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Synthesis of S-alkyl phosphinocarbodithioates with switch
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Abstract: Simple and effective synthetic pathways are described to prepare compounds
R2P(X)C(S)SCH(Me)Ph with the P atom either in the oxidation state V [R/X = t-Bu/O (6),
Ph/S, (7), t-Bu/S (8), t-Bu/Se (9)] or 11l [R/X = Ph/BHz (4), t-Bu/BHz (5), t-Bu/lone pair (10)].
Compound 9 is the first example of carbodithioate ester with a P=Se group and for the first time
a phosphinocarboditioate with a free phosphine function (compound 10) is described.
Stabilization of the latter crucially depends on the steric protection by the t-Bu groups, since an
analogous derivative with R = Ph is observable but too unstable for isolation. Compound 10
can be reversibly protonated to yield the [t-Bu,PHC(S)SCH(Me)Ph]* cation (10-H*), which
was isolated as a BFs salt. A few interconversion processes resulting in the facile

addition/removal or exchange of the X group in this family of compounds are also described.


mailto:eric.manoury@lcc-toulouse.fr
mailto:eric.manoury@lcc-toulouse.fr

The phosphorus atom oxidation state and the nature of electron-withdrawing group have a
significant impact on the spectral properties.

Introduction
Phosphinocarbodithioates (

Figure 1a) have been widely used as ambidentate ligands in coordination chemistry to bind
lead(I1V),%2 mercury(11),% tin(1V),% and iron(11)* via the S atom, or niobium(11)°® and tungsten(11)®
via the P atom. The phosphacarbodithioate structural motif often acts as bidentate ligand in

complexes with ruthenium’ and iron® that mimic certain biological systems.
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Figure 1. Phosphinocarbodithioate structural motifs.

Many phosphinocarbodithioate ester derivatives have been synthesized by alkylation of the
corresponding carbodithioate anions in which the phosphino group, with various substituents
like alkoxy, aryl or dialkyl amino is protected (

Figure 1b) by covalent bonding (X = O, S, BH3)%° 10 or by metal coordination (X = [M], M=W,
Ru, Fe, Cr, Mo, Mn)8811.12.13.14.15 bt to the best of our knowledge, no carbodithioate ester
with an unprotected phosphino group has so far been described. The present contribution
addresses the convenient preparation of the first example of a stable compound of general
formula t-BuPC(S)SR which involves a phosphorus atom with a free lone pair, as well as
several t-Bu2P(X)C(S)SR derivatives (X = BHs, O, S, Se) and describes simple protocols for
the addition/removal/exchange of the X group.

Results and Discussion

Synthesis



Our synthetic exploration started with the ubiquitous diphenylphosphino group by direct
alkylation of the phosphinocarbodithioate salts (Scheme 1). The reaction of secondary
phosphines (R2PH) in a mixture of carbon disulfide and a weak base such as triethylamine or
potassium phenolate at ambient temperature results in the formation of the corresponding

triethylammonium or potassium phosphinodithioformates in high yields.®
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Scheme 1. Direct alkylation of phosphinocarbodithioate salts.

A deep red solution of lithium diphenylphosphinodithioformate was generated by reaction of
diphenylphosphine with n-BuLi in THF followed by the addition of CS>. The subsequent
addition of 1-bromo-1-phenylethane led to an immediate color change to orange and to the
precipitation of a brownish solid. The analysis of the reaction mixture revealed a mixture of
unidentified species and the absence of the desired alkylation product. Other attempts to obtain
the target product by reducing the P=O or P=S functions from previously described
Ph2P(X)C(S)SCH(Me)Ph (X = O, S)*° using known protocols’8 were equally ineffective. The
use of stronger reducing agents (LiAIH4, P(NMe2)s, etc.) led to disappearance of the initial deep
violet color, which is typical of the conjugated —C(S)SR function, immediately after the
reducing agent addition (even at -20°C) without a significant shift of the 3!P{*H} NMR
resonance from the starting compound value. In case of the less active NaBHa, no reaction was
observed.

