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A number of stable group 6 metal complexes bearing 2,4,6-oxy functionalised 1,3,5-triphosphinines,
phosphorus containing heterocyclic ligands with a central CzPz core, were synthesised such that a com-
plete series of [M{PsC3(OX)z}(CO)s] compounds is obtained [M = Cr(0), Mo(0), W(0); X = H, SitBuPh,,
Blipc),]. In all complexes, the triphosphinine coordinates in a 1°-binding mode via the delocalized
6n-system of the ring. The ligand properties can be tuned by changing the substituent on the oxygen
centre. The zn-electron accepting properties of the ligand increases in the following order: PzC3(OH)s <
P3Cs(OSi'BuPh,)s < PsC3(OB(ipc),)s. This trend is reflected in the structures determined by X-ray crystallo-
graphy, and the v(CO) stretching frequencies determined by IR spectroscopy. The collected data raise

Received 7th January 2023, questions with respect to the frequently made assumption that phosphinines act as stronger n-acceptors
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with respect to arenes and thereby deplete electron density at the metal centres. With PsC3(OH)s as an
n®-coordinated ligand further molecules can be coordinated in the second coordination sphere via
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Introduction

Since Mirkl
monophosphinines,
their coordination chemistry have been studied extensively.
Nowadays, these compounds serve as ligands in transition
metal complexes that are active homogeneous catalysts, for
example in hydroformylation, hydrogenation and oligomerisa-
tion reactions.*>'' In contrast to monophosphinines, the
chemistry of phosphinines containing three phosphorus
centres, namely triphosphinines, is much less developed.'>"?
Generally, 1,3,5-triphosphinines are obtained by transition
metal mediated trimerisation of kinetically stabilised
phosphaalkynes.”**” The range of reported 1,3,5-triphosphi-
nines is rather limited and most carry tertiary butyl, tBu, sub-
stituents or related bulky hydrocarbon groups attached to the
C atom of the ring. In combination, these studies led to the
assumption that phosphorus-containing heterocycles have

and Ashe successfully prepared the first

12 these phosphorus heterocycles and
3-10

“Department of Chemistry and Applied Biosciences, ETH Ziirich, Vliadimir-Prelog Weg
1, Honggerberg, 8093 Ziirich, Switzerland. E-mail: hgruetzmacher@ethz.ch,
abelsa@inorg.chem.ethz.ch

bDepartment of Inorganic and Analytical Chemistry, Budapest University of
Technology and Economics, 1111 Budapest, Miiegyetem rakpart 3, Hungary.

E-mail: benko.zoltan@vbk.bme.hu

T Electronic supplementary information (ESI) available. CCDC 2234729-2234735.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d3dt00057¢

3308 | Dalton Trans., 2023, 52, 3308-3314

hydrogen bonds, which may be of interest for the construction of coordination polymers.

strong m-accepting properties with respect to arenes, making
them excellent ligands for binding low-valent electron rich
metal centres in a n°-coordination mode.**#72¢

In 2017, Griitzmacher and co-workers reported on a new
synthetic route to access functionalized triphosphinines by the
reaction of sodium phosphaethynolate, [Na(OCP)], with com-
mercially available (—)-B-chlorodi(isopinocampheyl)borane,
(ipc),B-Cl, forming the boryloxy-functionalised phosphaalkyne
(ipc),B-O-C=P as slightly thermodynamically preferred
product that trimerises in absence of a catalyst to form a 1,3,5-
triphosphinine with a central six-membered P;C; ring
(Scheme 1, P;C3;-B) on a multi-gram scale.>” This compound is
the first triphosphinine that can readily be derivatised and
thereby the electronic properties can be tuned by changing the
substituent at the oxygen atom. Treatment of triphosphinine
P;C;-B with an excess of alcohol yields the deprotected tris
(hydroxyl) triphosphinine P;C;(OH); (P3C;-H), the phosphorus
analogue of cyanuric acid. But unlike cyanuric acid, P;C;(OH);
is rather labile, therefore could not be isolated and was only
stable in solution.

