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Coordination Chemistry, Structure, and Reactivity of Thiouracil Derivatives of Tungsten(0)
Hexacarbonyl: A Theoretical and Experimental Investigation into the Chelation/
Dechelation of Thiouracil via CO Loss and Addition

Donald J. Darensbourg,* Brian J. Frost, Agnes Derecskei-Kovacs, and Joseph H. Reibenspies
Department of Chemistry, Texas A&M University, P.O. Box 30012, College Station, Texas 77842-3012
Receied June 30, 1999

The synthesis of 2-thiouracil and 6-methyl-2-uracil derivatives of tungsten carbonyl from the reaction of
photogenerated W(Cg(solvent) (solvent= MeOH or THF) and the corresponding [Ei[thiouracilate] is
described. The crystal structure of the JEfW(CO)s(2-thiouracilate)],1, derivative is reported where the
thiouracilate is found to be bound to the tungsten center via the exocyclic sulfur atom. In the solid-state structure
of 1 two anions are associated by means of two hydrogen bonds between the metal bound nucleobases. These
pentacarbonyl complexes stereoselectively lose cis carbonyl ligands, as is apparefiCilabeling studies, to
provide the endocyclic nitrogen N(1)-chelated tungsten tetracarbonyl derivatives, e gN][\ECO)4(2-
thiouracilate)],3. The kinetics of the loss of CO from the pentacarbonyl anions to afford the metal tetracarbonyls,
and the reverse of that process, were monitored by means of in situ infrared spectroscopy@Chesgion as

a function of temperature. These studies reveal that the tetracarbonyl anions in CO-saturated acetonitrile ([CO]
~ 6 x 1073 M) are unstable with respect to the formation of the pentacarbonyl derivatives, i.e., the equilibrium
1<=3+ CO lies to the left under an atmosphere of carbon monoxide. From the activation parameters determined
for the dissociative CO loss processH* = 82.0 + 3.6 kJ mot! and AS" = —44.9+ 9.6 J mot! K1 for
complexl) it is apparent that the sulfur-bound thiouracilate ligand is servingad@nor during CO dissociation,

i.e., behaving as a cis-labilizing ligand. Ab initio geometry optimizations carried out for the prbeess+ CO

at the Hartree-Fock and DFT levels support these experimental observations. For example, cdngpkhown

to be more stable tha®+ CO and chelation via the endocyclic N(1) donor is favored over N(3) binding. Finally,

the “16-electron” intermediate resulting from CO dissociatiod imas found to possess a significantly shortened
W-S interaction, presumably due to thedonating ability of the thiouracilate ligand.

Introduction vivo.® A comprehensive understanding of the coordination
chemistry of these complexes is necessary for the rational design
of other useful uracil-containing metal derivatives.

For the last several years we have been investigating the
m-donor abilities of various ligands as measured via their
propensity for labilizing cis CO ligands in octahedral metal
carbonyl derivative$:14 Included in these studies are complexes
ontaining pseudo amido donor ligands such as WECO)
uracilatey, where the nucleobases are bound to the metal
§ centers via one of the ring nitrogeh® The isolation and
infrared spectral properties of several neutral and anionic metal

The coordination chemistry of nucleobases to metal centers
has been an active area of research for several detaddsst
of these studies have dealt with biologically relevant metals in
positive oxidation states, such as magnesium, platinum, and
cadmium. Generally these efforts have been directed toward
the examination of the coordination modes of neutral nucleo-
bases to metals. Nevertheless, there have been several investig
tions carried out on metal complexes involving the binding of
monoanions of the nucleobases. Importantly, this area o
research has been pivotal in the gleaning of information about
h.OW .metal-based drugs Such as cisplatin and metallc_)cene (6) (a) Cookson, P. D.; Tiekink, E. R. T.; Whitehouse, M. YAust. J.
dihalides operat&® These studies have led to the synthesis of Chem.1994 47, 577. (b) Tiekink, E. R. T.; Cookson, P. D.; Linahan,
metal complexes which exhibit biological activity. For example, B. M.; Webster, L. K.Met. Based Drug4994 299.
Tiekink and co-workers have shown that thiouracil-containing (7) Darensbourg, D. J.; Draper, J. D.; Larkins, D. L.; Frost, B. J;