We then considered the deprotection of a phosphine-borane derivative. An ester of formula
Ph2P(BH3)C(S)SMe has already been described. It was synthesized by methylation of the
carbodithioate salt PhoPC(S)S'K* by Mel in CS; followed by addition of a borane THF solution
but no yields were given.® Due to the relative acidity of secondary phosphine-borane adducts,
compound 4 could be prepared according to a slightly modified literature method.*® The

diphenylphosphine-borane adduct was first deprotonated by n-BuLi. Subsequent treatment of



the obtained anion with an excess of carbon disulfide led to the formation of the corresponding
salt Pho(BH3)CS2'Li*, which could be detected immediately after addition of the first CS, drops
by the appearance of a characteristic deep red color. Nevertheless, the generated solution was
treated directly with 1-bromo-1-phenylethane to yield the target compound 4. Protection of the
reaction mixture from light at this stage improved the yield (35% versus 18% in case of light
exposure). Compound 4 is not air-sensitive in the solid state or in solution, but slowly
decomposes at room temperature. However, it can be stored at 4°C for weeks without noticeable
change. In order to remove the BH3 group from the phosphorus atom a set of experiments was
performed using morpholine, EtsN and DABCO. In all reactions, 3P NMR monitoring
indicated full consumption of 4 (broad doublet at 6 =45.0 ppm) after 0.5 h at room temperature
(or 0°C in the case of DABCO), while a narrow singlet at 6 = 37.1 ppm appeared as the major
new resonance (see supplemental Figure S1). We assigned this resonance to the desired free
phosphine derivative, PhoPC(S)SCH(Me)Ph. However, the product decomposed in solution
after 1h at ambient temperature, or during the purification step (Figure S2), as indicated by a
color change from dark-violet to bright orange. When the deboration of compound 4 was
performed in the presence of Sg (see Scheme 2), the previously described
Ph2P(S)C(S)SCH(Me)Ph, 7,1 was isolated in appreciable yields (25%). A control experiment
showed no reaction between compound 4 and Sg in the absence of DABCO in the 0°C — 25°C
temperature range, whereas a mixture of decomposition products with only traces of 7 was

obtained at higher temperatures, as indicated by 3P NMR.



e p

R = Ph (can be observed, unstable)
10 R ={Bu (96%)

1. nBuLi, THF DABCO,
-40°C to 0°C TO'Uene60 c5
2.CS,, 0°C B ®)
BH3 0,
i 3. BrCH(CH3)Ph, 12 °C DABCO, S or Se X
R‘P R~P.__s
R’\P\H \( Toluene, R hig
R 0°C (4), 60°C (5) S
1 R=Ph 4R Ph (35%) 7 R=Ph,X=8 (25%)
2 R=1tBu 5 R=1tBu (67%) 8 R=1Bu,X=S (95%)
9 R=Bu, X =Se (92%)
1. nBuLi, THF DABCO, air bubbling
-40°C to 0°C Toluene, 60°C
2.CS,, 0°C
O 3.BrCH(CH3)Ph, 12°C O
tBu—P._ Bu=P._s
tBY H tBU \ﬂ/
S
3 6 (45% from 3; 91% from 5)

Scheme 2. Synthesis of phosphinocarbodithioates 4-10. The numbers in brackets display
isolated yield of compounds

Since PhoPC(S)SCH(Me)Ph proved to be unstable, subsequent efforts were redirected to an
analogous system with two bulky alkyl groups. The direct transformation of di-tert-
butylphosphine by the usual reaction sequence (treatment of its lithium salt with an excess of
carbon disulfide and further alkylation) was unsuccessful, just as the same procedure described
above for the diphenylphosphine reagent. The use of the di-tert-butylphosphine-borane
complex 2 under the same reaction conditions gave the corresponding (S-methylbenzyl (di-tert-
butylphosphino)carbodithioate)trihydroboron 5 in 67% yield (Scheme 2). The product is air
stable at room temperature and does not thermally degrade in solution up to 100°C under argon.
Treatment of compound 5 with DABCO in toluene at 60°C led nearly quantitatively to
compound 10 (Scheme 2), which is air sensitive but can be purified and handled under an argon
atmosphere. In the solid state, it slowly converts to corresponding oxide 6 upon exposure to air
(12% of oxide after 24 h at ambient temperature).

The deboration of 5 could also be accomplished at ambient temperature by stirring with excess

EtsN in THF or in dioxane overnight. Subsequent removal of all volatile components in high



vacuum led to the quantitative recovery of compound 10, thus avoiding the tedious column
flash-chromatographic separation at the product purification stage. The phosphinoyl compound
6 can be prepared either by deboration of 5 in air or by direct synthesis from the readily available
di-tert-butylphosphine oxide 3, applying the usual reaction sequence: (i) deprotonation with n-
BuLi, (ii) treatment with an excess of CS; and (iii) alkylation of the generated carbodithioate
salt with 1-bromo-1-phenylethane (Scheme 2). The sulfur (8) and selenium (9) derivatives can
be obtained selectively and nearly quantitatively by treatment of 5 with DABCO in the presence
of Sg and Se powder, respectively. Compound 9 is, to the best of our knowledge, the first
example of carbodithioate ester with a P=Se group directly connected. It is worth pointing out
that compound 8 has also been obtained from 10 by treatment with Sg at 60°C in toluene
solution without significant decrease of the final product vyield, relative to the one-pot
deboration-sulfuration of 5. A control experiment showed no reaction between 5 and Sg in the
absence of DABCO in the 25°C — 60°C temperature range; only the *'P NMR resonance of 5
at 0 = 67.9 ppm was observed after 24 h.

