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Abstract—A new organometallic iodide cluster complex (BuyN),[WIg(C=C—C(O)OCHj;)4] (I), analogous
to the previously described (BuyN),[Mogls(C=C—C(O)OCH;3)¢], was obtained by the reaction of
(BuyN),[Wl 4] with silver methyl propiolate AgC=C—C(O)OCH;. The crystal structure was established for
the tetraphenylphosphonium salt (Ph,P),[WIs(C=C—C(O)OCH3)¢] (II). According to X-ray diffraction
(CIF file CCDC no. 1829205), tungsten atoms in II are coordinated by terminal carbon atoms of methyl
propiolate ligands at W—C distances of 2.220(12)—2.268(14) A. The methyl propiolate complexes were char-
acterized by electrospray mass spectrometry, 'H and >C NMR spectroscopy, elemental analysis, and

IR spectroscopy.
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INTRODUCTION

The octahedral halide cluster complexes [{Mg(LL3-
D}sLg] (M = Mo, W; X = I; L = organic or inorganic
ligand) possess record high photophysical properties
among coordination compounds [1, 2]. These include
rather narrow emission band in the red spectral
region, visible-light excitation of luminescence,
high quantum yields, and high triplet to singlet oxygen
conversion. A rather representative range of molybde-
num iodide cluster complexes with various terminal
ligands L (halides, O-, N-, S-, C-donors) have been
synthesized. Several promising applications of lumi-
nescent materials and reagents based on molybdenum
iodide clusters have been proposed [3—22]. Octahe-
dral tungsten clusters are much less studied than
molybdenum clusters, with tungsten iodide clusters
being least known. Apart from the expected similarity
of the photophysical properties [23], the tungsten
iodide clusters attract attention due to relative stability
of the paramagnetic 23-electron state (the [W¢l,,]*~
/Wl 4]~ potential in acetonitrile is only 0.57 V versus
the standard calomel electrode [24]) and unique com-
bination of 14 heavy atoms in the {WI}*" cluster core,
which ensures high X-ray scattering factor on these
atoms. These facts make these cluster complexes
promising X-ray contrast agents [25]. Nevertheless,
only few octahedral tungsten iodide clusters are
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known to date. They include, first of all, Wl ,,, mixed
iodide chloride WI,Cl, [26, 27], and halides
[{W¢Ig}X4]?~ (X = Cl, Br, 1) [28]. The replacement of
terminal iodine atoms affords triflate [25], tosylate
[29], and carboxylate complexes, which were studied
in detail for photophysical properties [30, 31].

Here we report the preparation of the first organo-
metallic derivative of {WyI¢}**, namely, the propiolate
complex [WyIi(C=C—C(O)OCH,;)4]>, which was iso-
lated and characterized as tetrabutylammonium and
tetraphenylphosphonium salts.

EXPERIMENTAL

The starting complex (Bu,N),[WI 4] was synthe-
sized according to an optimized procedure of [31]. The
silver methyl propiolate AgC=C—C(O)OCH; was pre-
pared as a white powder by exchange reaction between
commercially available HC=C—-C(O)OCH; and
AgNOj in the presence of Et;N in an acetonitrile solu-
tion [16]. The organic solvents (acetonitrile and
dichloromethane) were purified by standard proce-
dures. The syntheses were carried out under argon,
and recrystallization can be performed in air.

Synthesis of (Bu,N),[WI3(C=C—C(O)OCH;),]
(D. (BuyN),W¢l,, (0.33 g, 0.10 mmol) was dissolved in
CH,CI, (10 mL) in a small conical flask wrapped with
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aluminum foil to eliminate the effect of light. A tenfold
molar excess of solid AgC=C—C(O)OCH; (0.186 g,
0.98 mmol) was added to the resulting light orange
solution. The reaction mixture was magnetically
stirred for 2 days and filtered through a paper filter.
The filtrate was concentrated on a rotary evaporator,
and the thick oil thus formed was dissolved in acetoni-
trile. On slow saturation of acetonitrile with diethyl
ether vapor, the product crystallized as light orange
crystals. The yield was 30 mg (10%).

