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Tungsten hexachloride was reduced by Hg or Bi at moderately low temperat888 {C) to afford good yields
(Hg, 73%; Bi, 85%) of WClI,, after conversion of the reduction product to the chloro acig{W e(u3-Cl)s-

Clg](OHy)y, recrystallization, and thermolysis in vacuo. Antimony was a less effective reductant because of the

lower yield of chloro acid (31%) and the substantial quantities of insoluble byproducts found after HCI workup.
The yield of (HO)2[We(u3-Cl)sClg](OH2)x from WCls reduction by Sb improved dramatically to 79% with added
KCI, while LiCl reduced the yield to only traces. In Bi reduction of WGhe yield of (HO)2[We(u3-Cl)sClg]-

(OHy)x decreased from 86 to 49% upon addition of NaCl, whereas added KCI had no effect on the yield. The
Hg-, Bi-, Sb/KCI-, and Bi/KCl-based routes offer substantial experimental advantages over published methods

for preparation of (HO)[We(uz-Cl)sClg](OH2)x and WsCl2.

Introduction

Tungsten dichloride, \&Cl1,, one of two structural prototypes
for mid-valent, early transition metal clusters wittxdonor
ligands! is an important synthon for tungsten analogues of
Chevrel phasetungsten thiochlorideprganotungsten com-
pounds} alkene polymerization/metathesis catalystnd the
discrete cluster \W(us-Cl)sClg?~ with interesting photophysical,
photochemical, spectroscopic, and electrochemical propérties.
WeCli2 has also been used in epitaxial growth of W on
molybdenun.
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Tungsten dichloride has been prepared by reduction ofgWCl
with Na/Hg8 Al,5%9 Al in molten NaAICl,° Mg,% Zn % Pph2b
W,2¢11 and WQ (reaction time, yield, and quality not de-
scribed)!? Tungsten tetrachloride can also serve as a precursor
to WeCly» by either thermal disproportionatithor reduction
with Fe2® Methods for the preparation of 3&l;, suffer from
disadvantages, as noted elsewhété%which include slow reac-
tions, high temperatures necessitating quartz ampules, low
yields, contamination by reductant or intermediate reduction
products, and violent explosions during the opening of sealed
tubes®” Many procedures require (1) small scales because of
the reactants’ physical nature, (2) careful control of ampule posi-
tion over an extended reaction time, (3) careful control of ther-
mal gradients, (4) the less convenient precursor AVE) W
prepurification in H at 1000, or (5) rocking furnaces for molten
salt-based routes. Reported yields range from 35 to 60%. In
most procedures, ¥Cli2is purified by crystallization from con-
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centrated HGg to form the chloro acid salt (#D),[We(u3-Cl)e- Isolation and Purification of W gCl1, via Recrystallization
Clg](OH2)x and thermolysis to brown to pale yellow §;». and Thermolysis of (HO)2[W e(u3-Cl)sClg](OH2)x. Concen-

We recently found several convenient, high-yield routes to trated aqueous HCI (12 M, 25 mL per 3:8.0 g of impure
crystalline and to highly reactive powdered (W)lbased on chloro acid) was added to the impure product in a flask (attached
reduction of WC} with nonconventional reductadtsand to a water bubbler for trapping HCI vapor) and the mixture
decided to test these new methodologies in the direct reductionheated with intensive agitation to dissolve the material. After
of WCls to WeClio. Herein, we report our observations on being cooled slowly, the solution was filtered with a medium-
reduction of WC§ with Hg, Sb, Bi, or combinations of Sb or ~ porosity fritted glass funnel and the greenish-yellow crystals
Bi with an alkali metal chloride. We also detail our proce- mechanically separated easily from any fine insolubles (e.g.,

dures for four new, convenient, high-yield routes to;Qhp- excess reductant) which adhered tightly to the fritted surface.