Treatment of 10 with an excess amount of the strong acid HBF4 led to the protonated product
10-H* (Scheme 3). The protonation is reversible; treatment of 10-H* with an aqueous sodium
bicarbonate solution led to the quantitative recovery of 10. The [10-H][BF] salt could be
obtained nearly quantitatively from 10 and the equimolar amount of acid in CH.Cl; at 0°C. It
IS an air-stable, hygroscopic, pink waxy solid, insoluble in Et,O and alkanes, which can be used

as a convenient precursor of 10.
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Scheme 3. Reversible protonation of compound 10 in CH2Cl».

Spectroscopic properties



31p{*H} NMR is a useful tool for following the chemical changes around the phosphorus atom

(see Table 1).

Table 1. Selected NMR data for compounds t-Bu2P(X)C(S)SCH(CHz)Ph

Compound 31p NMR (6/ppm) 13C {H} NMR (CS2, 8/ppm)
5 (X = BHa) 67.9 (Nep =70.7 Hz) 231.1 (Jcp=11.8 Hz)
6(X=0) 56.4 239.0 (Jop = 45.2 Hz)
8 (X=9) 84.9 234.9 (Jep = 30.3 Hz)
9 (X=Se) 86.6 (Npse = 710.4 Hz) | 231.6 (Jcp = 22.9 Hz)
10 (X = nothing) | 67.4 247.5 (Jcp=60.1 Hz)
10-H* (X =H*) | 38.5 (J*pr=479.6 Hz) 210.5 (Jcp = 49.1 Hz)

The resonance of compound 10, at 67.4 ppm, is unusually downfield shifted, at essentially the
same position as that of its borane precursor 5 (67.9 ppm). Such a strong downfield *'P NMR
chemical shift for a free phosphine has already been reported for sterically hindered di- and tri-
t-Bu phosphine derivatives.'® The resonance of 10 is downfield shifted from that of 6 (56.4
ppm), but upfield from those of 8 (84.9 ppm) and 9 (86.6 ppm). The latter exhibits the expected
satellites because of coupling to the ’Se isotope (7.6% abundance). Correspondingly, a doublet
is observed in the 7"Se NMR spectrum at -384.4 ppm (*Jser = 710.8 Hz). The YJpse value is
known to respond to the phosphorus atom hybridization, increasing as the s character of the
phosphorus orbital used in P-Se bonding increases.?° The value measured for 10 is intermediate
between those of triaryl and trialkyl phosphine derivatives and quite close to that of compound

PhMe,P=Se, indicating that the C(S)SR group has intermediate electron-donating effect



between those of an aryl and an alkyl group. As such, 10 is expected to react as a ligand and as
a base, in agreement with the reversible protonation leading to the stable phosphonium
derivative 10-H* (vide supra). The latter exhibits the expected resonance in the 3P NMR
spectrum as a broad doublet (Figure S3), collapsing to a singlet in the decoupled 3P{*H}
spectrum (Figure S4) and a corresponding doublet ({Jup = 471.1 Hz) in the *H NMR spectrum
at 0 = 7.01 ppm (Figure S5).

The 3C NMR spectra also give interesting information, particularly in terms of the
C(S)S- group resonance (Table 1). Replacing Ph with t-Bu groups on the phosphorus atom from
4 to 5 shows that the carbon chemical shift of the -C(S)S- group remains essentially unchanged
(from 230.6 for 4 to 231.1 ppm for 5), while 1Jcp decreases dramatically from 25.9 to 11.8 Hz.
For the 5-9 series of derivatives, the —C(S)S- resonance remains within a narrow chemical shift
range (231.1 - 238.9 ppm), whereas it is significantly more downfield shifted for 10 (247.5
ppm) and upfield shifted for 10-H* (210.5 ppm). This resonance also shows a much greater *Jcp
value for 10 (60.1 Hz) than for all other derivatives (in the 11.8 — 47.8 Hz range).