For Cs6HggN,01,15W
Anal. caled., % C, 217
Found, % C,21.5

H, 2.9
H, 3.0

N, 0.9
N, 1.0

IR (KBr; v, cm™1):2958 m, 2873 m, 2234 w, 2089 s,
1865 w, 1678 s, 1511 w, 1478 m, 1456 m, 1430 m,
1378 w, 1209 s, 1108 m, 1059 m, 1006 m, 862 m, 795 w,
756 m, 743 m, 648 w, 554 m. ESI MS (MeCN, m/z):
average. 1309.1 ([WIg(C=C—C(O)OCH;)4]*"; calcd.
1309.0), average 2859.3 ({(Buy,N)[WIz(C=C-
C(O)OCH;)¢]}™;  caled. 2859.3). BC NMR
((CD5),SO; 6, ppm): 152.14 (C=0O group of the
ligand), 132.49 and 112.93 (C=C group of the ligands),
58.47 (Bu,N* cations) 52.58 (OCH; group of the
ligands), 23.99, 20.14, 14.42 (Bu,N™ cations, respec-
tively). '"H NMR ((CD;),SO; 8, ppm, normalized to
24 protons of the Bu,N* CH; groups: 3.58 (s., 18 H,
OCH; groups of the coordinated propiolate).

High-quality single crystals for X-ray diffraction
were obtained as Ph,P salt II by diffusion of the diethyl
ether vapor into an acetonitrile solution of
(BuyN),[WI3(C=C—-C(O)OCH;)¢] and Ph,PBr.

IR spectra were measured on Scimitar FTS 2000
and Specord IR 75 spectrometers in the 4000—
400 cm™! range. BC NMR spectrum was recorded on
a Bruker Avance 500 spectrometer at room tempera-
ture using Si(CH;), as the internal standard. Elemen-
tal analysis was carried out at the analytical laboratory
of the Nikolaev Institute of Inorganic Chemistry.

The mass spectrometric data were obtained on an
Agilent liquid chromatograph—mass spectrometer
(LC/MCQC) (6130 Quadrupole MS, 1260 infinity LC).
Analysis was carried out in the 350—3000 a.m.u. range
for both positive and negative ions in the SCAN mode.
Electrospray ionization was used. A gaseous nitrogen
flow (7 L/min) at a temperature of 350°C served as the
drying agen; the nozzle pressure (nitrogen) was 60 psi,
and the capillary voltage was 4000 V. In order to retain
weakly bound species in the mass spectra, zero frag-
mentor voltage was used in all experiments. A solution
of the test compound (5 uL) in deuterated acetonitrile
with a concentration of ~10~* g/mL was introduced
into the mobile phase (special purity grade acetoni-
trile) at a flowrate of 0.4 mL/min, sprayed, and ion-
ized. The experimental peak were compared with cal-
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culated ones, in particular, regarding the isotopic dis-
tribution. The calculations were carried out using the
Molecular Weight Calculator by Matthew Monroe.

X-ray diffraction. The structure of compound II
was solved by the standard procedure on a Bruker-
Apex Duo diffractometer (MoK, A = 0.71073 A,
graphite monochromator). The reflection intensities
were measured by @- and ®m-scanning of narrow (0.5°)
frames at 7= 150 K. The absorption corrections were
applied empirically by the SADABS program [32].
The structure was solved by direct methods and
refined by full-matrix leas squares method on 2 in the
anisotropic approximation for nonhydrogen atoms by
the SHELX 2014\7 algorithm using the ShelXle pro-
gram [33]. The C=C bond lengths (1.2 A) were fixed
due to improper absorption corrections used, which
accounts for anomalous size of the thermal ellipsoids
of carbon atoms. Selected bond lengths in the cluster
anion of complex IT (A) are summarized in Table 1.
The crystal data and structure refinement details for
complex IT are summarized in Table 2. The atom coor-
dinates and other structure parameters are deposited
with the Cambridge Crystallographic Data Centre
(CCDC no. 1829205; http://www.ccdc.cam.ac.uk/
data_request/cif).

RESULTS AND DISCUSSION

The cluster complex salt I was prepared by the
exchange reaction of (BuyN),[Wl 4] with the silver
salt AgC=C—C(O)OCHj; in dichloromethane at room
temperature, by analogy with the molybdenum cluster
(BuyN),[Moglg(C=C—C(O)OCH;)4] [16]. The for-
mation of insoluble Agl effected the desired shift of
reaction equilibrium. The use of in situ generated
AgC=C—C(0O)OCH; [16] in the exchange reaction
does not give any advantages. The product yield does
not exceed 10—15%, irrespective of whether AgC=C—
C(O)OCH; is taken in excess or in a stoichiometric
amount (6 equiv.). This is markedly lower than that for
the molybdenum cluster; the causes for this difference
are unclear. Possibly, the low yield of I is attributable
to the formation of insoluble by-products as a result of
binding of the cluster anions to silver ions, which pre-
cipitate together with Agl. Indeed, the ESI mass spec-
tra of some samples exhibited peaks for the
{Ag[Wlg(C=C—C(0O)OCH;)¢]}~ anions.