[We(u3-Cl)sClg] (OH2)x and WACl». The crystals were washed with 12 M HCI, redissolved in hot
HCI, and recovered by filtration after slow cooling. After a

Experimental Section third recrystallization, canary yellow crystalline {B)-

[We(us-Cl)sClg](OH2)x was obtained. Three recrystallizations
_General Methods. Precursors and compounds were ma- yere ysually sufficient to obtain canary yellow product (for six
nipulated in a glovebox under afile atmosphere. A Ther-  gamples analyzed, tungsten content ranged from 62.35 to
molyne 21100 single-zone tube furnace1Q00 °C) and g2 6304, with theory of 62.55% for= 7). Approximately 1.7%
positionable thermocouple were used in syntheses, with the|yoq of (HO)2[We(us-Cl)sCle](OH2)x was noted after each
furnace in a horizontal orientation unless otherwise noted. All ,ygitional recrystallization.
syntheses employed dual-chamber borosilicate glass ampules A triply-recrystallized chloro acid sample (W, 62.41% found)

of 25 mm o.d., 66-70 mL total chamber volume, and 14/20 ' ,q thermolyzed in vacuo to yellow @l;, by slowly (3-3.5
outer joint at one end, with constrictions between the end h) raising the temperature to 326 and heating for 1 h. The

reaction chamber and receiver chamber and between the receive}r,-
_ . ield of WgCli, from pure (HO)[We(us-Cl)sClg](OH2)7 was
chamber and 14/20 joint. The ratio of lengths of furnace to virtually quantitative, as we obtained a 97.9% yield of canary

sealed ampule was keptat.6 in order to ensure temperature yellow WeCliz (Anal. Calcd for CAW: W, 72.17. Found: W,
uniformity over the reaction zone. Ampules were oven dried 72.0).

at 130 °C overnight. Reactants were introduced into the
ampule’s end reaction chamber with a long tapered funnel, the
ground-jointed end closed with a gas inlet adapter, the ampule

:E:::tea:tiarlr?i?(egntﬂirro\:jaﬁum from a Schlenk line, and the of toxic Hg and mercury chlorides should the ampule shatter.
orougnly. Mercury has appreciableapor pressure at eleated temper-

W_C|5 (Cerac), Bi (325 mesh, Cerac), and Sb (100 mesh, atyres. An ampule with WC§ (10.00 g, 25.2 mmol) and Hg

Aldrich) were used as received. NaCl and KCI (Fisher) were 54 534 100.9 mmol) in the reaction chamber was sealed under

dried at 180°C overnight, and LiCl (Fisher) was dried in vacuo - ,um. A reaction was readily apparent after mixing, as the

at 520°C. Triply-distilled Hg was purified by filtration through purple-gray WG} changed to brown-gray, and Hg was con-

a pinched paper filter into a cyllndgr contam_mg. M HNOs. sumed partially. No appreciable temperature rise was noted.

The tungsten content was determined gravimetrically as WO The ampule was placed at the center of the furnace and the

by HNO; oxidation followed by ignitior* Powder X-ray temperature raised slowly (2 h) to 266. After 2 day4® the
diffraction was performed on a Siemens D5000 diffractometer, ampule was cooled and shaken. The ampule was returned to

with samples protected from hydrolysis by a thin film of poly- 0", hace and the temperature raised slowly (2 h) to-350

(vinyl chloride). 360 °C. The estimated H€I, pressure was-400 Torrl’18

The purification of WCly, via dissolution in and crystal-  atier 1 day, the ampule was cooled, the contents mixed, and
lization from concentrated aqueous HCI (to form the chloro acid ¢ ampule heated for 2 days at 3560°C. The ampule was
(H30)[We(ua-Cl)eCle](OH2),) followed by decomposition in renqsitioned with the receiver chamber in a cooler furnace zone
vacuo to WClip, has been describ@8ie9-101115These methods 4,4 heated at 356360 °C for 3 day38 in order to trap HeCl,

involve single recrystallization of the chloro acid, with the 5.4 trace amounts of Hg and/or HgCIThe ampule was cooled