The IR spectra exhibit characteristic stretching bands for the thiocarbonyl moiety (C=S) with a
frequency that is modulated by the P=X substituent: 1045 cm™ (4), 1073 cm™ (5), 1079 cm*
(6), 1069 cm™ (8), 1066 cm™ (9), 1066 cm™ (10) and 1051 cm™ (10-H*). The corresponding
frequencies for the stretching bands of the (C=S) moieties for the known diphenyl-substituted
analogues, Ph,P(X)C(S)SCH(Me)Ph, are much higher (1097 cm™ and 1190 cm™ for X = O and
S, respectively).?! The B-H bonds in compounds 4 and 5 also provided strong absorption bands,
as expected (2370 cm™ for 4 and 2393 cm™ for 5). The P=0 bond stretching vibration in
compound 6 was found at a lower wavenumber than in the diphenyl analogue (1157 cm™ vs.
1190 cm™)° and the same trend was also shown by the P=S vibration (651 cm™ for 8 vs. 722

cmin the diphenyl analog'®). The P=Se stretching vibration in compound 9 was found at a



much lower wavenumber, 548 cm™, in the expected range for P=Se stretching vibrations (440-
600 cm™)2! close to the value measured for PhoP(Se)NSiMes (567 cm™).??

X-ray structural analyses

The molecular structures of 6, 8 and 9 are quite similar (Figure 2, Table S1), based on a
phosphorus atom linked to two tert-butyl groups, a carbodithioate substituent and O, S or Se
atoms for 6, 8 and 9 respectively. The full geometric parameters of their crystal structures are
listed in Table S1, while selected bond lengths (A) and angles (°) are collected in Table 2.

Table 2. Selected bond lengths [A] and angles [°] for all structures

6 8 9

P—C(S2) 1.8498(14) 1.859(4) / 1.863(4) 1.857(3)
P—C(C3) 1.8532(15)  1.885(4) / 1.867(5) 1.888(3)
P—C(C3) 1.8578(15) 1.877(4) / 1.868(5) 1.882(3)
P-X 1.4862(10) 1.9616(15)/ 1.9579(16)  2.1172(8)
C=S 1.6391(14)  1.635(5) / 1.638(5) 1.638(3)
c-5s 1.7150(14)  1.728(4) / 1.712(4) 1.718(3)
s-c 1.8328(14) 1.838(4) / 1.837(5) 1.834(3)
C(S2)-P-X 109.31(6)  109.31(6) 109.88(10)

C(C3)-P-X 109.68(7)  110.22(15)/110.28(17) 110.24(10)

C(C3)-P-X 109.87(6)  111.43(17)/110.8(2) 111.08(13)
C(S2)-P-C(C3) 104.82(6)  103.13(18)/105.0(2) 103.67(16)
C(S2) - P—-C(C3) 107.44(7)  107.6(2)/105.9(2) 107.26(14)

C(C3)-P-C(C3) 11547(7)  114.4(2)/114.0(3) 114.39(15)




In compound 8 there are two roughly identical molecules within the asymmetric unit as
shown in the molecular overlay of Figure S6. The weighted r.m.s. fit is 0.226 A° for 9 heavy
atoms (S21, S22, S23, P2, C21, C24 C241, C244 and C247), with a maximum deviation of
0.579 A° for the S23 atom. These two independent molecules are connected through C-H-xt
interactions (Table S2). In all compounds there are C-H---X (O, S, Se) intermolecular
interactions that stabilize the packing.

In all compounds the non-substituted S atom of the carbodithioate group is located anti to the
X (O, S, Se) atom with respect to the P1-C1 bond. The X-P1-C1-S2 torsion angles are
172.00(8)° for 6, 169.9(2)°[178.2(2)°] for 8 and 170.4(2)° for 9. Similar conformations have
also been observed in related compounds such as PhoP(O)C(S)SCH(Me)Ph with a torsion angle
of 175.1°,2% (c-CsH11):P(S)C(S)SMe (180°)% and Ph:P(S)C(S)SCH(Me)Ph (153°).2° Most
bond lengths and angles are similar; the nature of the P-bonded X group has no significant effect
on the P-C(S) and C=S bond lengths. The P-C(S) bonds in the t-BuzP(X)- derivatives are shorter
than in the previously described PhoP(O)- and (NiPr2)2P(0)- derivatives (1.848 and 1.868 A,
respectively).'® As expected, the P=X bond length increases with an increase of the X atom size:
1.4862(10) A for P=0 (6), 1.9616(15)[1.9579(16)] A for P=S (8) and 2.1172(8) A for P=Se (9).
A search in the Cambridge Structural Database using the C2P(=X)(CSz) fragment reveals only
19 hits, with only 3 referring to carbodithioate derivatives,'®?3 the remaining corresponding to
di- or trithiate rings. However, a comparison of the P=X distances for the whole reference set
shows that the P=0O distance in compound 6 (1.486(1) A falls within the previously observed
range (1.481 to 1.492 A),1.10:242526.27.28 \y hereas the P=S distances in two independent molecules
of compound 8 (1.962(2) and 1.958(2)) are slightly longer than the previously observed ones
(1.946 to 1.952 A)%?% and the P=Se distance in compound 9 (2.1172(8) A) is also slightly

longer that the previously observed ones (2.098 and 2.103 A).10.23.27,28,29.30



Crystallographic data (excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC 1889097- 1889099.
Copies of the data can be obtained free of charge on application to the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail:

deposit@ccdc.cam.ac.uk).
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Figure 2. Molecular views of compound 6 (above) 8 (center) and 9 (below) with the atom
labelling scheme. Only one of the two independent molecules in the asymmetric unit is drawn
for compound 8. The ellipsoids are drawn at the 50% probability level. The H atoms are

represented as small circle of arbitrary radii.