An excess of the silver salt relative to the stoichio-
metric amount (10 equiv. instead of 6 equiv.) promotes
more complete and faster reaction, the extent of which
is conveniently monitored by electrospray mass spec-
trometry by measuring the signal corresponding to the
molecular dianion of the target compound
[W(Ig(C=C—C(O)OCH;)¢]*>~. The electrospray mass
spectrum of an acetonitrile solution of I exhibits sig-
nals for the doubly charged anion [Wlz(C=C—

C(0)OCH;)¢]* and for adducts of these species with
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Table 1. Selected bond lengths in the cluster anion of complex II

Bond d,A Bond d, A
W(1)—=W(2) 2.6876(7) 1(2)-W(3) 2.8038(10)
W(1)—W(2)! 2.6934(7) I(3)—W(1) 2.7951(9)
W(1)-W(3)! 2.6886(7) 1(3)-W(2)! 2.8041(9)
W(1)-W(3) 2.6906(7) 1(3)-W(3)! 2.8144(10)
W(2)—W(3) 2.6767(7) 1(4)—W(1) 2.8123(9)
W(2)—W(3)! 2.6920(7) 1(4)—W(2)! 2.8082(10)
I(1)-W(1) 2.7890(9) 1(4)—W(3) 2.8052(10)
I(1)-W(2) 2.8107(9) C(2)-W(3) 2.247(13)
I(H-W(3)! 2.7881(10) C(3)-W(2) 2.268(14)
1(2)—W(1) 2.7989(9) C(4)—W() 2.220(12)
1(2)-W(2) 2.8155(10)

* Symmetry codes: L x+ L, —y,—z+ 1
the tetrabutylammonium cations {(Bu,N)[Wl;- W—Cbond and to triple bond conjugation. The chem-

(C=C—-C(0O)OCHj;)¢]}, for which the theoretical iso-
topic distributions match well the experimental ones
and their “centers of mass” coincide: the peak with
m/z = 1309.1 corresponds to [Wgli(C=C—-C(O)-
OCH,;)4]*~ (m/z(caled.) = 1309.0) and the peak with
m/z = 2859.3 corresponds to {(Bu,N)-[WIz(C=C—
C(O)OCH;)¢]}~ (m/z(caled.) = 2859.3). Apart from
these intense signals, non-crystallized samples may
give rise to minor signals for [Wlg(C=C—
C(0)OCH,;)sCl]*>~ and the adduct {TBA[WIi(C=C—
C(O)OCH;)sCl]}~ resulting from exchange reaction
with CH,CIl, or HCI traces, which are difficult to
remove from this solvent. Compounds I and II are
moderately air-stable and are soluble in common
organic solvents (except for hydrocarbons).

The *C NMR spectrum of I in (CD5),SO (Fig. 1a)
contains signals for the C-coordinated propiolate
ligands and tetrabutylammonium cations. The BC
NMR spectrum of HC=C—-C(O)OCHj, in (CD;),SO
is shown in Fig. 1b. As can be seen upon comparison
of the spectra, the coordination of propiolate ligands
changes positions of all signals. The most pronounced
(upfield) shift occurs for atoms at the triple bond (8 =
132.49 and 112.93 ppm (C=C group of coordinated
ligands) versus 6 = 79.14 and 74.93 ppm (C=C group
of free propiolate)), whereas the (downfield) shifts of
the carbonyl and methoxide group signals upon coor-
dination are less pronounced (6 = 152.14 and
52.58 ppm (=C=0 and —OMe groups of the coordi-
nated ligands, respectively) and 6 = 153.19 and
53.33 ppm (=C=0 and —OMe groups of free propio-
late)). This is in line with the statement that the great-
est electron density change occurs for the carbon
atoms at the triple bond due to the formation of the
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ical shift displacement to the left corresponds to
decrease in the electron density on the C=C atoms and
electron density delocalization in the {WIg}*" cluster
core, which behaves as a strong Lewis acid. The 'H
NMR spectrum of I in (CD;),SO shows a signal at § =
3.58 ppm corresponding to the methoxide protons of
the ligands (versus 6 = 3.74 ppm for free propiolate)
(Fig. 2).