Cyanuric acid is an industrially useful chemical and finds
use in the production of herbicides,*®*° dyes®® and flame
retardants.*** Furthermore, its trimeric structure and the
ability to form hydrogen bonds makes cyanuric acid an attrac-
tive precursor for cross linkers in polymers®**** and an build-
ing block in supramolecular networks.>*™*! The formation of a
stable P3;C3(OH); compound may therefore be of interest.
Furthermore, these type of P;C; rings have shown that they are

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Previous synthesis of borylated compound PsCz—B from the
reaction of Na[OCP] with (ipc),BCl, the formation of the phosphorus
analogue of cyanuric acid (PsCz—H) and the synthesis of molybdenum
2,4,6-oxy functionalised 1,3,5-triphosphinine complexes.

excellent ligands and coordinate in a n%binding mode
through the =m-system of the ring to a molybdenum centre
(Scheme 1). However, the molybdenum complex with
P;C3(OH); as ligand could not be isolated, therefore key struc-
tural information and spectroscopic data is missing.

In this study we investigated the coordination chemistry of
these 2,4,6-oxy functionalised 1,3,5-triphosphinines with
group 6 metals in depth and we were able to isolate and
analyse the phosphorus analogue of cyanuric acid as ligand in
coordination compounds. This series of group 6 metal 2,4,6-
tri-oxy-1,3,5-triphosphinine complexes bearing different substi-
tuents on the oxygen centre allowed us to study the physical
properties of this class of compounds in detail by single-
crystal X-ray structure determinations (XRD’s), IR-, and NMR-
spectroscopic analyses.

Results and discussion

The Mo(0) complexes [Mo{P;C;[OB(ipc),]:}(CO);] Mo-P;C;-B
and [Mo{P;C;[O(SitBuPh,)]3}(CO);] Mo-P;C;-Si were pre-
viously synthesised from [Mo(Mes)(CO);] and isolated in crys-
talline form. The complex [Mo{P;C3(OH);}(CO);] Mo-P;C;-H
could only be spectroscopically observed in solution.*” In
straightforward ligand exchange reactions, the analogous tri-
carbonyl chromium and tungsten complexes of P;C3;-B were
synthesised from [M(NCMe);(CO);] (M = Cr and W) (Fig. 1).
Single crystals of Cr-P;C;-B and W-P;C;-B were grown by slow
evaporation of n-hexane solutions and analysed by single
crystal diffraction. The silyloxy-substituted compound P;C5[O
(SitBuPh,)]s, P3C;-Si, was prepared in solution®” and addition
of the group 6 metal precursor to the reaction mixture yielded
compounds Cr-P;C;-Si and W-P;C;-Si (Fig. 1). The reaction
time varied from 1 hour for Cr-P;C;-Si to 5 days for W-P;C;—
Si, the latter was heated to 40 °C to accelerate the reaction. The
use of multiple reagents explains the rather low isolated yields
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(10-11%) in these one-pot syntheses of M-P;C;-Si (M = Cr, W)
and it proved to be difficult to separate the desired complexes
from a number of side products. Slow evaporation of n-hexane
solutions of Cr-P;C;-Si and W-P;C3-Si gave single crystals
suitable for X-ray diffraction studies.

To obtain the tris(hydroxyl)triphosphinine complexes, the
group 6 metal tricarbonyl complexes of P;C;-B were dissolved
in n-hexane and an excess of methanol was added to give a
biphasic system. After shaking the reaction flask, the sub-
sequently formed P;C;(OH); complexes could be isolated as
orange (M = Cr) or yellow (M = Mo, W) solids from the metha-
nol phase. The n-hexane phase contains the methoxyborane-
(ipc).B(OMe), which could easily be separated. Coordination of
the P;C5(0X); rings [X = B(ipc),: 5(*'P) = 182.7 ppm, X =
SitBuPh,: §(*'P) = 177.5 ppm; X = H: §(°'P) = 133.7 ppm]”’
leads to a significant coordination shift A = §(P;C3[0X];) —
5(IM{P5C5[0X]5(CO);}]) of the *'P NMR resonances to lower fre-
quencies in the range of 161 to 198 ppm, which is especially
pronounced in case of the parent tris(hydroxyl)triphosphinine
P;C;3(OH); (see Table 1, first entry). The AS values increase
slightly in the order Cr < Mo < W within each series of ligand
and SitBuPh, < B(ipc), < H with respect of the group X bound
to the oxygen centres of the P;C;(OX); ring. Comparable
strong coordination shifts (A§ > 160 ppm to lower frequencies)
were also observed when 2,4,6-triphenyl-phosphinine,
PCsH,(Ph)s, or 2,4,6-tert-butyltriphosphinine, P;C;(tBu)z, are
n®-coordinated to a M(CO); fragment.*?