Conclusions

A simple gram-scale synthetic pathway was used to obtain efficiently six new S-(1-phenylethyl)
phosphinocarbodithioates, five of which bear the same di-tert-butylphosphino fragment.
Various interconversions of these compounds have been accomplished under mild conditions
in nearly quantitative yields. All the new compounds of the study have an appropriate structure
to operate as a chain transfer agent in the RAFT (reversible addition-fragmentation chain
transfer) process. 313233 Indeed, various S-alkyl phosphinocarbodithioates have been efficiently
applied as chain transfer agents showing excellent results for a wide variety of activated
monomers such as styrene, acrylates and acrylamides. The modularity and the interconversions
of the new compounds described in this report may be of interest in RAFT polymerization. This

study is ongoing and will be reported in due course.

Experimental Section
General experimental
All reactions were carried out under an argon atmosphere using standard Schlenk techniques.
Melting points were determined on a Boetius apparatus and were uncorrected. Solvents were
carefully dried by conventional methods and distilled under argon before use. Column
chromatography was performed on Carlo Erba silica gel 60A, 70 - 200 um size. Di-tert-

butylphosphine borane,* diphenylphosphine borane® and di-tert-butylphosphine oxide*® were



prepared according to literature procedures. Chlorodiphenylphosphane (97%, TCI), di-tert-
butylchlorophosphane (96%, Alfa Aesar) di-tert-butylphosphine (98%, Sigma Aldrich), 1,4-
diazabicyclo[2.2.2]octane (97%, TCI), n-butyllithium (1.6 M solution in hexanes, Sigma
Aldrich), (1-bromoethyl)benzene (97%, Sigma Aldrich), and tetrafluoroboric acid (diethyl
ether complex, Sigma Aldrich) were used as received. The *H, BC{*H} and *P{*H} NMR
spectra were recorded with a Bruker Avance 400 FT-NMR spectrometer. The resonances were
calibrated relative to the residual solvent resonances and are reported with positive values
downfield from TMS. For all characterized compounds, the peak assignments in the *H and *C
NMR spectra were based on COSY, HSQC and HMBC 2D experiments. HRMS were obtained
from dichloromethane solutions with a Xevo G2 Q TOF spectrometer by the electrospray or
chemical ionization method.

General synthetic procedure for 4-6: The phosphine borane or phosphine oxide (6.24 mmol)
solution in THF (100 mL) was treated with a slight excess of n-butyllithium (4.1 mL, 1.6 M in
hexane, 1.05 eq.) at -40°C. The resulting bright yellow mixture was allowed to warm up to 0°C
and further stirred for 1h. A large excess of CS» (2.2 mL, 33.6 mmol) was then added dropwise
at 0°C to yield a dark red solution. The mixture was covered with aluminum foil, and was
allowed to warm up to 12°C and stirred for 15 min. (1-Bromoethyl)benzene (1.10 mL, 9.87
mmol) was then added, and the dark red solution was stirred for additional 4 h at 12-15°C.
After solvent removal under reduced pressure, the residual product was eluted through a silica
gel chromatographic column using hexane/toluene (1:1 v/v) as mobile phase, followed by
evaporation of the product-containing fractions. All compounds were obtained as oily materials.
Recrystallization from a dichloromethane/pentane mixture (1:10) led to the solid compounds.
The spectral data for compounds 4-6 are shown in the Supporting Information (Figures S7 to

$20).



