. The calculated S-centroid and CH-centroid distances
are ~3.3 and ~2.5 A, respectively. Crystal data and structure
refinement information is given in Table 3 for all [Ln
(4)3(NO3);] structures reported here, as well as selected bond
lengths and angles in Table 4. Figures depicting the thermal
ellipsoids and atom labeling scheme for all [Ln(4);(NO;);]
structures are given in the ESL

Analysis of the bond lengths and angles for this series of
complexes reveals typical trends as seen for Ln complexes
(Table 4). We note here that the R1 values for each structure
are greater than 5%, but less than 10%, hence there are limits

Fig. 4 Abbreviated molecular structure of [La(4)3(NOz3)s] showing the coordination geometry around the La(i) atom using standard CPK colors (La
= dark purple). Sulfur—r interactions are depicted with a blue, dashed line. For clarity, only the major component of the disordered thienyl ring is
shown, all hydrogen atoms and the pendant phenyl rings have been omitted. The complete molecular structures of the La**, Pr** and Sm** com-

plexes showing thermal ellipsoids are provided in the ESI.{
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Table 4 Selected bond lengths (A) and angles (°) for the [Ln(4)5(NOx)s] crystal structures
Ln La Pr Sm Tb Er
Ln-O(P) 2.455(18) 2.418(18) 2.388(19) 2.280° 2.280°
Ln-O(nitrate) 2.66(2) 2.597(19) 2.493(17) 2.480° 2.480°
2.614(18) 2.61(2) 2.553(17)
P-O 1.482(19) 1.517(18) 1.472(19) 1.480° 1.497¢
N-O(Ln) 1.29(3) 1.29(2) 1.29(3) 1.264° 1.258%
A 1.29(3) 1.26(3) 1.27(3)
S1-Cg1' ) 3.340(13) 3.351(13) 3.32(2) — —
O(P)-Ln-O(P)' 87.9(6) 88.2(7) 87.0(6) 152.98(11) 153.01(13)
82.67(12) 83.06(14)
A 82.90(12) 82.64(13)
N-Ln-N' 94.1(6) 93.6(6) 94.2(6) 96.20(12) 96.16(13)
171.26(12) 171.27(14)
78.33(11) 78.38(13)

For structures where Ln = La, Pr, Sm: symmetry code: i: 1 +y — x, 1 — x, + z. “ These numbers are average bond lengths and angles.

Fig. 5 The metal coordination sphere of the [Ln(4)3(NOs)s] crystal
structures (Ln = La, Pr, Sm). Left: all nine oxygen atoms (red) that coordi-
nate to the metal (nitrogen and non-coordinating oxygen atom of the
nitrate groups are depicted with lighter blue and red colors); Right:
depiction of the bidentate nitrates as monodentate ligands through the
nitrogen atom to give a six-coordinate metal (octahedral geometry).

here is that La, Pr and Sm have larger ionic radii than Tb and
Er. The larger ionic radii may allow the phenyl and thienyl
rings of the ligands to adopt a different orientation upon
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binding to the metal, which when combined with the intra-
molecular S-pi and CH-pi interactions of the complex made
this geometry more favorable in the solid state. Alternatively, a
meridional arrangement of ligands allows them to be more
spread out around the metal center, and it is possible that this
arrangement was necessary with the smaller Tb and Er metals.
The isolation of Ln-ligand complexes of (4) with variable stoi-
chiometry and stereochemical arrangements of coordinating
groups is supported by our observations of the fluxional
nature of these metal-ligand complexes in solutions of
acetonitrile.

Synthesis and characterization of complexes between phos-
phine oxide 4 and Ln(OTf);. The lanthanide triflate complexes
were formed by a melt reaction between three equivalents of
the phosphine oxide 4 and the corresponding Ln(OTf);. A ratio
of three ligands to each metal was chosen due to our previous
work with the lanthanide nitrate complexes (vide supra). A
melt reaction consists of grinding the solid ligand and metal
together with a mortar and pestle, and heating the mixed-solid
in the absence of solvent until it melts. When the liquid reac-