Single crystals of Cr-P;C;-B, W-P;C;-B, Cr-P;C;-Si, and
W-P,C;-Si were grown by slow evaporation of n-hexane solu-
tions and analysed by single crystal diffraction (XRD) (Fig. 1).
Single crystals of the coordinated P;C3;(OH); group 6 com-
plexes were obtained by cooling a concentrated n-hexane solu-
tion of Cr-P;C3;-H, Mo-P;C;-H, or W-P;C;-H in the presence
of tBuOH. The structures of the P;C;-H metal complexes
determined by XRD show interactions of the OH groups of the
ring with the OH groups of tBuOH via hydrogen bonding.
Related O-H---O hydrogen bonding was previously postulated
for Mo-P,C;-H in THF solution.?” Table 1 summarises
selected spectroscopic data and bond lengths and angles of
the solid state structures of the nine different chromium, mol-
ybdenum and tungsten triphosphinine complexes, bearing
different functionalities at the oxygen centres in 1,3,5 position
of the P;C; ring.

In these piano stool complexes, the P;C; ring is planar and
binds in an n°-coordination mode to the metal centre (Fig. 1).
The P-C bond lengths (1.76-1.78 A) of the coordinated P;Cs
rings are slightly elongated compared to the uncoordinated tri-
phosphinine ring (1.736 A).*” Compared to P;C;[OB(ipc),]s
(C-P-C,,: 104°; P-C-P,, 136°), the C-P-C angles become slightly
more acute (P-C-P,, 101.9°) while the P-C-P angles widen
up slightly (P-C-P,, 138.0°) upon coordination to a M(CO);
fragment. Within the complexes, these values vary rather little
[C-P-C 100.6(3)-102.9(3)°; P-C-P 137.0(3)-140.2(4)], but inde-
pendently of M, the boryloxy substituted complexes show the
smallest C-P-C (largest P-C-P) angle, while the hydroxyl sub-
stituted show the largest C-P-C (smallest P-C-P) angle.
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Fig. 1 Synthesis of complexes M—PsC3—B (M = Cr, W), M—P3C3-Si (M = Cr, W) and M—P3C3s—H (M = Cr, Mo, W). The crystal structures of W—P3Cz—
B, W-P3C5-Si and W-P3Cz—H are given below the respective chemical structures. Hydrogen atoms and solvent molecules are omitted for clarity.
Average interatomic distances are summarised in Table 1. The crystal structures of Cr-P3Cs—B, Cr—P3zCs-Si, Cr—PzC3z—H and Mo-P3zCs—H are

included in the ESI.T

Table 1 Selected average bond distances [A] and angles [°] for M—PsC3—B, M—P3C3-Si and M—PsCz—H (M = Cr, Mo, W) obtained from XRD data
with single crystals. Coordination shifts As in the 3'P NMR spectra are defined by §(PsC3[OX]s) — 5(IM{PzC3[OX]s}(CO)s] and are given in ppm

Cr-P;C;-B Cr-P;C3-Si  Cr-P;C;-H  Mo-P;C3-B Mo-P;C;-Si Mo-P;C;-H  W-P;C3-B W-P;C3-Si W-P;C3-H

AS 166 161 191 176 167 193 185 177 198

M-ct 1.6407(8) 1.6499(5) 1.6817(8) 1.753(1) 1.778(6) 1.8157(11) 1.7462(11)  1.7743(19) 1.802(5)
P-C 1.7578(13)  1.7577(7) 1.7597(9) 1.765(4) 1.769(2) 1.7717(18) 1.7687(18)  1.767(3) 1.773(8)
M-CO 1.8947(18) 1.8714(11) 1.8667(12) 2.022(4) 2.005(2) 1.989(3) 2.024(3) 2.009(5) 2.001(12)
Cc-0 1.1370(18)  1.1453(12) 1.1487(16) 1.139(5) 1.143(2) 1.156(4) 1.129(3) 1.137(5) 1.130(13)
C-P-C 101.46(7) 102.25(5) 102.69(8) 101.19(2) 101.93(8) 102.7(3) 101.13(11)  101.37(18) 102.2(6)
P-C-P  138.53(10)  137.7(6) 137.28(8) 138.7(2) 137.88(2) 137.3(18) 138.8(12) 138.4(3) 137.7(6)