Preparation of WeCli, via Reduction of WClg with
Mercury. Caution! This reaction should be performed in a
hood with shielding of the furnace in order to pent release

crystallinity and color (brown to pale yellow) of MZliodepen- 44 opened in the glovebox. The gray nonvolatiles weighed
dent on the rate and temperafdr&'>of heating in vacuo. Here, g ng g (~95% yield of impure WCl1, based on WG). The
we provide details for the quick purification of 3@l or its product was primarily WCli, as shown by X-ray diffrac-

liberation from ternary mixtures. The key feature is triple {jon. Triple recrystallization from hot aqueous HCl gave
recrystallization from HCI (starting with 12 M HCI increases (H30)2[W(3-Cl)sCle] (OH2)x (5.56 g, 75.0% yield fox = 7
the recovery of chloro acid, as the temperature gradient is high 5564 on WG), which yielded yeII(;w WCl1, (4.67 g 73%

for solubility in 6-12 M HCI) to give canary yellow  yie|q hased on WG) after thermolysis in vacuo.
(H30)2[We(ua-Cl)sCle] (OH2)x, which consistently gave canary Preparation of WgCli, via Reduction of WClg with

yellow WeCl:2 upon thermolysis. Antimony in the Presence of KCl. WCls (10.00 g, 25.2
(11) (2) Schiter, H.. Trenkel. V.- Brendel, O . Chemi971 102 mmol), Sb (4.094 g, 33.6 mmol), and KCI (0.627 g, 8.4 mmol)
a) Schiger, H.; Trenkel, M.; Brendel, CMonatsh. Che ;
1293, (b) Ehriich, G. M.: Rauch, P. E.: DiSalvo, F.Idorg. Synth. were heated in a sealed 60 mL ampule from room temperature
1995 30, 1.
(12) Eliseev, S. S.; Malysheva, L. E.; Vozhdaeva, E. E.; Gaidaenko, N. V. (16) These times are unoptimized and probably could be shortened with
Molybdenum and Tungsten Chlorides and Oxychlorid@snish: no effect on yield.
Dushanbe, USSR, 1989; pp 190. Chem. Abstr199Q 112 110790w. (17) Gmelin’s Handbuch der Anorganischen Chemie (Gmelin’'s Handbook
(13) McCarley, R. E.; Brown, T. MInorg. Chem.1964 3, 1232, and of Inorganic Chemistry)Verlag Chemie, GmbH: Weinheim/Berg-
references cited therein. strasse, Germany, 1967; mercury, Vol. 34, Part B, No. 2, p 439.
(14) Kolesnichenko, V.; Swenson, D. C.; Messerle Iiorg. Chem., in (18) Yefimov, A. I.; Belorukova, L. P.; Vasilkova, I. V.; Chechev, V. P.
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to 240 °C over 2 h. The ampule was repositioned with its based on WG). Anal. Calcd for (HO)[We(us-Cl)sCle]-
receiver chamber partially outside of the furnace. Aftéh at (OH)7: W, 62.55. Found: W, 62.41.
235-245 °C, the ampule was removed from the furnace and In an attempt at improving the yield of the above proce-
tilted to allow the liquid SbGl to solidify in the end of the dure, 10% excess Bi was utilized at 1.5 times the scale (15 g of
receiver chamber. The dark nonvolatiles were pulverized by WClg; 11.6 g of Bi) in the same size ampule. The ampule was
shaking and positioned at the end of the reaction chamber. Theheated to 355C in 2 h and at 355C for 3 h before being
ampule was returned to the furnace, which was reoriented in arepositioned with the receiver chamber in a cooler zone for
tilted position (~45°). After heating at 350C for 24 h, the distillation of BiClz (1.5 days at 355C). An 83.4% vyield of
