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Thiocarbonylphosphorane and Arsorane Ligands

Liam K. Burt,” Anthony F. Hill* ¢ and Stephanie L. Jones?

Independently unstable thiocarbonylphosphorane or arsorane
ligands S=C=AR; (A = P, As) are observed in the salts [W(n2-C,S-
SCAR3)(CO).(Tp*)]PFs [ARs = PCys, PMenPhs.: n = 0, 1, 2, AsMePhs;
Tp* = tris(dimethylpyrazolyl)borate] which arise from the reactions
of phosphoniocarbynes [W(=CAR;)(CO):(Tp*)]* with sulfur.

The coupling of ligands underpins the synthetic utility of
organotransition metal chemistry, encompassing inter alia
reductive elimination, migratory insertion and alkene/alkyne
metathesis processes. Perhaps the two most ubiquitous ligands
in organometallic chemistry are carbon monoxide (CO) and
phosphines (PRs). Many thousands of complexes are known to
contain both and so it might be expected, were it plausible, that
by now the coupling of phosphine and carbonyl ligands might
have been observed. In isoelectronic terms, migration of a o-
silyl ligand to a carbonyl, isonitrile! or thiocarbonyl,2 whist rare,
has on occasion been observed, as has the insertion of CO into
a metal phosphido bond (Scheme 1).3
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Scheme 1: Heteroacyls. [Zr] = ZrCI(CsMes),,* [Ru] = RuCl(PPhs),,2 [Hf] = HfCI,(CsMes).3

These archetypal examples have in common that the
resulting heteroacyl adopts a bidentate coordination mode that
satisfies not only the effective atomic number requirements of
the metal but also its HSAB proclivities. Thus the CO examples
involve early, hard (oxophilic) d° metal centres, while
‘metallathiirenes’ (Chart 1b)* are favoured for later soft
transition metals.®
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Chart 1: Canonical Descriptions of Heteroacyl Bonding:
metallachalcirene (E=0, S, Se, Te).
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The products of the coupling of PR3 and CO ligands would be
phosphonioacyls (carbonylphosphoranes) and whilst neither
these nor mononuclear thiocarbonylphosphoranes are known,®
phosphaketene RP=C=0 complexes have been described from
phosphinidene/carbonyl coupling? and a single
phosphorylthioacyl complex has been reported.8 Accordingly,
we report herein the synthesis of the first examples of
thiocarbonylphosphorane (SCPRs) and thiocarbonylarsorane
(SCAsR3) complexes.

The homologues PhsP=C=C=E (E = O, S) are well known,
isolable, stable and synthetically versatile reagents,®»b as are
the less widely explored bis(phosphonio)chalcocarbonyls
(Ph3P),C=E (E =S, Se).°c In contrast, there are no known
examples of RsP=C=E and computational optimisation (DFT:
®B97X-V/6-31G*/LANL2DL) of the hypothetical molecules
Me;sP=C=E (E=0, S, Se, Te) in all cases returned geometries with
a single imaginary vibrational frequency corresponding to
oscillation of the ylidic carbon orthogonal to the P-E vector.
Similar analysis at this level of theory provided satisfactory
geometries for the extended molecules R3P=C=C=E (R = H, Me;
E =0, S) as well as (Me3P),CS (see ESIT).