For every metal, the M-ct distance is the longest with
P;C3(OH), as ligand (Cr-P;C;-H = 1.682 A, Mo-P;C;-H =
1.816 A, W-P,C,;-H = 1.802 A), followed by the siloxylated com-
plexes (Cr-P;C;-Si = 1.650 A, Mo-P;C;-Si = 1.778 A, W-P,C;-Si
= 1.774 A) and the boryloxylated P,C; metal complexes
(Cr-P;C;-B = 1.619 A, Mo-P;C;-B = 1.753 A, W-P;C;-B = 1.746 A).
Although the differences are small (within 36), the Mo-com-
plexes show always slightly longer Mo-ct distances compared
to the corresponding W-ct distances despite the increasing
covalent radii [Feo,(M0) = 1.54 A; r,(W) = 1.62 A]. Complexes
with chromium show expectedly significantly shorter Cr—ct dis-
tances [Feqy(Cr) = 1.39 A].** (The atomic van der Waals radii of
Cr, Mo, and W [r,qw(Cr) = 1.89 A; ryqw(Mo) = 2.09 A, r,qw(W) =
2.10 A] reflect better the observed trends in the M-P;C;-X
complexes with M in the oxidation state 0, but also suggest

3310 | Dalton Trans., 2023, 52, 3308-3314

that the M—-ct bond lengths should steadily increase in the
order W > Mo > Cr).** Indeed this trend is observed for
[M[P;C;(*Bu);](CO);] (M = Cr, Mo, W), whose structures were cal-
culated by DFT methods. Here the increase in M-ct distances
corresponds to the van der Waals radii of the metals.***

In [M(L),(CO),] complexes, a ligand L with n-accepting pro-
perties competes with carbonyl co-ligands for M — =*(CO)
electron back donation. Consequently the electronic properties
of a ligand L in [M(L),(CO),] complexes are reflected in the
M-C and C-O distances as well as in the CO stretching fre-
quencies 1(CO) of the carbonyl co-ligands.*® A ligand L of high
n-electron accepting property will lead to long M-C bonds to
the CO ligand, short C-O bonds and »(CO) at high wave
numbers. In case of complexes with Cr(CO); or Mo(CO); frag-
ments, the ones with P;C;-B rings show the longest M-CO dis-

This journal is © The Royal Society of Chemistry 2023
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tances while, on the contrary, the M-CO distances are the
shortest in complexes with the P;C;-H ligand. As expected, the
opposite trends are observed with respect to the C-O bond
lengths.

Another frequently used instrument in order to evaluate the
electronic properties of L in[M(L),(CO),] complexes are the
1(CO) of the carbonyl co-ligands. It is generally accepted
that the relative ratio of ligand-to-metal electron donation d
(M « L) to metal-to-ligand back donation b (M — L), denoted
here as d/b, decreases in the order CO ~ alkynes < olefins <
carbenes < phosphines < amines (simplified meaning that the
n-electron accepting property of the respective ligand decreases
in this order).**™*® Consequently a decrease of y(CO) is
expected along this ligand line. In Tables 2-4 a compilation of
IR data is given for selected, comparable chromium, molyb-
denum, and tungsten tricarbonyl complexes with simple
monodentate c-donor/m-acceptor ligands, arene ligands, and
phosphinine ligands. In all complexes the M(CO); fragment