. . . b Reibenspies, J. Hnorg. Chem.1998 37, 2538.

complexes are effective antitumor and arthritic compounds in (g parenshourg, D. J.; Sanchez, K. M.; Reibenspies, Inétg. Chem.
1988 27, 3636.

(1) Goodgame, M.; Jakubovic, D. ACoord. Chem. Re 1987, 79, 97. (9) Darensbourg, D. J.; Atnip, E. V.; Klausmeyer, K. K.; Reibenspies, J.
(2) Mutikainen, I.Ann. Acad. Sci. FennSer. A21988 No. 217 and H. Inorg. Chem.1994 33, 5230.
references therein. (10) Darensbourg, D. J.; Draper, J. D.; Reibenspies, dnétg. Chem.
(3) (a) Lusty, J. R., EACRC Handbook of Nucleobase Complexes: 1997, 36, 3648.
Transition Metal Complexes of Naturally Occurring Nucleobases and (11) Darensbourg, D. J.; Klausmeyer, K. K.; Reibenspies, [hatg. Chem.
Their Derivatives CRC Press: Boca Raton, FL, 1990; Vol. 1, pp 1995 34, 4676.
9-99. (b) Bloemink, M. J.; Reedjik, J. Imteraction of Metal lons (12) Darensbourg, D. J.; Klausmeyer, K. K.; Reibenspies, (haig. Chem.
with Nucleotides, Nucleic Acids and Their Deatives Sigel, A., Sigel, 1996 35, 1529.
H., Eds.; Marcel Dekker: New York, 1996; pp 64685. (13) Darensbourg, D. J.; Klausmeyer, K. K.; Reibenspies, [haig. Chem.
(4) Murray, J. H.; Harding, M. MJ. Med. Chem1994 37, 1936-1941. 1996 35, 1535.
(5) (a) Yuriev, E.; Orbell, J. DInorg. Chem. 1998 37, 6269-6275. (b) (14) Darensbourg, D. J.; Klausmeyer, K. K.; Draper, J. D.; Chojnacki, J.
Zangrando, E.; Pinchierri, F.; Randaccio, L.; Lippert@ord. Chem. A.; Reibenspies, J. Hnorg. Chim. Actal998 270, 405.
Rev. 1998 156, 275-332 and references within. (15) Darensbourg, D. J.; Frost, B. J. Unpublished results.
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carbonyl derivatives of nucleobases have previously been purchased from Strem, dried over sodium, and distilled prior to use.

reported by Beck and Kottmalf.Herein, we wish to describe
related chemistry involving thiouracil anionic derivatives of

zerovalent tungsten carbonyls. In these instances the thiouracil

ligands are bound to the metal center through the exocyclic
sulfur initially, with subsequent processes leading to additional
binding via one of the ring nitrogen atoms.

Monoanions of uracil derivatives have been shown to exhibit
a vast coordination chemistry, binding metals via N(1), N(3),
and the exocyclic oxygens (or sulfu¥g)and, finally, though
less common, through C(5J. This study will examine the
coordination modes and substitution kinetics of two thiouracil
derivatives of tungsten(0) carbonyls, specifically 2-thiouracilate
and 6-methyl-2-thiouracilate. HF and DFT theoretical method-

H H
5 5
4 P 4 6
HN? _ 'NH HN> . 'NH
N N
S S

2-thiouracil 6-methyl-2-thiouracil

ologies have also been employed in the evaluation of the
coordination modes and CO ligand reactivity. Included herein
is, to our knowledge, the first crystallographically characterized
monodentate sulfur-bound 2-thiouraaitionicmetal complex,
[EtaN][W(CO)s(2-thiouracilate)]. This complex is one of a very
few crystallographically characterized transition metal com-
plexes with metatsulfur interaction having a uracil like

Microanalyses were performed by Canadian Microanalytical Service,
Ltd., Delta, BC, Canada.