b ¢ ®
) - o
| S S
'Y
e, Y
o

Fig. 6 Left: abbreviated X-Ray crystal structure of the [Tb(4)3(NOs)s] complex using CPK colors and showing the atom numbering scheme for the
Tb, O, N and P atoms. All atoms except for carbon are drawn as thermal ellipsoids at the 50% probability level. Hydrogen atoms, the pendant phenyl
rings of the ligand, and the benzene solvate molecule are not shown for clarity. Center: all nine oxygen atoms (red) that coordinate to the metal
(nitrogen and non-coordinating oxygen atom of the nitrate groups are depicted with lighter blue and red colors); right: depiction of the bidentate
nitrates as monodentate ligands through the nitrogen atom to give a six-coordinate metal (distorted octahedral geometry).
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tion mixture re-solidifies, this is an indication that a com-
pound with a higher melting point (the desired Ln-ligand
complex) has been formed. The advantages of this technique
are that the ligand does not need to compete with coordinat-
ing solvents such as acetonitrile for binding to the Ln center,
and any waters of hydration from the metal may be boiled off
during the reaction. This procedure gives a pure metal
complex as a solid with no need for purification. This tech-
nique was only attempted on the thermally stable triflates, as
nitrates may explosively oxidize organic fragments under the
same conditions.

Analysis of the complexes by LR-MS, again introduced as
dilute solutions in acetonitrile, show peaks for 1:1 or 1:2 Ln-
ligand complexes. These ions were often formed by loss of two
triflate anions to give dicationic species and were also adducts
with CH;CN and H,O.

The "H NMR spectra of the Ln(OTf); complexes (Ln = La,
Sm) in CDCl; show slightly broadened signals in the aromatic
region that are overlapping multiplets. In contrast, the *'P
NMR spectra of these complexes contain one sharp signal that
is shifted slightly downfield (AS = 5 ppm for both metals) from
that of the free phosphine oxide 4. The spectra obtained here
were very similar to those recorded for the nitrate complexes.

Investigation into the speciation in solution was carried out
using 'H and *'P NMR (CD;CN) in a manner similar to that
described for the nitrate complexes. A solution of La(OTf); in
CD;CN was added incrementally to a solution of ligand 4 in

1H NMR (400 MHz)

1.5:1
La-Iigand.

A

@—"—@. + La(OTfy).
P a
! \ 3)3
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CD;CN (Fig. 7). Again, only one set of resonances is observed
in the "H NMR spectra of these solutions, indicating that any
metal-ligand exchange process is fast on this NMR time scale.
The signal in the *'P NMR shifts downfield and is broadened
when large amounts of excess ligand are present (five or six
equivalents), indicating that there is some free ligand in solu-
tion and that exchange is, again, intermediate on the *'P NMR
time scale. This signal sharpens and stops shifting downfield
once a 1:3 ratio of La®" to ligand is reached, which we inter-
pret as the absence of free ligand. Overall we draw a similar
conclusion regarding the speciation of the Ln(OTf);-4 com-
plexes in solutions of acetonitrile to that of the nitrate com-
plexes: the number and geometry of the ligands surrounding
the metal is fluxional at a rate that is fast on the 'H NMR
(400 MHz) time scale and that the metal likely accommodates,
at most, three to four phosphine oxide ligands.

The [Ln(4);(OTf);] complexes were also characterized in the
solid state by IR spectroscopy and X-Ray diffraction. In the IR
spectrum of the complexes, the peak corresponding to the
P=0 bond appears at similar wavenumbers to those reported
for the Ln(NOj3); complexes (vide supra).

In order to analyze the complexes with X-Ray diffraction,
single crystals of the [Tb(4);(OTf);] complex were grown by
vapor diffusion techniques. While the solid complex was pre-
pared as described above with a 1:3 ratio of metal to ligand,
the X-Ray diffraction structure unexpectedly has a 1:4 metal-
ligand ratio (Fig. 8). The additional ligand bound directly to

——  complex
CD,CN

31P NMR (161 MHz)
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1:1
La-ligand %
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Fig. 7 NMR spectra of the titration of ligand 4 (10 mg in 0.75 mL CDsCN) with La(OTf)s (1.0 M in CD3CN) to give varying stoichiometries of metal to

ligand in solution. In the *H NMR spectrum the resonances correspondi

ng to the hydrogen atoms of the thienyl ring are labeled according to the

diagram shown; resonances corresponding to the hydrogen atoms of the phenyl rings are unlabeled. The signal marked with a 'x’ in the P NMR

spectrum corresponds to a minor impurity.
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Fig. 8 Abbreviated molecular structure of [Tb(4)4(OTf)],[OTf] using
standard CPK colors (Tb®* = dark green showing the atom labeling
scheme one set of atoms using a ball and stick model. For clarity, only
the major component is shown, while all hydrogen atoms, the pendant
phenyl rings and the outer sphere triflate anion have been removed. The
complete molecular structure depicting the thermal ellipsoids and label-
ing scheme are shown in the ESI.{