temperature was lowered to 200, the furnace returned to the  (H30)[We(us-Cl)sClg](OH2)x was obtained after HCI workup
horizontal position, and the ampule relocated with its receiver of the involatiles. Anal. Calcd for (5D)[We(us-Cl)sClg)-
chamber partially outside of the furnace. Afte h at 235 (OHp)7: W, 62.55. Found: W, 62.35.
245°C, the ampule was removed from the furnace and tilted to  Preparation of WeCl1, via Reduction of WClg with
allow the liquid SbJ to solidify in the end of the receiver  Bismuth in the Presence of KCI. WClg (15.00 g, 37.8 mmol),
chamber. The yellow-brown nonvolatiles were pulverized by Bi (10.541 g, 50.4 mmol), and KCI (0.941 g, 12.6 mmol) in a
shaking and positioned in the end of the reaction chamber. The60 mL ampule were heated slowly at the furnace center to 230
ampule was positioned in the furnace with the receiver cham- °C during 2 h, to 355C during 2 h, and at 355C for 2 days.
ber located almost completely outside (to keep SIClidi- The ampule was repositioned, with its receiver chamber in a
fied). After 24 h at 350C, the ampule was cooled and opened cooler furnace zone, and heated at 400for 24 h and 440C
in the glovebox. The weight of yellow-brown powder was for 18 h. After cooling, the ampule was opened in the glove-
7.146 g. box. The brown solidified melt weighed 12.776 g, consistent
A 2.00 g portion gave greenish-yellow needles when crystal- with considerable Bi-containing species (theoretical yield of
lized from 15 mL of boiling HCI. After two recrystallizations, ~ K2We(u3-Cl)gCle, 10.576 @).
1.645 g of canary yellow (5D)[We(us-Cl)sClg](OH2)x was A 4.547 g portion was treated witkh3 mL of concentrated
obtained (79.4% yield based on W{I Anal. Calcd for aqueous HCI while being agitated for10 min at room
(H30)2[We(uz-Cl)gClg](OH2)7: W, 62.55. Found: W, 62.63. temperature, giving a slight exotherm and a fine tan precipitate.
Preparation of WgCl, via Reduction of WClg with The precipitate was separated, washed with HCI, and dissolved
Bismuth. An ampule was sealed with WE{10.00 g, 25.2 in 25 mL of boiling concentrated aqueous HCI. Upon cooling,
mmol) and Bi (7.027 g, 33.6 mmol) in the reaction chamber. greenish-yellow crystals formed. After two recrystallizations,
The mixture was heated at the furnace center for 1 day at 2303440 g of canary yellow (§D)o[We(u3-Cl)sCle](OH2)x was
°C. After cooling, the solids were homogenized by shaking obtained (87.0% yield based on WEI Anal. Caled for
and then heated for 2 days at 335. The receiver chamber ~ (H30)[We(u3-Cl)sCle(OHz)7: W, 62.55. Found: W, 62.59.
was withdrawn partially from the furnace and BiGemoved In a separate experiment, a 60 mL ampule with Y(@0.00
by sublimation at 315335 °C for 3 days. After cooling, the 9, 25.2 mmol), Bi (7.027 g, 33.6 mmol), and KCI (0.627 g, 8.4
ampule was opened in the glovebox. The red-brown, crystalline mmol) in the reaction chamber was heated in the center of the
nonvolatiles weighed 7.670 g (theory for ¢Bl,, 6.424 @) tilted (~45°) furnace; the temperature was raised slowly to 230
which, according to X-ray diffraction, were an unknown phase. °C during 2 h and then to 355C during 2 h. Heating was