Synthesis of [NEL][W(CO)s(L)] (L = 2-Thiouracilate, 1; L =
6-Methyl-2-thiouracilate, 2). In a typical synthesis 1.43 mmol of
2-thiouracilate {) or 6-methyl-2-thiouracilate?) was deprotonated with
1.44 mmol of tetraethylammonium hydroxide 25% w/w solution in
methanol. This solution was stirred for 30 min followed by the addition
of 1.43 mmol of W(COYXMeOH) which was generated photochemically
by photolysis of 1.43 mmol of W(C@)n 60 mL of methanol for 1 h.
The resulting yellow solution was stirredrfd h and the solvent
removed under vacuum to provide a yellow solid. The yellow solid
was washed X 20 mL with hexanes to remove any remaining W(gO)
and dissolved in 30 mL of THF. The THF solution was filtered through
Celite removing any unreacted [’f[2-thiouracilate] () or [ELN][6-
Me-2-thiouracilate] 2). Removal of the THF via vacuum left a pure
bright yellow powder, 0.59 g (77% yield) df or 0.52 g (62% yield)
of 2. Anal. Calcd for [NEI][W(CO)5(C4H3N20$)] (l), C17H2306N3-
SW: C, 35.13; H, 3.98; N, 7.23. Found: C, 35.36; H, 4.30; N, 7.51.
IR (CH;CN): 2068 (w), 1922 (s), 1866 cri(m). IR (MeOH): 2065
(w), 1925 (s), 1873 crrt (m). 3C NMR (CDsOD, 75 MHz): 6 200.2
Je-w = 127.6 Hz (4 cis CQO’s), 204.0 (1 trans CO). Crystals suitable
for X-ray diffraction were grown by slow diffusion of diethyl ether
into a THF solution ofl at 0°C over a period of 5 days. Anal. Calcd
for [NEtg][W(CO)s(CsHsN20S)] (2), CagH2s0sNSW: C, 36.32; H, 4.23;

N, 7.06. Found C, 36.33; H, 4.44; N, 7.28. IR (&EN): 2062.7 (w),
1921.0 (s), 1862.2 cm (m). IR (MeOH): 2063.7 (w), 1923.9 (s),
1873.7 cmi* (m). 3C NMR (CDsOD/CH:CN, 75 MHz): ¢ 200.4%Jc—w
= 127.6 Hz (4 cis CO’s), 204.0 (1 trans CO).

Synthesis of [NEL][W(CO)4(L)] (L = 2-Thiouracilate, 3; L =
6-Methyl-2-thiouracilate, 4). The syntheses & and4 were conducted
in a manner similar to that fat. In a typical synthesis 1.44 mmol of

backbone, as found via a search of the Cambridge structural2-thiouracil @) or 6-methyl-2-thiouracil 4) was deprotonated with 1
database. Of the compounds found in this database search thesequiv of tetraethylammonium hydroxide 25% w/w in methanol. This
exist in both the monodentate sulfur bound and the bidentate Solution was stirred for 45 min and taken to dryness, followed by the

S, N boundt8

Experimental Section.