the Thb*" metal comes with the expulsion of one triflate anion
to the outer sphere of the complex. Our hypothesis as to why a
1:4 structure was observed here, and not with the nitrate com-
plexes, is that triflate is a better leaving group and more easily
displaced from the metal. The X-Ray crystal structure of this
[Tb(4)4(OTf)],[OTf] complex was solved in the triclinic P1
space group with the asymmetric unit containing the entire
metal complex and an outer sphere triflate anion. In this struc-
ture the Tb®" metal is a six-coordinate octahedron, with a
square-planar arrangement of the arylphosphine oxide
ligands. The apical positions of this octahedron are occupied
by two triflate anions. The electron density of two of the ligand
thienyl rings are again disordered and were modeled over two
orientations with occupancy ratios of 67:33 and 50:50. No
sulfur-pi interactions were observed for this structure. The
outer sphere triflate anion and one inner sphere triflate were
also disordered and were modeled over two orientations with a
50:50 occupancy ratio. The asymmetric unit also contained
highly disordered electron density that was located on a sym-
metry site with coordinates of [0.500, 0.000, 0.000] with a
volume of 176.2 A* and electron count of 44.5. We suspect this
electron density corresponds to one molecule of toluene, and
it was removed using the BYPASS procedure as executed in
OLEX2.”” More details regarding the treatment of the dis-
ordered electron density in this structure can be found in the
ESLT

Selected bond lengths and angles for the [Tb
(4)4(OTf)],[OTf] structure are listed in Table 5, and crystal data
and structure refinement information can be found in Table 3.
Metal-oxygen bond lengths are in the expected range, with the

This journal is © The Royal Society of Chemistry 2022
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Table 5 Selected bond lengths (A) and angles (°) for [Tb(4)4(OTf)],[OTf]

[Th(4),(OTf),][OTf]
Phosphine oxides
Ln-O1(P) 2.253(3)
Ln-02(P) 2.249(3)
Ln-03(P) 2.228(4)
Ln-04(P) 2.232(3)
P1-O1 1.508(4)
P2-02 1.507(4)
P3-03 1.507(4)
P4-04 1.509(4)
Triflates
Ln-01t(S) 2.298(4)
Ln-04t(S) 2.285(11)
Ln-04r(S) 2.214(16)
Between ligands
01-Ln-02 89.51(13)
02-Ln-03 89.44(15)
03-Ln-04 88.77(15)
04-Ln-01 92.45(13)
01-Ln-O1t 87.53(15)
02-Ln-O1t 93.29(15)
O1t-Ln-04t 177.6(5)
O1t-Ln-0O4r 176.0(7)
01-Ln-03 173.77(13)
02-Ln-04 177.57(13)

Tb-O bonds from the P=O of the ligand and S=O of the tri-
flate group being quite similar (2.21-2.30 A). The O-Tb-O
bond angles between the adjacent groups of the complex are
all close to 90° (87.5-93.3°), indicating a nearly perfect octa-
hedral arrangement of the six ligands around the metal.
Considering the orientation of only the four phosphine oxide
ligands around the Tb®" metal, they are arranged in a nearly
perfect square planar geometry with a 7, descriptor for four-
fold coordination of 0.06 (where 1.00 = tetrahedral, 0.85 = tri-
gonal pyramidal, 0.00 = square planar).®*

Summary and outlook

This paper describes a novel synthesis of diphenyl(2-thienyl)
phosphine, as well as conditions to prepare the oxide, sulfide
and selenide derivatives. The phosphine oxide was reacted
with a series of lanthanide salts to form complexes that were
characterized in solution (NMR, LR-MS) and in the solid state
(IR, X-Ray diffraction). X-Ray crystallography revealed strictly
nine-coordinate [Ln(Ar;P=0)3(NO;);] complexes (bidentate
nitrate), with a one to three ratio between Ln and ligand. An
unusually high number of these [Ln(Ar;P—=0);(NO;);] struc-
tures gave facial-stereochemical arrangements of the six
ligands, possibly attributable to sulfur-pi interactions
observed in the structural data. When the counteranion is
changed from nitrate to triflate, X-Ray analysis showed a
strictly six-coordinate Tb-ligand complex with a one to four
ratio between metal and ligand. In this complex the four
ligands occupy the square planar positions of the octahedron.
As the stereochemical novelty of this work shows, explora-
tions of non-commercially available organophosphines may be
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very fertile ground for future work in related chemistry of
lanthanide coordination complexes. Our future plans involve
investigating the ability of the softer sulfide and selenide
ligands to form complexes with actinide metals, as well as pre-
paring the analogous phenyl(bis-2-thienyl)phosphine com-
pound and its chalcogenide derivatives.
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