Table 2 IR stretching frequencies in cm™ for the CO groups in various
chromium tricarbonyl complexes with c-donor/x-acceptor, arene, and
phosphinine ligands. The streching frequencies v(CO) of Cr-PsCs—B
Cr—P3C3-Si, and Cr-PzCz;—H were recorded by ATR-IR spectroscopy
from crystalline products. Substituents in the arene ring are in 1,3,5-
position, in phosphines in 2,4,6-position

veo (em™)
1 Cr(CO)e]* 1985
2 Cr{P(OMe);}(CO);]*° 1962, 1888, 1874
3 Cr{PMe,Ph}(CO),** 1920, 1820
4 Cr(NCMe);(CO);]** 1910, 1782
5 Cr(CeHg)(CO)]? 1971, 1860
6 Cr(Mes)(CO);]™* 1965, 1852
7 Cr{CgH;(¢Bu);{(CO); > 1947, 1871
8 Cr{C¢H;(OH);}(CO);* 1945, 1850
9 Cr{C¢H;(CO,Me)3}(CO)5]>” 2003, 1947
10 Cr{C¢H;(0SO,CF;);}(CO),]*® 2019, 1947
11 Cr{PCsH,(Ph)3}( co)gg 8 1976, 1915, 1907
13 Cr{P;C;(tBu);}(CO);]** 1979, 1926
14 Cr{P;C3(OH);}(CO);] Cr-P;C 1980, 1921
15 Cr{P;C5[O(SitBuPh,)];}(CO); ]Cr—P303 -Si 1983, 1927
16 Cr{P;C;3[OB(ipc),]3}(CO);] Cr-P;C;-B 2012, 1967
Table 3 IR stretching frequencies in cm™ for the CO groups in various

molybdenum tricarbonyl complexes with c-donor/z-acceptor, arene,
and phosphinine ligands. The streching frequencies v(CO) of Mo—P3C3—
B, Mo-P3Cs-Si, and Mo-P3Cs—H were recorded by ATR-IR spec-
troscopy from crystalline products. Substituents in the arene ring are in
1,3,5-position, in phosphines in 2,4,6-position

Vco (Cm_l)
1 [Mo(CO)e]*® 1985
2 [Mo{P(OMe);}(CO);]*° 1974, 1898, 1884
3 [Mo{PMe,Ph}(CO);]*! 1939, 1832, 1824
4 [Mo(NCMe);(CO); > 1915, 1783
5 [Mo(CeHg)(CO);5]* 1987, 1916
6 [Mo(Mes)(CO);]* 1973, 1901
7 [Mo{PC5H,(Ph);}(CO);]** 1996, 1942, 1933
8 [Mo{P5C;(OH);}(CO);] Mo-P;C3-H 1988, 1925
9 [Mo{P5C;[O(SitBuPh,)];}(CO)s] Mo-P5C5-Si 1993, 1941
10 [Mo{P;C5[0B(ipc),]5}(CO);] Mo-P;C5-B 2022, 1972
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Table 4 IR stretching frequencies in cm™ for the CO groups in various
tungsten tricarbonyl complexes with c-donor/r-acceptor, arene, and
phosphinine ligands. The streching frequencies v(CO) of W-PsC3s-B,
W-PzC3-Si, and W-P3Cs—H were recorded by ATR-IR spectroscopy
from crystalline products. Substituents in the arene ring are in 1,3,5-
position, in phosphines in 2,4,6-position

veo (em™)
1 W(CO),]* 1981
2 [W{P(OMe),}(C )3] 1970, 1893, 1878
3 [W(PMe,Ph);(CO)5*" 1932, 1926
4 jw(NcMe)3(co) 1’ 1915, 1793
5 [ (CGHG)(CO)_J >9 1990, 1916
6 W(Mes)(CO);]>° 1975, 1902
7 [W{P;C;(OH),}(CO)3] W-P;C5-H 1987, 1921
8 [W{P;C3[O(SitBuPh,)];}(CO);] W-P;C5-Si 1989, 1921
9 W{P5C5[OB(ipc),]5}(CO)s] W-P;C5-B 2019, 1963