Methods and Materials. All manipulations were performed on a

addition of 5 of mL methanol to redissolve the white powder. To this
solution was added 1.42 mmol of W(COHF which was generated
photochemically by photolysis of 0.501 g of W(G@) 60 mL of THF

for 45 min. The yellow solution was allowed to stir overnight and
evacuated to dryness leaving a yellow powder. Tetrahydrofuran, 20

double-manifold Schlenk vacuum line under an atmosphere of argon mL, was added to the solid yielding a yellow brown solution and a

or in an argon-filled glovebox. Solvents were freshly distilled under
nitrogen from sodiurbenzophenone ketyl (tetrahydrofuran, hexane,

yellow powder. The yellow/brown solution was found via IR to be a
mixture of W(CO}L and W(CO)L complexes. The yellow THF

diethyl ether), magnesium iodide (methanol), or phosphorus pentoxide insoluble powder was washed with hexanes and dried to yield 0.32 g

followed by calcium hydride (acetonitrile). Photolysis experiments were
performed using a mercury arc 450 W UV immersion lamp purchased
from Ace Glass Co. Routine infrared spectra were recorded on a

(40% yield) of3 as a pure yellow powder. In the case of complex
the yellow THF insoluble powder was dissolved in acetonitrile and
layered with diethyl ether at10 °C yielding 0.41 g (52% vyield) oft

Matteson 6022 spectrometer with DTGS and MCT detectors, using a as pure yellow crystals. Anal. Calcd for [NJftW(CO)4(CsHsN-0S)]

0.10-mm Cak cell. Kinetic measurements were monitored on either
the Matteson 6022 spectrometer or ASI's ReactlR 1000 system
equipped with a MCT detector and 30 bounce SICOMP in situ probe.
1H and C NMR spectra were obtained on a Varian UrB00

(3), CieH230sN3SW: C, 34.73; H, 4.19; N, 7.59. Found: C, 35.16; H,
4.90; N, 8.08. IR (CHCN): 2002.0 (w), 1869.9 (vs), 1848.7 (sh),
1810.1 of (m). Anal. Calcd for [NEfW(CO)4(CsHeN2OS)] (@),

CiH260sN3SW: C, 35.93; H, 4.61; N, 7.39. Found C, 35.45; H, 4.41,

spectrometer and referenced to residual solvent peaks with respect tay, 7.39. IR (CHCN): 2002.0 (w), 1871.8 (vs), 1849.6 (sh), 1808.2
TMS. 13CO was purchased from Cambridge Isotopes and used ascmr! (m).3C NMR (CD;OD/CH,CN, 75 MHz): 6 204.66 (2 cis CO's),

received. W(CQ)was purchased from Fluka and used without further
purification. 2-Thiouracil and 6-methyl-2-thiouracil were purchased
from Aldrich Chemical and TCI, respectively, and used without
purification. Tetraethylammonium hydroxide 25% w/w in methanol was

213.97 (1 CO trans N), 216.40 (1 CO trans S). Crystals suitable for
X-ray diffraction were grown by slow diffusion of diethyl ether into a
CHsCN solution of4 at 0°C over a period of 6 days. However, twining
problems have thus far precluded obtaining a solution of the structure.

purchased from Sigma and used as received. Triethyl phosphite was  Alternative Synthesis of 3 and 4. 3and4 were prepared thermally

(16) Beck, W.; Kottmair, NChem. Ber1976 109, 970.

(17) Hunt, G. W.; Griffith, E. A. H.; Amma, E. Linorg. Chem1976 15,
2993-2997.

(18) (a) Ruf, M.; Weis, K.; Vahrenkamp, thorg. Chem1997, 36, 2130~
2137. (b) Cookson, P. D.; Tiekink, E. R. . Chem. Crystallogr.
1996 24, 805-810. (c) Garcia-Tasende, M. S.; %em, M. |.; Sachez,
A,; Casas, J. S.; Sordo, J.; Castellano, E. E.; Mascarenhas|narg.
Chem.1987, 26, 3818-3820. (d) Hunt, G. W.; Griffith, E. A. H,;
Amma, E. L.Inorg. Chem1976 15, 2993~ 2997. () Goodgame, D.
M. L.; Rollins, R. W.; Shawin, A. M. Z.; Williams, D. J.; Zard, P. W.
Inorg. Chim. Actal986 120, 91-101. (f) Corbin, D. R.; Francesconi,
L. C.; Hendrickson, D. M.; Stucky, G. DJ. Chem. Soc., Chem.
Commun.1979 248-249.