Compound 4: (S-(1-phenylethyl) (diphenylphosphino)carbodithioate)trinydroboron. Pink
amorphous solid. Yield 0.831 g, 35%.mp = 52-54°C (bleaching). *H (400 MHz, CDClz) é:
7.80-7.68 (4H, m, Ph), 7.60- 7.43 (8H, m, Ph), 7.37-7.30 (3H, m, Ph), 5.25 (1H, qd, 3Jun=7.1
Hz, “Jup= 2.0 Hz, CHCHs), 1.73 (3H, dd, 3Jun = 7.2 Hz, ®Jpe = 1.0 Hz, CHCHs3), 1.60-0.78 (3H,
m, BHs). 'B{*H} (128 MHz, CDCls) &: -36.8 (br s). 3C{'H} (125 MHz, CDCls) &: 230.6 (d,
Yep = 25.9 Hz, C(S)S), 140.0 (*"C-CHCH3), 133.7 (d, Jer = 9.4 Hz, P"CH), 133.6 (d, Jcr = 9.3
Hz, P"CH), 132.0 (d, Jcp = 2 Hz, 2C P"CH para), 128.75 (Jcp = 10.4 Hz, P"CH), 128.71 (°*"CH),
128.71 (Jep = 10.5 Hz, P"CH), 127.4 (d, Ycp = 3.7 Hz, P'C-P), 127.3 (d, YJcp = 3.7 Hz, P"C-P),
50.5 (CHCHs), 20.3 (CHCHs3). 3P{*H} (162 MHz, CDClIs) &: 45.0 (br m). HRMS (ESI): m/z:

[M+H]* Calcd for for C21H23BPS; 381.1066 Found 381.1105.

Compound 5: (S-(1-phenylethyl) (di-tert-butylphosphino)carbodithioate)trihydroboron. Pink
amorphous solid. Yield 1.406 g, 67%. MP =59-61°C. 'H (400 MHz, CDCls) &: 7.38-7.25 (5H,
m, Ph), 5.18 (1H, qd, 3Jun = 7.2 Hz, “Jup = 1.9 Hz, CHCH3), 1.70 (3H, d, 3Jun = 7.0 Hz, CHCHy),
1.43 (9H, d, 3Jpp = 13.8 Hz, C(CH3)3), 1.34 (9H, d, 3Jup = 13.8 Hz, C(CHa)s), 1.59-0.58 (3H, m,
BHs). 1'B{*H} (128 MHz, CDCls) &: -41.0 (br d, “Jsp = 51.4 Hz). 3C{*H} (125 MHz, CDCls)
§: 231.11 (d, Ycp = 11.8 Hz, C(S)S), 140.37 (""C-CHCHj3), 128.55 (P"CH), 127.97 (P"CH),
127.73 (""CH), 49.41 (CHCH3), 35.73 (d, J'cp = 20.2 Hz, C(CHs)s), 35.69 (d, %cp = 20.7 Hz,
C(CHa)3), 28.57 (C(CHa)s), 28.46 (C(CH3)3), 19.94 (CHCH3). 31P{*H} (162 MHz, CDCls) &:
67.9 (br d, g = 70.7 Hz). HRMS (ESI): m/z: [M-H]* Calcd for for C17H29BPS; 339.1541
Found 339.1548.

Compound 6: S-(1-phenylethyl) di-tert-butylphosphinoylcarbodithioate. Pink solid. Yield
0.950 g, 45%. MP = 96-98°C. H (400 MHz, CDCls) §: 7.36-7.18 (5H, m, Ph), 5.17 (1H, qd,
3Jun=7.1Hz, np= 1.8 Hz, CHCHs), 1.65 (3H, dd, 3Jun = 7.1 Hz, ®Jup = 0.6 Hz, CHCHj3), 1.35

(9H, d, 3Jup = 14.3 Hz, C(CHa)3), 1.27 (9H, d, 3Jup = 14.3 Hz, C(CHs)s). 13C{*H} (125 MHz,



CDCls) &: 239.0 (d, Ycp = 45.2 Hz, C(S)S), 140.6 (""C-CHCHs), 128.5 (""CH), 127.8 (°""CH),
127.7 (""CH), 47.3 (d, 3Jcp= 1.6 Hz, CHCHa), 37.17 (d, YJcp = 55.6 Hz, C(CH3)3), 37.15 (d, LJcp
= 55.8 Hz, C(CHj3)3), 27.17 (C(CHBa)3), 27.09 (C(CHs3)3), 20.2 (CHCH3). 3P{*H} (162 MHz,
CDCIs) 8: 56.4. HRMS (DCI, CH4): m/z: [M+H]" Calcd for for C17H280PS; 343.1319 Found
343.1319.

Alternative synthetic procedure for 6: A solution of compound 5 (1.27 mmol) in toluene (30
mL) in a Schlenk tube covered with aluminum foil was treated with DABCO (0.357 g, 3.16
mmol). Air was bubbled through the solution during heating at 60° with stirring for 6 h. After
removal of the solvent under reduced pressure, the residual product was eluted through a silica
gel chromatographic column using hexane/toluene (1:1 v/v), followed by evaporation of the
product-containing fractions to yield the product in an oily form. Recrystallization from a
dichloromethane/pentane mixture (1:10) led to 0.276 g (91%) of the product as a crystalline
solid.