The nucleophilicity of the chalcocarbonylates
[M(CE)(CO)2(Tp*)]- (M = Mo, W; E = S, Se, Te; Tp* =
hydrotris(3,5-dimethylpyrazolyl)borate)® has been exploited
for the synthesis of isochalcocarbonyl®® and p-carbido
complexes!? as well as novel carbon chalcogenide ligands, e.g.,
CCS, CTeC, CTeTeC.12 We therefore sought a complementary set
of electrophilic chalcocarbonyl complexes, e.g.,
[W(CE)(CO)2(PRs3)(Tp*)]*, which are heavier congeners of the
known carbonyl complexes [W(CO)s(PRs)(Tp*)]* (PRs = PMe;,
PEt;, PPhs, PMe;Ph).1* We anticipated (incorrectly) that
addition of chalcogens across the W=C multiple bond?*e&15 of
the readily available phosphoniocarbyne salts
[W(=CPR3)(CO)-(Tp*)]PFs (PRs = PPh; 1a, PMePh, 1b, PMe,Ph
1c, PCy; 1d)%16 would be accompanied by migration of the
phosphine to tungsten. In practice, the reactions of these
phosphoniocarbynes with elemental sulfur results in the
formation of intense blue salts [W(n2-SCPR3)(CO).(Tp*)]PFs (PR3
= PPh3 2a, PMePh; 2b, PMe,Ph 2c, PCy; 2d, Scheme 2).
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Scheme 2: Synthesis of Thiocarbonylphosphorane and Arsorane Complexes.

While formation of 2a-c was essentially complete within 6
hours in refluxing tetrahydrofuran, the more sterically
encumbered PCy; derivative 1d required 18 hours for significant
(ca 80%) formation of 2d, and this was accompanied by the
onset of decomposition, with only ca 90% purity being achieved
after chromatography. The formulation as
thiocarbonylphosphorane rather than thiocarbonyl-phosphine
complexes was immediately suggested by the absence of an
infrared vcs absorption in the 1200-1350 cm region!? and the
striking blue colours, reminiscent of those for thioaroyl**> and
selenoaroyl'> complexes. The formulation was confirmed from
a combination of 23C{tH} NMR data (Table 1) and
crystallographic analyses of 2a (ESI{) and 2b (Figure 1).

The phosphines chosen provide a spread of Tolman
electronic parameters from v' = 2068.9 (PPhs) to 2056.4 cm
(PCys),18 however this variation in basicity is only mildly
transmitted to the tungsten centre or the thioacyl carbon, as
reflected in infrared (vco) data. The values of 1Jpc and Zwp are
rather invariant with the exception of the PCy; derivative for
which both are significantly reduced, perhaps accounting for
this derivative being the least stable. Most likely, this reflects an
approach to the limit of steric bulk that may be easily
accommodated around the ‘CS’ unit. In this context we note
that 2d is unique in that on ambient storage in solution,
reformation of the W=C multiple bond in 1d slowly ensues.

Table 1. Selected Spectroscopic Data for the Complexes [M(SCAR;)(CO),(Tp*)]*

M ARs Veo? kco® 6¢(SC) Upc  Bp°
[em?] [Nem?] [ppm] [Hz] [ppm]
2a W PPhs 2006 1919 15.53 2207 54  26.8¢
2b W PMePh, 1998 1914 15.43 219.0 56 264/
2c W PMePh 1999 1912 15.42 22239 56  30.4"
2d W PCy3 1996 1911  15.39 22279 30 420
4a Mo PPhs 2016 1936 15.75 2355 45 210

7b W AsMePh, 1999 1905 15.37 2260 — -

aMeasured in CH2Clz. 2Cotton-Kraihanzel force constant. cMeasured in CD2Clz. 4 Lew
= 46 Hz. ¢ 2Jpw = 91 Hz. f2Jpw = 21 Hz. 9 Lew = 45 Hz " 2Jpyy = 20 Hz. / 2Jpw not
resolved. / tcw = 41 Hz.
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Figure 1: Molecular structure of the cation of 2b in a crystal of 2b.2MeCN (50%
displacement ellipsoids, pyrazolyl and phenyl rings simplified. Solvent, hydrogens and
PFg anion omitted). Selected bond lengths (A) and angles (°): W1-S1 2.5638(8), W1—C1
1.978(3), S1-C1 1.716(3), P1-C1 1.767(3), C1-W1-S1 41.98(9), S1-C1-W1 87.61(13), S1-
C1-P1 124.74(18), P1-C1-W1 147.24(19). Insets: View along C1-W1 vector and space-
filling representation (Tp* green)