by placing 0.15 g ofl or 2 in 20 mL of CHCN. This solution was
then heated at 60C for 6 h. The yellow solution was then filtered
through Celite to remove any decomposition products. The solution
was dried in vacuo and washed with<320 mL of hexanes leaving a
bright yellow solid. These complexes displayed infrared spectra identical
to those observed f@ and 4 prepared using the previous described
method.

Reaction of 1 and 3 with Triethyl Phosphite. The reactions of.
and3 with triethyl phosphite were carried out in acetonitrile. In a typical
reaction approximately 0.05 g &for 3 was dissolved in 2 mL of CH
CN. To this yellow solution an excess of phosphite was added and the
reaction monitored via infrared in thgCO) region. The tungsten(0)



Thiouracil Derivatives of Tungsten(0) Hexacarbonyl

Table 1. Crystallographic Data for Complek

empirical formula G7H2aN30sSW
fw 581.29
space group P2,/n

vV, A3 2112.5(7)
Z 4

deare, g/Cn® 1.828

a A 7.420(2)
b, A 14.927(3)
c, A 19.399(4)
B, deg 100.51(3)
T, K 293

w(Mo Ko, mmr? 5.604
wavelength, A 0.71073
Re,2% 4.99

Rur,? % 8.13

aRe = Y|Fo — Fel/YFo. * Rur = {[IW(Fs? — FA(TWFA} Y2

tetracarbonyl complex3j was converted to the product within minutes
of addition of the phosphite, whereas complerequired a matter of
a few hours to be converted to the [MJEtis-W(COu(2-thiouracilate)P-
(OEt)] complex. There was virtually no visible change in the solution
upon addition of phosphite. Infrared spectra obtained for either reaction
were identical: IR (CHCN) 2012.0 (w), 1871.8 (vs), 1808.2 (m).
X-ray crystallography. [Et s/N][W(CO) s(2-thiouracilate)]. Crystal
data and details of data collection are given in Table 1. A yellow block
of 1 was mounted on a glass fiber with epoxy cement at room
temperature. Preliminary examination and data collection were per-
formed on a Siemens P4 X-ray diffractometer (Ma,K = 0.710 73
A radiation) for 1. Cell parameters were calculated from the least-
squares fitting of the setting angles for 24 reflectienscans for several
intense reflections indicated acceptable crystal quality. Data were
collected for 3.46= 20 < 47.10. Three control reflections, collected
every 97 reflections, showed no significant trends. Background

Inorganic Chemistry, Vol. 38, No. 21, 19994717

Scheme 1
. . [Et,N][OH] . .
thiouracil ———————— [Et,N][thiouracilate]
MeOH
W(CO), —v 5 w(co)sSolvent
Solvent h

S =MeOH S = THF

[Et,N][W(CO)s(thiouracilate)] [EtyN][W(CO),(thiouracilate)]
lor2 3or4

of 3CO. The exchange process was monitored by observing the
decrease in absorbance of the highest frequet€0) band of the
starting complexl as a function of time.

Theoretical Calculations. Theoretical calculations were performed
using the Gaussian 94 program package employing the LANL2DZ basis
set of Wadt and Ha§2 as implemented in Gaussian 94 Hartree-

Fock (HF) and density functional (DFT) calculations were carried out
on all the 2-thiouracilate complexes. DFT calculations were performed
using Becke’s three-parameter hybrid metiadupled to the correla-
tion functional of Lee, Yang, and Parr (B3LYP).Full geometry
optimization ofl was performed starting from the crystal structure of
1. Complex3 was optimized starting from a modification of the crystal
structure ofl. Calculations were also performed on potential intermedi-
ates by reoptimizing structures bfn which one CO had been removed.
Frequency calculations were also performed on all 2-thiouracilate
complexes including intermediates in order to establish the nature of
the extrema and to calculate values faf and AG values.