General synthetic procedure for 7-9: A solution of 4 or 5 (1.27 mmol) in toluene (30 mL)
under Ar atmosphere in a Schlenk tube covered with aluminum foil was treated with either
sulfur (0.203 g, 6.32 mmol) or selenium (0.503 g, 6.32 mmol) powder, and with DABCO (0.357
g, 3.16 mmol). The reaction mixture was stirred for 6 h at 0°C (4) or 60°C (5). After solvent
removal under reduced pressure, the residual product was eluted through a silica gel
chromatographic column using hexane/toluene (1:1 v/v), followed by evaporation of the
product-containing fractions. All compounds were obtained as oily materials. Recrystallization
from a dichloromethane/pentane mixture (1:10) led to the crystalline compounds. The spectral
data for compounds 8-9 are shown in the Supporting Information (Figures S21 to S30).
Compound 7: S-(1-phenylethyl) diphenylthiophosphinoylcarbodithioate. Pink amorphous

solid. Yield 0.126 g, 25%. All characterization data match with the previously reported ones.*®



Compound 8: S-(1-phenylethyl) di-tert-butylthiophosphinoylcarbodithioate. Red-pink solid.
Yield 0.432 g, 95%. MP = 78-79°C. H (400 MHz, CDCls) §: 7.40-7.22 (5H, m, Ph), 4.97 (1H,
qd, 3Jun = 7.1 Hz, “Jup = 2.3 Hz, CHCH3), 1.69 (3H, dd, 3Jun = 7.2 Hz, ®Jup= 0.9 Hz, CHCHj),
1.48 (9H, d, 3Jup = 16.0 Hz, C(CHa)s), 1.38 (9H, d, 3Jup = 16.0 Hz, C(CHa)3). BC{H} (125
MHz, CDCls) &: 234.9 (d, YJcp = 30.3 Hz, C(S)S), 140.6 (P"C-CHCHs3), 128.5 (*"CH), 128.0
(P"CH), 127.7 (P"CH), 50.1 (CHCHs3), 40.72 (d, YJcp = 36.2 Hz, C(CHs)s), 40.69 (d, YJcp = 36.0
Hz, C(CHa)s), 28.2 (C(CHa)s), 28.0 (C(CHa)s), 19.9 (CHCHa). 3P{*H} (162 MHz, CDCls) &:

84.9. HRMS (DCI, CH4): m/z: [M+H]" Calcd for for C17H2sPS3 359.1091 Found 359.1093.

Compound 9: S-(1-phenylethyl) di-tert-butylselenophosphinoylcarbodithioate. Red-green
solid. Yield 0.474 g, 92%. MP = 85-87°C. 'H (400 MHz, CDCls) &: 7.40-7.15 (5H, m, Ph),
4.93 (1H, qd, J = 7.2 Hz, Jup = 2.4 Hz, CHCH), 1.70 (3H, dd, J = 7.2 Hz, Jup = 1.1 Hz, CHCHj),
1.52 (1H, d, Jup = 16.4 Hz, C(CHa)s)), 1.41 (1H, d, Jnp = 16.4 Hz, C(CH3)3). 3C{tH} (125 MHz,
CDCls) &: 231.6 (d, Jcp = 22.9 Hz, C(S)S), 140.5 (""C-CHCHs), 128.5 (P"CH), 128.0 (*"CH),
127.7 (*"CH), 51.4 (CHCHs), 40.86 (d, NJcp = 28.1 Hz, C(CHa)s), 40.74 (d, Ncp = 27.2 Hz,
C(CHa)3), 28.6 (C(CH3)3), 28.4 (C(CHa)3), 19.8 (CHCH3). 3'P{H} (162 MHz, CDCls) 5: 86.6
ppm (s + satellite d (Jpse = 710.4 Hz). 7’Se (500 MHz, CDCls) &: -384.4 ppm (d, YJpse = 710.8

Hz). HRMS (DCI, CHa): m/z: [M-H]" Calcd for for C17H26PS2Se 405.0379 Found 405.0451.

General synthetic procedure for 10: A solution of compound 5 (1.47 mmol) in toluene (30
mL) in a Schlenk tube covered with aluminum foil was treated with DABCO (0.357 g, 2.92
mmol). The reaction mixture was stirred for 6h at 60°C. After removal of the solvent under
reduced pressure, the residual product was eluted through a silica gel chromatographic column

using hexane/toluene (1:1 v/v), followed by evaporation of the product-containing fractions.



The spectral data for compound 10 are shown in the Supporting Information (Figures S31 to
S34).