The preparation of single crystals suitable for X-ray
diffraction was possible by replacement of the Bu,N*

cations by sterically more rigid Ph,P* cations less
prone to disorder. This was done by slow saturation of

152.140
132.495
112.932
— 58.475
— 52.581
—23.995
—20.142

—14.424
~~

jab]
A

é

153.192

(b)

—79.144
—74.929
53.329

I

140 120 100 80 60 40 20
3, ppm

Fig. 1. BC NMR spectra of solutions: (a) complex I in
(CD3),S0 and (b) HC=C—C(O)OCHj3; in (CDj3),SO.
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Table 2. Crystallographic characteristics and X-ray experiment details for II

Parameter Value
Molecular formula C,,Hs530,P,1sWe
M 3295.42
Temperature, K 150.0(2)
System Triclinic
Space group Pl
a,A 11.5267(11)
b, A 13.0563(12)
¢, A 13.4785(15)
o, deg 87.802(4)
B, deg 88.936(4)
Y, deg 75.980(3)
v, A3 1966.5 (3)
Z 1
u, mm-~! 11.976
Crystal size (mm) 0.30 x 0.04 x 0.02
Data collection 6 range, deg. 1.6—26.4
Ranges of reflection indices —14<h<14,—-16<k<16,—-16</<16
Number of measured reflections 22051
Number of unique reflections (R;,) 8058 (0.057)
Number of reflections with /> 26(/) 4869
Number if refined parameters 451
GOOF 0.98
R, (on |F? for reflections with 7> 26(1)) 0.043
WR, (on |F]? for all reflections) 0.103
Residual electron density (min/max), e/A3 —1.42/1.87

a mixture of I and Ph,PBr in acetonitrile with diethyl
ether vapor. According to X-ray diffraction data, the
propiolate ligands are coordinated to the cluster core
through the terminal triple bond carbon atoms along a
straight line. The [WI3(C=C—C(O)OCH;)¢]*>" anion
and the crystal packing of complex II are shown in
Figs. 3 and 4, respectively. The crystals of II are iso-
structural to the crystals of the cluster
(Ph,P),[Mogli(C=C—C(O)OCH,),] (IIT) [16].

On going from {MoglIg}** to {WyIg}*", the M—C dis-
tances somewhat increase, from 2.180(5)—2.194(2)
(average 2.188) [16] to 2.220(12)—2.268(14) A (average
2.245) A (Table 1), respectively. The W—C distances in IT
are longer than the Mo—C distances in III or in the
organometallic complex with coordinated ethylene in
trans-[{Mo¢Clg}Cly,(C,Hs),(PBus),] - 2PhCH; (2.21(3)
A) [34] and are comparable with the Mo—C distance in
the complex with coordinated benzyl ligands in frans-
[{Mo4Clg}(PBu,),(CH,Ph),] (2.239(14)—2.271(15) A)
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—3.581

—3.352
2.510
0.959
0.944
0.930

£
N\

B Y

3.5 3.0 2.5 2.0 1.5 1.0
3, ppm

Fig. 2. 'H NMR spectrum of a solution of complex I in
(CD3),S0. The proton chemical shifts (3, ppm): CH;0
groups of propiolate ligands (3.58), water (3.35), solvent
(2.51 ppm), and methyl groups of the Bu4l\JJr cations (the
triplet on the right centered at 0.94 ppm). The other chem-
ical shifts correspond to protons of three methylene groups
of tetrabutylammonium.
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Fig. 3. Structure of the cluster anion [Wglg(C=C—
C(O)OCH3)6]2’ (thermal ellipsoids at 50% probability
level).

Fig. 4. Crystal packing of complex I1.

[35]. The preparation of thermally stable, but light sensi-
tive  organometallic  cluster complexes tfrans-
[{WsClg}ClL(C,Hs),(PR3),] (R = n-C4Hy, n-CsH;;) and
trans,mer-[{W¢Clg}CI(C,Hs);(PR;),] (R n-C,H,,
n-CsH,;,) with m!-coordinated ethylene (according to *C
NMR) was reported; however, the complexes were
not studied by X-ray diffraction [36]. The W—W and W—
(u5-1) distances of the cluster cores of I are characteristic
of the {Wlg}*" cores of the complexes [{Wlg}Lg] with
various ligand natures [24—31] and are given in Table 1.

Thus, we prepared the first organometallic deriva-
tive for octahedral tungsten halide clusters.
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