(M = Cr, Mo, W) adopts a facial coordination mode and refer-
ence is made only to the symmetrical »(CO) stretching fre-
quency of A; symmetry at higher wave numbers (in case of
deviation from local Cs, symmetry of the M(CO); fragment,
reference is made to y(CO) at the highest wave number). As
reference compounds the hexacarbonyl complexes [M(CO)q]
are chosen, for which (CO) is quite similar independently on
the metal (M = Cr: 1985 cm™"; Mo = 1985 cm™; M = W:
1981 cm™"). As expected, the replacement of three CO groups
in facial position by ligands with an increasingly stronger ¢ or
n-donating but poorer n-accepting property - that is an increas-
ingly higher d/b ratio — as in the series P(OMe); < PMe,Ph <
NCMe - will increasingly lower the 1(CO) stretching frequency
as a result of increasing electron density on the metal centre
(see entries 2-4 in each table). This effect is remarkably
similar for each metal and the variation Ay(CO) from [M(CO)s]
to [M(NCMe);(CO);] is about 70 cm™" to lower wave numbers.
In the benzene complexes [M(CsHg)(CO);] a slight blue-shift of
Y(CO) to higher wave numbers is observed for M = Mo
(1987 em™") or W (1990 cm™") (entries 5 in Tables 3 and 4),
while in [Cr(CgHg)(CO)s] (1971 cm™) a red-shift by 14 cm™ to
lower wave numbers occurs (entry 5 in Table 2). o-Donating
substituents like methyl groups in 1,3,5-position of the arene
ring increase the d/b ratio and lower the 1(CO) by 6 to 15 cm™*
(entries 6 in Tables 2-4). The IR data for a range of Cr(0) com-
plexes with arene ligands functionalised in 1,3,5-position are
available (see entries 7-10 in Table 2). o-Electron and
n-electron donating substituents like ¢{Bu or hydroxyl groups
shift 1(CO) by about 25 cm™" to lower wave numbers. Electron
accepting groups like carboxy groups, CO,Me, or triflate
groups, OSO,CF;, in 1,3,5-position shift »(CO) to higher wave
numbers by 32 ecm™" or 48 em ™", respectively. Hence, the range
by which A; ©(CO) can be changed in these type of complexes
is about 70 cm ™.

What effect will be evoked when one CH unit is replaced by
a phosphorus centre? In the monophosphinine complexes
[Cr{PC5H,(2,4,6-Ph);}(C0O);] (1976 cm™", entry 11 in Table 2) and
[Mo{PCsH,(2,4,6-Ph);}(CO);] (1996 cm™, entry 7 in Table 3)
1(CO) shifts slightly (5, 9 ecm™") with respect to the benzene
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complexes, or modestly (11, 23 cm ™) with respect to the mesi-
tylene complexes to higher wave numbers indicating indeed
some depletion of the electron density at the metal centre with
respect to an arene ligand. The further substitution of two
additional CH units by phosphorus leading to triphosphinine
ligands raises the A4; (CO) to even higher frequencies. A sig-
nificant blue-shift of 32 cm™ is observed comparing
[Cr{CeH;(¢Bu);3}(CO);] (1947 ecm™; entry 7 in Table 2) and
[Cr{P;C;(tBu);3}(CO);] (1979 ecm™; entry 13 in Table 2). As in
arene complexes, c-donating tBu substituents in 1,3,5-position
of a triphosphinine ligand have a very similar effect than
n-donating hydroxyl groups as a comparison between
[Cr{P;C3(0H);}(CO)3] (Cr-P;C3-H) (1980 cm ™", entry 14 Table 2)
and [Cr{P;C;(tBu);}(CO);] (1979 cm™, entry 13 Table 2) shows.

How is ¢(CO) influenced by electronically different substitu-
ents in 2,4,6-position of a triphosphinine ligand? This ques-
tion can be partly answered by inspecting the last three entries
14-16 in Table 2. While replacing hydroxyl groups in Cr-P;C;-
H by siloxy groups has a marginal influence, the replacement
by boryloxy groups has a significant impact. The complex
[Cr{P5C5[OB(ipc),]5}(CO)s] (Cr-P3;C3-B) has the highest 1(CO) =
2012 cm™" (entry 16 Table 2) of all triphosphinine complexes
indicating that a B(ipc), group efficiently abstracts electron
density from the n-electron donating oxygen centres connected
to the P;C; ring thereby depleting the overall electron density
at the chromium centre. But the variation between the
complex with an “electron rich” P;C;(tBu); [or P;C3(OH);]
ligand and the one with an “electron poor” P;C;[OB(ipc),]s
ligand is smaller [Ay(CO) = 32 cm™'] than the one seen
between “electron rich” and “electron poor” arene ligands
(70 em™; vide supra). This span of Ay(CO) is seen for all
[M{P;C;3(0X);}CO);] complexes independently on the metal
centre M = Cr, Mo, W (see the last three entries in every
Tables 2-4).