Results and Discussion

The 2-thiouracil derivatives of tungsten hexacarbonyl, com-

measurements by stationary-crystal and stationary-counter techniquesplexesl and2, were synthesized in good yields via displacement

were taken at the beginning and end of each scan for half the total
scan time. Lorentz and polarization corrections were applied to 3145
reflections forl. A semiempirical absorption correction was applied
to 1. A total of 3143 unique reflections, withi| > 2.00(l), were used

in further calculations. The structure bfvas solved by direct methods
[SHELXS programs package, Sheldrick (1993)]. Full-matrix least-
squares anisotropic refinement for all non-hydrogen atoms yigRled
= 0.0499,R, = 0.0813, andS = 1.032 for1. Hydrogen atoms were
placed in idealized positions with isotropic thermal parameters fixed

of the labile ligand methanol from W(CgiMeOH) (prepared

in situ by photolysis of W(CQ)in methand?®) by the tetra-
ethylammonium salt of the corresponding 2-thiouracil (Scheme
1). The protic solvent methanol was employed because of its
ability to hydrogen bond to the lone pair of the anionic sulfur
donor ligand, thereby negating its CO-labilizing abifityOn

the other hand, the chelated derivativeés,and 4, were
synthesized in moderate yields by performing the series of

at 0.08. Neutral-atom scattering factors and anomalous scatteringreactions in THF at ambient temperature. Alternatively, complex

correction terms were taken from theternational Tables for X-ray
Crystallography

Kinetic Measurements.The rate of CO dissociation, chelation, of
1 and2 was determined by placing 0.10 g of the complex in 15 mL of

acetonitrile. These solutions were then placed in a thermostated
temperature bath at a variety of temperatures (15, 30, 40, 45, 50, 60

°C for 1 and (15, 27.3, 40, 50, 6%C) for 2 and stirred via magnetic
stirring. Following the Ev(CO) band in1 and 2 at 1922 and 1921
cm%, respectively, allowed the conversion of the pentacarbonyl to the
product to be monitored.

Kinetic measurements for the conversion of the tetracarbonyl
complex @) back to the pentacarbonyl complel,(CO addition, were

obtained in analogous manner to that described above. Approximately

0.10 g of3 was placed in 2 mL of acetonitrile. This solution was then
added to the 15 mL of CO-saturated §€HN, in a temperature bath.
CO was bubbled through the solutions throughout the entire data
collection. The rate of CO addition to compl8wvas determined at a
variety of temperatures (10, 20, 30, 20). The rates of CO addition
kinetics were monitored by following the product appearance in the
IR using the intense E(CO) band of compled at 1922 cm*. The
CO addition kinetics were also performed at°®as a function of the
partial pressure of CO, wheR-o = 1.0, 0.75, and 0.50 atm.

The 13CO exchange rate for complexwas determined by placing
an acetonitrile solution of the complex (0.1 g in 20 mL) in a
thermostated water bath with magnetic stirring at 3@0ONce thermal

equilibrium was reached the solution was placed under an atmosphere

1 has been prepared in low yield by deprotonation of the neutral
S-bound W(CQY2-thiouracil) derivative with hydroxidéa
Complexesl and 2 exhibit the expected 3-band pattern in

the »(CO) region of the infrared spectra, consistent with the
pseudoE,, symmetry of monosubstituted metal hexacarbonyls.
Upon loss of carbon monoxide from these anionic derivatives
and subsequent chelation by N(1) (vide infra) of the thiouracil
ring (complexes and4), a 4-band pattern in thgCO) region

is observed corresponding to the pse@psymmetry of a cis
disubstituted tetracarbonyl complex (Figure 1). It is also evident
in Figure 1 that the exocyclic carbonyl substituent shifts to

(19) (a) Hay, J. P.; Wadt, W. R. Chem. Physl985 82, 284. (b) Frisch,
M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.;
Robb, M. A. Cheeseman, J. R.; Keith, T.; Petersson, G. A
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, Reision D.4 Gaussian, Inc.: Pittsburgh, PA, 1995.