The BiCk weighed 9.292 g (88% based on Bi), consistent with continued at 355365 °C for 2 days. The furnace was
residual Bi content in the nonvolatiles. reoriented to horizontal and the ampule repositioned with the

A portion of the involatile solid (5.28 g) was mixed with receiver chamber in a cooler furnace zone. Heating was

concentrated HCI (15 mL), resulting in a slight exotherm and a continued at 355365 °C for 2 days. The ampule was
yellow-brown solid. The solid was filtered and recrystallized repositioned with the receiver chamber partially outside of the

five times from concentrated HCI to give 4.24 g of sb)- furnace._ Afte 3 h at 355-365°C, the amp_ulg_was cooled_and

[Wi(is-Cl)sClg(OH2)x (83.0% vield, forx = 7, based on WG). opened in the glovebox. The brown solidified melt weighed
Thermolysis yielded 3.56 g of yellow MZl;» (81% yield based ~ 10-313 g (theoretical yield of #Ve(us-Cl)eCls, 7.051 g).

on WCk). A 3.00 g portion was worked up with HCI as above. After

three recrystallizations, 1.875 g of canary yellows;Qhb-

In a substantially shorter procedure, WGL0.00 g, 25.2 . [Wi(s-Cl)sCle](OH5), was obtained (86.9% yield based on

mmol) and Bi (7.027 g, 33.6 mmol) were sealed in the en ;
chamber of a~60 mL ampule. The ampule was placed in the \é\£C5|65) If\c:]uarlm'd' CV?/Ingng (HOR[We(us-Cl)eClel(OH2)7: - W,
center of the furnace and the temperature raised slowly to 230~~~ T e
°C during 2_ h and th_en to 35;'(3_during 2 h. T_he ampule was  Results and Discussion
then repositioned with the receiver chamber in a cooler furnace
zone. Heating was continued at 3%Dfor 24 h. After cooling, Reduction of WCls with Mercury. For the preparation of
the ampule was opened in the glovebox. The chocolate-brownWeCli2 from inexpensive WG| mercury offers several advan-
crystalline nonvolatiles weighed 7.828 g, consistent with ap- tages as areductant (eq 1). First, as a mild reductant the chance
preciable bismuth content since the theoretical yield g€s
was 6.424 g. 6WCls + 24Hg— WCI,, + 12Hg,Cl, Q)

A portion of the product (3.00 g) was treated witt3 mL of
concentrated agueous HCI while agitating fat0 min at room for overreduction of W@ to tungsten is eliminated. The
temperature, leading to a slight exotherm and a yellow-brown volatility of Hg at reduced pressure ensures diffusion throughout
fine precipitate. The precipitate was separated, washed withthe mixture and easy removal at completion. The byproduct
HCI (in which it was insoluble), and dissolved in 15 mL of Hg.Cl, is volatile and thus separable fromg@li» but exerts
boiling concentrated HCI. Upon cooling, greenish-yellow low vapor pressuresv400 Torr at 360°C). Finally, chloro-
needles formed. After two recrystallizations, 2.458 g of canary tungstates such as HgW&Glid not form under our conditions.
yellow (Hz0)o[We(us-Cl)sClg)(OH2)x was obtained (86.3% yield  We obtained a 73% yield of canary yellowg@l;, based on
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W(Clg after thermal decomposition of §B),[We(us-Cl)sCle]- 6WCl; + 8Bi — WClI,, + 8BiCl, (2)
(OHy)y, a yield 13% higher than the best literature rotft&he . ) .
overall procedure takes slightly over 8 days (unoptimized), from WCls through the chloro acid is 86%, considerably higher
which is one disadvantage; we obtained a lower yield (47% of than reported yields of ¥Zli.. The high solubility of Bi in
(HsO)[W(us-Cl)sClg](OHy)y for x = 7) when this reaction time the initially formed BiC} ensures diffusion of Bi throughout
was reduced to 2 days. Despite the 8 day reaction time (Wethe reaction mixture. Another advantage of Bi as a reductant
believe that 4 days would be sufficient), the Hg-based reduction i the low BiCk vapor pressure, 125 Torr at 38C,'® which
approach is not hampered by the need for careful temperatureMProves the safety and allows facile separation by'd]stlllatlon
control or ampule positioning and is thus more convenient than &t completion. The red-brown, crystalline, Bi-containing non-
most other literature methods. vol_atlle_s are an unknown phase not corresponding b@_Mz’

While ternary routes involving added KCI were shown to V.Vh'Ch |s.curre.nt!y undgr study by single-crystal X-ray d|ﬁrqc-
improve procedures involving Sb or Bi as reductant (vide infra), t'.or?a -I}h'r‘:’ SOlr'](lj IS rea%lly converted t();)( agluegus HCl to a high
addition of KCI to the Hg-based reduction of Waed to a  Yield of the chloro acid (HO)2[We(uz-Cl)eCle] (OHa)x.

novel tungsten cluster which is presently undergoing further We_exa_mlr)ed the effect of reduc_tlon times, tempergture_s, and
characterization. the Bi stoichiometry on product yield. Long reduction times

- . . 6 days) are not necessary for high yield, as we obtained an
Some applications of ¥Cl1, derived from Hg reduction (e.g., ( . .
photochemistry) may be affected by trace amounts of Hg or 86% yield of (HO)o[W(us-Cl)eCle](OHo)s atfter 28 h total time