The nature of the metal centre has also an influence on the
v(CO) stretching frequencies but this is rather small and for all
type of ligands the largest step is seen between the Cr(0) and
Mo(0) complexes (shift of about 10 cm™ to higher wave
numbers) while there is almost no change between Mo(0) and
W(0) complexes.

That for every [M{P;C3(OH);}(CO);] (entry 14, entry 8, entry
7 in Tables 2, 3 and 4, respectively) or [M{P;C;[O(SitBuPh,)]s}
(CO)3] complex (M = Cr, Mo, W; entry 15, entry 9, entry 8 in
Tables 2, 3 and 4, respectively) the 4, (CO) is quite similar to
the one observed in the corresponding parent benzene
complex [M(C¢Hg)(CO);] (entry 5 in Tables 2, 3 and 4, respect-
ively) may be due to counterbalancing effect of the n-electron
donating hydroxyl groups and n-electron withdrawing P;Cj
core.

183w satellites (natural abundance 14.3%)°° were observed
in the *'P{"H} NMR spectra of the W(0) triphosphinine com-
plexes prepared in this work. The Jwp couplings decrease very
slightly from W-P;C;-B (21.4 Hz) to W-P;C3-Si (19.1 Hz) and
W-P;C3-H (16.4 Hz). These data demonstrate that, as
expected, a shorter W-ct distance correlates with a larger
31p-18wW  coupling constant as a result of a stronger
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Fig. 2 M(CO); complex of bis(imidazolium)-1,3-diphosphete-diide (IPD)
(M = Cr, Mo).

n-accepting ligand (see Fig. 1 and 2, in the ESI} for a corre-
lation of W-ct, Jwp, (CO), and & '**W). No Jyp coupling has
been reported for [W(P;C;'Bu;)(CO);] and a n®-coordinated
monophosphinine tungsten complex has not been prepared
yet. Only the Jwp coupling constants of n'-phosphinine tung-
sten complexes are reported in the literature, as for example in
the hexakis-(n'-phosphinine)tungsten complex [W(n'-PCsHs)g),
which has a much larger direct P-W coupling of 304 Hz.°"
Lastly, "®*W resonances were measured using a triple reso-
nance broad-band (TBI) probe with "H/’D/*'P/BB channels. A
31p-183W heteronuclear multiple-quantum coherence (HMQC)
experiment was performed, enhancing the sensitivity of the
low y "*W nucleus. The resonances in the "**W NMR spec-
trum shift very slightly to higher frequencies in the order
W-P;C;-B (6 "W = —3146 ppm) < W-P;C;-Si (6 '¥*WwW =
—3140 ppm) < W-P;C;-H (6 '®*W = —=3110 ppm). The number
of reported '®*W NMR chemical shifts for tungsten(0) com-
plexes is rather limited and span from about —3500 to
—2500 ppm. The most shielded "**W NMR shift is observed for
[W(CO)g], which shows a "W NMR resonance at § '‘**W =
—3446 ppm and is chosen as reference compound here.®
Replacement of three CO groups by a phosphite ligand like
P(OMe); (a strong o-donor and medium n-acceptor) leads to a
high frequency shift of about 150 ppm to § ***W = —3297 ppm
in [W{P(OMe);}3(CO);].%® This deshielding effect becomes even
more pronounced (630 ppm) in [W(PMe,Ph);(CO);] (6 "**W =
—2818 ppm) where three strong o-electron donor but relatively
weak m-acceptor ligands were incorporated in the ligand
sphere.®® To the best of our knowledge, no §'®*W NMR shifts
are reported for any arene tungsten carbonyl complex. The
shifts of the '**W resonances of [W{P;C3(0X);}(CO);] to higher
frequencies by about 300-336 ppm places them in between
[W(CO)s] and [W(PMe,Ph);(CO);] indicating that to some extent
the electronic effect on the '®*W resonance caused by the re-
placement of three CO groups in facial position by one
P;C;3(0X); ligand may be comparable to three P(OMe); ligands.