(20) (a) Becky, A. D.Phys. Re. A. 1988 38, 3098. (b) Becky, A. DJ.
Chem. Phys1993 98, 5648.

(21) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(22) Darensbourg, D. J.; Meckfessel Jones, M. L.; Reibenspies/|dot.

Chem.1996 35, 4406.
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angles are listed in Table 4. The unit cell for complexrlso
contains a tetraethylammonium counterion to balance the charge.
The nearly perfect octahedral environment about the tungsten
consists of a 2-thiouracilate anion bound to a tungsten pentac-
arbonyl fragment through the exocyclic sulfur atom, with a
W—S bond length of 2.533(3) A. This bond length is similar to
the average WS distance of 2.561(5) A observed in the
W(CO)(72-S,CCHs)~ anion?® The C-S bond distance of
1.709(11) A is indicative of considerable double bond character,
in that C-S single bonds are typically 1.8 0.005 A with
C=S double bonds being 1.718 0.005 A24
The slight octahedral distortion which exists about the
tungsten center results from the positioning of the N(2) atom.
2100 2050 2000 1950 1900 1850 1800 1750 1700 1650 1600 That is, the N(2) atom lies between the C(3) and C(4) atoms of
Wavenumber (cm") the cis carbonyl ligands, which in turn causes an opening of
Figure 1. Infrared spectra in(CO) stretching region in acetonitrile ~ the C(4-W—C(3) angle to 93.1with a concomitant closing
for [ELN][W(CO)s(2-thiouracilate)],1; and [E4N][W(CO)4(2-thiou- of the C(3-W—C(5) and C(4>W—C(2) angles to 89.7 and
racilate)],3, in CH;CN. Peaks with asteriks correspond to those3for ~ 86.3, respectively. Nevertheless, the N(2) nitrogen is not
The exocyclic carbonyl bands are at 1677 €rfor 1 and 1690 cm* significantly interacting with either the metal center, C(3), or
for 3. C(4), with distances of 3.623, 3.108, and 3.137 A, respectively,
] ) ) . . which are well beyond the sum of the covalent van der Waals
higher frequency upon chelation of the thiouracilate ligand. a4 of the nuclei. The thiouracilate ligand exhibits a nearly
Since the CO stretching vibrations are such good probes of theanar pyrimidine ring with a standard deviation from planarity
electronic character of the substituted ligand in metal carbonyl ¢ the ring atoms (plus exocyclic oxygen atom) of 0.0130 A,
derivatives, it is of interest to compare these parameters observeggicative of sB hybridization about the nitrogen atoms. The
herein with similar derivatives. Table 2 contains the carbonyl metal center and the sulfur atom are slightly out of the plane of
vibrational frequencies for complexds-4, along with those  {he pyrimidine ring by 0.0328 and 0.0693 A, respectively. The
of closely related uracilate, orotate, glycinate, and thiolate jyraligand distances in the 2-thiouracilate are comparable to
tungsten(0) carbonyl derivativés:® From these data it is  hose observed upon its binding to a variety of other metal
possible to conclude that the ring N(1) donor of the uracilate in canterg The carbonyl trans to the S exhibits a trans effect; i.e.,
the W(CO}(uracilate) derivative is more donating than the e \W—C bond for the trans CO is shorter than the-@ bond
exocyclic sulfur donor group of the thiouracilate ligands in length for the cis CO’s (1.968(11) A for trans and an average
complexesl and2.” A similar conclusion can be made with  gistance of 2.058(12) A for cis CO’s).
respect to the SPhligand in W(CO}SPIT, where thev(CO) Upon examination of the packing diagramloft is observed
vibrational modes are lower than thoseliand2. Comparison  that there is extensive hydrogen bonding between the base pairs,