- ; - o for reduction (at a slightly higher temperature) and BiCl
Hg-containing species (neither detected qualitatively), though . . ~". ) . ; ;
this is minimized via the chloro acid purification” route. distillation. As in the case with Hg-based reduction, reduction

Therefore, we examined other low-cost and lower toxicity With. Bi q|oes hot require careful_temperatur_e control or ampu!e
reductanté which would form volatile byproducts. positioning. The yield was not improved with 10%_ excess Bi.
Reduction of WClg with Antimony. We had shown earliét Whlle ternary-based routes with NaCl gave drastlcallly lower
that Sb was the best reductant of the three (Sb, Hg, Bi) for the yield (4.9% of Cfloro ac[d), the use of KCI gave essentially the
preparation of (WG}, in high yield, but Sb proved to be less same yield (87%) asinits absence. The reason(s) for the yield
effective as a reductant for the direct preparation ofCWs. dependence on cation is presently unknown.
OnIy a 31% yI6|d of (HO)z[WG(,u:g-Cl)gCle](OHz)X (fOf X= 7) Conclusion
was obtained, under conditions which facilitated Sh@&flux.
While it is possible that reduction at higher temperature could
improve the yield, the marginal increase in yield compared to
that obtained with Bi or Hg would not compensate for the N . / D
increased hazard from the elevated StpBéssure in the ampule.  [EMPeratures<350°C). The Bi reduction and Bigldistilla-
The yield decreased to a very low level when the reduction on: which are complete in 28 h, affords a Bi-containing
time was shortened and the ampule positioned so thatzSbCI material which yields the chlqro acid saltg(Gl)g[V\_le(,u_g-Cl)g-
would sublime to a cooler zone rather than reflux over the CIG](OHZ)X_ upon was_hlng W'th and recrystalllzatlon fr.OT“
reaction mixture. We postulate that SB@flux (which entails ~ nydrochloric acid. Antimony is a less effective reductant, giving
higher internal pressures, 221 atni® under our experimental only a moderate yield (31%) of chloro acid upon workup, but

conditions) is critical in reductions by Sb of Wb oxidation the yield can be improved dramatically (to 79%) by going to a
states below W(IV). ternary mixture of KCl, WG, and Sb and performing the

The yield of (HO)[Wi(us-Cl)sCle](OHa)x from Sb reduction [)eduction undgr condit!qns of Sh@kflux. All reductions can .
of WCis was decreased to traces when LiCl was added but e performed in borosilicate glass ampules and_ do not require
increased substantially (to 79%) with KCI. Once again, a shorter Egrrt:lcular _(f:_are in temperature control and gradients or use of
reaction time for reduction accompanied by KCI, under condi- ighly purified WCh.
tions which precluded Sbgteflux, led to a drastic lowering Acknowledgment. This work was supported by a grant from
of yield (to 21%) of (HO)2[We(us-Cl)sCle](OHy)x. Nycomed, Inc. The Siemens D5000 automated powder diffrac-

Reduction of WClg with Bismuth. Bismuth is the most  tometer was purchased with Carver Foundation funds.
effective reductant fo_r the preparati(_)n OfeBl, from WCls . Supporting Information Available: Text describing procedures
(eq 2), as we obtained a high y'eld, of 'the chloro acid for altg’:r)nate,glower yield preparations ofs®l;, via reduc%oprll of WG
(H3O0)[We(us-Cl)sCle](OH2)x. The effective yield of WCli» with Hg (shorter reaction time), Sb, Sb/LiCl, Sh/KCI (shorter reaction

time), and Bi/NaCl (3 pages). Ordering information is given on any
(19) Gmelin’s Handbuch der Anorganischen Chemie (Gmelin’s Handbook current masthead page.

of Inorganic Chemistry)Verlag Chemie, GmbH: Weinheim/Berg-

strasse, Germany, 1950; antimony, Vol. 18, Part B, p 416. 1C980232N

Bismuth and mercury are effective reductants for the con-
venient direct preparation of ¥&l,, from inexpensive WGlin
high overall yields (Bi, 85%; Hg, 73%) at comparatively low