Conclusions

The successful preparation, and isolation of a 3 x 3 matrix of
complexes [M{P;C;(0X);}(CO);] using three different metals
M = Cr, Mo, W and three different substituents X = B(ipc)s,
SitBu Ph,, H allowed to systematically study and evaluate the
effects provoked by these variations on a variety of spectro-
scopic data. The n°-binding mode entails a large coordination
shift of >160 ppm to lower frequencies regardless the nature of
the phosphinine. As has been observed in the coordination

This journal is © The Royal Society of Chemistry 2023
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chemistry of 2,4,6-tBu-1,3,5-triphosphinine, the C-P-C angles
are narrowed while the P-C-P angles are widened upon
binding to a M(CO); fragment (note that the bulky and c-elec-
tron donating tBu groups lead to slightly larger C-P-C and
more acute P-C-P angles in both the uncoordinated molecule
as well as in the complexes).”® As expected, the distances
between the Cr centre and the centroid of the P;C; rings in all
complexes are significantly smaller (by about 8%) than the
Mo-Ct and W-ct distances, which are almost identical. This is
attributed to the contracted d-orbital shell of Cr versus those of
Mo and W.®>°® This contraction may also be seen as reason for
the fact that in all Cr(0) complexes listed in Table 2 indepen-
dently of the type of ligand the »(CO) is somewhat smaller
than in analogous Mo and W complexes because efficient M — L
electron back donation (which raises 1(CO)) requires an efficient
orbital overlap.

As mentioned in the introduction, phosphinines are con-
sidered as especially good n-electron density accepting ligands.
We recalculated the HOMO-LUMO gap of C¢Hs (6.60 €V),
PCsH, (5.23 eV), 1,3-P,C,H, (4.88 eV), and 1,3,5-P;C;H; (4.63
eV) with density functional theory (DFT) methods (B3LYP/
6-311+G**) (see ref. 27 and the ESI} for details). While indeed
there is a significant closing of the gap by AE = 1.37 eV when
converting C¢He to PCsHs, additional substitution leads to
much smaller changes (<0.4 eV). That P;C3;(OH); has an
especially small HOMO-LUMO gap of 4.27 eV is mainly due to
the fact that the three hydroxyl groups in 1,3,5-position lift the
HOMO in energy. Given these data, it is not surprising that the
effect of replacing a monophosphinine by a triphosphinine
has only a modest effect on the ¢(CO) stretching frequencies
and thereby the electron density at the metal centre. The vari-
ation of the substituents in 1,3,5-position of an arene ligand or
2,4,6-position of a 1,3,5-triphosphinine allows to modify v(CO)
over an range of about 70 cm™" or 30 cm ™", respectively, fully
in accord with expectations (that is an electron donating
ligand lowers 1(CO); an electron accepting ligand raises ¢(CO)).
However, it remains surprising that in comparison to benzene
complexes phosphinines provoke only modest (<10 cm™" when
the parent molecules without strong electronic substituent
effects are taken into account) blue-shifts of »(CO). Under the
assumption that these heterocycles are really “strong
n-electron acceptor” ligands more pronounced deviations
might have been expected. For example, we observed that the
coordination of bis(imidazolium)-1,3-diphosphete-diide (IPD)
- an unsual molecule with a central 6n-aromatic C,P, ring of
biradicaloid character - to form M(CO); complexes A (Fig. 2) in
which ¢(CO) is shifted by about 100 cm™" to lower frequencies
indicating strong electron donation to the metal centre by
these cycles, indeed.®” There is no question that phosphinines
act as strongly binding ligands to metals (in their synthesis fre-
quently an arene ligand in a precursor complex is displaced by
a phosphinine). But we feel that the characterization of phos-
phinines as electron accepting ligands is an oversimplification
and the electronic structure of phosphinine complexes is not
fully understood yet. High-level quantum chemical methods
should be applied to gain a better insight into electrostatic

This journal is © The Royal Society of Chemistry 2023
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interactions and the electron donating properties of phosphi-
nines as well.
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