The molecular structure of the cationic complex of 2b in the
solid state (Figure 1) reveals that the W1-C1 (1.978(3) A) and
C1-51 (1.716(3) A) bond lengths indicate a degree of multiple
bonding, while the W1-S1 bond length of 2.5638(8) A is
somewhat long relative to thiolato ligands bound to seven-
coordinate tungsten.!® Taken together, these indicate that both
valence bond forms (Chart 1) contribute to the overall
description, with perhaps the metallathiirene being particularly
apt. This is borne out by computational interrogation of the
model complex?® [W(n2-SCPMe;3)(CO)(Tp)]* (25: Tp =
hydrotris(pyrazolyl)borate, DFT:@B97X-V/LANL2D(/gas phase,
Figure 2) which provides Léwdin bond orders of 1.037, 1.23 and
1.61 for the W-S, C-S and W—C bonds, respectively.

The HOMO for 25 comprises the W-C multiple bond in
antibonding combination with a sulfur ‘lone pair while
HOMO—9 represents the fully delocalised m-bonding of the
metallathiirene. Accordingly, the sulfur would appear to
present the most nucleophilic site, as substantiated by the
atom-condensed Fukui functions (f-, Table 2) for W (0.174), C
(0) and S (0.260). The LUMO involves considerable
metallathiirene carbon character while the more multicentred
LUMO+1 has substantial carbonyl contribution suggesting both
sites may be susceptible to nucleophilic attack, though the f*
indices for the CS (0.14) and CO (0.02) carbon atoms would
favour the former. The conspicuous intense blue colours of the



SCPR3; complexes (CHCly: Amax = 627 2a, 622 2b, 627 2¢, 627 nm
2d) may be traced (TD-DFT analysis of 25) primarily to
HOMO—LUMO (Calc. 607 nm), HOMO—LUMO+1 and HOMO-
1—-LUMO (Calc. 452, 456 nm) transitions, each of which has
significant LMCT character.

Table 2. Calculated? Atom-Condensed Fukui Functions (f£) and Natural Atomic Charges
(Z) for the Hypothetical Complexes [W(n2-ECPMe;)(CO),(Tp)]* (E=0, S)

E f(W) £(C) f(E) | FIW) FIC) f(E) Z(w) z(c)  z(E)
O 0.7 020 007 | 027 0.03 0.5 1.00 -0.40  -0.66
S 021 014 014 | 0.17 003 0.26 1.08 -0.92 -0.09

9DFT:@B97X-X/6-31G*/LANL2DL(W)/gas phase.
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Figure 2. Frontier orbitals and electronic transitions of interest for the model complex
[W(n2-SCPMe;)(CO)y(Tp)]* (25, DFT:wBP87X-V/6-31G*/LANL2DL(W)/gas phase)

Elaboration of the thiocarbonylphosphorane motif beyond
the present system was explored with respect to the metal,
chalcogen and pnictogen. Molybdenum phosphoniocarbynes
are presently unknown,?1 however the salt
[Mo(=CPPhs3)(CO)2(Tp*)IPFs (3a) was readily prepared by
analogy with 1a, structurally characterised (ESI{) and converted
without issue to [Mo(n2-SCPPh3)(CO),(Tp*)]PFe (4a). Other than
changes expected for replacement of tungsten by molybdenum
the spectroscopic data for 4a (Table 1) conform to those for 2a.
Attempts to prepare the corresponding selenocarbonyl-
phosphorane [W(n32-SeCPPh3)(CO).(Tp*)]PFs from 1a and grey
selenium in THF failed to discern any conversion over 1 week
under reflux. Most likely, this is due to the poor solubility of grey
selenium, given that stable selenoaroyl complexes, e.g.,
[Mo(n2-SeCC4H3S-2)(CO)2(Tp)]* and [Os(n?-SeCCsHsMe-
4)CI(CO)(PPhs)2]?2 are known. Rauchfuss has championed the
use of N-methylimidazole (NMI) for activating selenium?3 and
accordingly the complex 1c was treated with selenium and a
small excess of NMI in refluxing THF. Whilst an intense blue
colour developed consistent with the formation of [W(n?-
SeCPMe;Ph)(CO),(Tp*)]PFs (5¢), this defied isolation. Finally, a
thiocarbonylarsorane was targeted, however treating
[W(=CBr)(CO),(Tp*)] with AsPh; under conditions employed for
phosphoniocarbyne syntheses failed to result in any observable