Compound 10: S-(1-phenylethyl) di-tert-butylphosphinocarbodithioate. Red-pink waxy solid.
Yield 0.459 g, 96%. H (400 MHz, CDClIs) &: 7.40-7.20 (5H, m, Ph), 7.02 (1H, 5.27 (1H, q of
d, 3Jun = 7.1 Hz, “up = 3.5 Hz, CHCH3), 1.69 (3H, d, 3Juw = 7.1 Hz, CHCH3), 1.31 (9H, d, 3Jrp
= 12.3 Hz, C(CHa)3)), 1.25 (9H, d, 3Jup = 12.3 Hz, C(CHs3)3)). 13C{*H} (125 MHz, CDCls) &:
2475 (d, Yep = 60.1 Hz, C(S)S), 141.1 (*"C-CHCHj3), 128.5 (°*"CH), 127.8 (°""CH), 127.4
(P"CH), 49.1 (d, 3Jcp = 17.4 Hz, CHCHa), 35.0 (d, YJcp = 27.6 Hz, C(CHa)3), 34.9 (d, Ycp = 27.4
Hz, C(CH3)3), 29.9 (d, %Jcp = 13.9 Hz, 2C C(CHs)3), 19.4 (CHCH). 3*P{*H} (162 MHz, CDCls)
5:67.4. HRMS (DCI, CH4): m/z: [M-H]" Calcd for for C17H26PS, 325.1214 Found 325.1214.
General synthetic procedure for 10-H+: A solution of compound 10 (0.253 g, 0.775 mmol)
in CH2Cl2 (25 mL) in a Schlenk tube covered with aluminum foil was treated with HBF4-Et,O
(130 pL, 0.930 mmol) at 0°C. The reaction mixture was stirred for 10 min at 0°C. After removal
of the solvent under reduced pressure, the residual product was washed with Et,O (3x10 mL)
and pentane (2x10 mL) and finally dried under vacuum. The spectral data are shown in the
Supporting Information (Figures S35 to S39).

Compound  [10-H][BF4]:  di-tert-butyl-(((1-phenylethyl)thio)carbonothioyl)phosphonium
tetrafluoroborate. Red-pink waxy solid. Yield 0.306 g, 95%. ‘H (400 MHz, CDClz) &: 7.40-
7.28 (5H, m, Ph), 7.01 (1H, d, Wnp = 471.1 Hz, PH), 5.21 (1H, qd, 3Jun = 7.3 Hz, “Jp = 2.0 Hz,
CHCHs), 1.82 (3H, dd, 3Juu = 7.2 Hz, %Jwp = 1.2 Hz, CHCHs), 1.61 (9H, d, 3Jup = 18.1 Hz,
C(CHa)s), 1.48 (9H, d, 3Jup = 18.0 Hz, C(CHa)s). 13C (125 MHz, CDCls) &: 210.5 (d, Jicp =
49.1 Hz, C(S)S), 138.3 (""C-CHCHs), 128.9 (*"CH), 128.7 (""CH), 127.9 (*"CH), 52.1
(CHCHs3), 37.3 (d, Ycp = 26.7 Hz, C(CHag)s3), 37.0 (d, XJcp = 27.2 Hz, C(CHa)3), 27.2 (C(CHa)3),
27.1 (C(CHs)3), 19.8 (CHCHs3). 3P (162 MHz, CDCIs) &: 38.5 (d, 1Jnp = 479.6 Hz).

HRMS (DCI, CH4): m/z: [M]" Calcd for for C17H28PS2 327.1365 Found 327.1368.



X-ray structural analyses. Suitable crystals for the X-ray structural analyses were obtained
for compounds 6, 8 and 9 by slow evaporation of the solvent from saturated acetonitrile
solutions. The single crystals were mounted under inert perfluoropolyether at the tip of glass
fiber and cooled in the cryostream of either an Agilent Technologies GEMINI EOS
diffractometer for 6 and 8 or a Bruker Nonius APEXII for 9. The structures were solved by
using the integrate space-group and crystal structure determination SHELXT?' software and
refined by least-squares procedures on F? using SHELXL-2014.3 All H atoms attached to C
atoms were introduced in calculation in idealised positions and treated as riding models. The
Flack’s parameters®® for the structures of 8, 0.44(3), and 9, 0.504(8), indicate the occurrence of
a twin by inversion. In compound 8, there are two roughly identical molecules within the
asymmetric unit. Figure S6 shows a molecular overlay of the two molecules. One of them
presents a disorder on two tBu C atoms. The disordered models were treated using the tools
(PART, SADI, EADP) available in SHELXL. The drawing of the molecules was realised with
the help of ORTEP32.4%4 Crystal data and refinement parameters are shown in Table S1.
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