conversion, perhaps reflecting the reduced nucleophilicity of
arsines cf. phosphines. The first arsoniocarbye
[W(=CAsMePh,)(CO),(Tp*)]OTf (6b) was only recently obtained
via methylation of the arsinocarbyne [W(=CAsPh,)(CO),(Tp*)].2*
This salt was found to react with sulfur to provide the
thiocarbonylarsorane [W(n2-SCAsMePh,)(CO),(Tp*)]OTf (7b),
IR and 13C NMR data for which are comparable to those for 2b
(other than the expected absence of Upc and 3p).

Having established the viability of the ECAR; moiety as a
ligand, the question arises as to why these have yet to arise
from the coupling of chalcocarbonyl and phosphine or arsine
ligands. In thermodynamic termes, it is instructive to consider the
pairs of complexes [W(CE)(CO)2(PMes)(Tp)]* (E = O 89, S 85, Se
8%¢, Te 8T, NMe 8\Me) and [W(n2-ECPMes)(CO),(Tp)]* (E = O 29,
S 25, Se 2%¢, Te 2Te, NMe 2NMe ) _Given the quite different dipoles
in the gas phase for the isomers 85 (2.71 D) and 25 (6.17 D) and
that the complexes 2a-d form in polar THF, the calculations
were performed using a polarization continuum model (g =
7.43). The energies of the isomers are depicted in Figure 3 from
which it is clear that the chalcocarbonylphosphorane complexes
25, 25¢ and 2Te are more stable than their corresponding
chalcocarbonyl-phosphine isomers 85, 85 and 8T by 7.3, 15.5
and 24.0 kcalmol?, respectively. In contrast the
carbonylphosphorane complex 2° is considerably higher in
energy (25.6 kcalmol?) than 8°. The isonitrilephosphorane 2NMe
is similarly less stable than the isonitrile-phosphine complex
8NMe by 14.6 kcalmol. This may be traced primarily to the
increasingly strong W—S/Se/Te interaction as might be expected
from HSAB considerations. Dihapto acyl ligands?> typically have
weak metal-oxygen bonding to any but the most oxophilic
(often d% metals, while iminoacyls have somewhat stronger M—
N bonding.26 It should also be noted that metal-carbon bond
strength increases for M—CO < M—CS < M—CSe < M—CTe, and this
is sacrificed upon migration in silico to the chalcocarbonyl.
Based on Cotton-Kraihanzel force constants for the two
carbonyl spectator ligands (Table S2, ESIf), the notional
coupling of CE and phosphine ligands results in an increase in
the metal m-basicity, i.e., is reductive in nature, while the net
acceptor capacity of the ligands ECPMe; increases in the series
CE=CNMe < CO<CS<CSec<C(CTe.

In  conclusion, chalcocarbonylphosphoranes or
arsoranes ECAR; (E=S, Se; A =P, As) appear to be independently
unstable and have not been previously observed, it is possible
to construct examples of these ligands at a metal centre, where
they show no tendency to cleave to the corresponding
chalcocarbonyl and phosphine ligands. Phosphonioacyl
(carbonylphosphorane) ligands OCPRs; and their isonitrile
analogues, however, appear to be thermodynamically
disfavoured relative to carbonyl/isonitrile-phosphine isomers.
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Figure 3. Relative energies (kcalmol!) and optimised geometries for isomeric

chalcocarbonyl-Phosphine

[W(CE)(CO),(PMes)(Tp)]* (8%) and

chalcocarbonylphosphorane [W(n2-ECPMes)(CO),(Tp)]* (2F) complexes (E = O, A,
Se, Te, NMe; DFT: ®B97X-V/6-31G*/LANL2DC(W, Se, Te)/THF).
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