of the »(CO) parameters of complex@sand 4 with those of 55 would be expected for a RNA base pair. Figure 3 depicts a
the tungsten tetracarbonyl derivatives of glycinate and orotate y5)|_and-stick representation of the hydrogen-bonding motif that
leads to similar conclusion/s"10 _ exists in the complex. From this figure it is clear that the
_ Iable 3 summarize§C NMR data of the carbonyl ligands  hyqrogen bonding takes place via the N(3) nitrogen and an
in 13CO-enriched complexes-4, as well as the corresponding exocyclic oxygen from a neighboring molecule. This would then
data obtained in our laboratories on similar derivatives. The jngicate that the thiouracilate complex is deprotonated at the
pentacarbonyl complexdsand2 exhibit the expected two peak (1) position. The two hydrogen bonds are linear with a distance
pattern in approximately 4:1 intensity ratio, with the more ¢ 5 8g> A hetween the N and O atoms. This distance is in
intense °C resonance due to the four cis carbonyls being eycellent agreement with those previously reported for hydrogen
observed upfield from the CO group trans to the sulfur donor ,4nging between these base p&#rshe average deviation from
groups. Coupling constants W, fJc-w, of 128 Hz were  he plane, as defined by the ring atoms of the two uracilate
observed for the more inten3&C resonance in both and2. fragments, of the two hydrogen-bound thiouracilate fragments
The **C NMR spectra of complexe®and4 each are comprised g only 0.0147 A, with tungsten and sulfur atoms out of the
of three signals in an approximate intensity ratio of 2:1:1, plane by 0.0274 and 0.0838 A, respectively.
corresponding to one resonance for the two cis CO’s and one’  pggip complexesl and 3 underwent ligand substitution
for each of the other two CO’s, trans to nitrogen and trans to reactions with P(OE#) to afford cis-W(CO)(thiouracilate)-
sulfur. Both of these latter resonances are slightly downfield (P(OEty)~ derivatives, albeit at much different rates (Scheme
from the more intense resonance for the two cis CO ligands. 2). That is, complex. reacts with excess P(OEtn CHsCN
As anticipated from the/(CO) parameters, th&C chemical over several hours at ambient temperature, whereas cor@plex
shifts of the CO ligands for the more electron-donating O- or afford the same product in minutes under identical reaction
O,N-Ilgated complexes are further dowr_1f|eld than_ th(_e corre- conditions. Hence, ring-opening Bioccurs at the endocyclic
sponding parameters for the S- or S,N-ligated derivatives.  pirrogen donor site and this process is more facile than CO loss
The solid-state structure of complexwas determined by from complex1. When the sequence of reactions in Scheme 2

X-ray crystallography. Crystals suitable for X-ray analysis were s carried out with3CO instead of P(OE) the initially afforded
obtained by the slow diffusion of diethyl ether into a THF

solution of the complex maintained at°C for several days.  (23) Darensbourg, D. J.; Wiegreffe, H. P.; Reibenspies, Diganome-
Crystallographic data and data collection parameters are com-  tallics 1991, 10, 6.

; ; ; id vi ; (24) Darensbourg, D. J.; Wiegreffe, H. P.; Wiegreffe, P.JVAm. Chem.
piled in Table 1. A thermal ellipsoid view of the monoanion Soc.199Q 112 9252,

W(CO)5(_2-thiourac_iIate) is depicted in Figure _21 along with (25) Darensbourg, D. J.; Joyce, J. A.; Bischoff, C. J.; Reibenspies, J. H.
the atomic numbering scheme. Selected bond distances and bond  Inorg. Chem.1991, 30, 1137.
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Table 2. Stretching Frequencies of the Carbonyl Ligands in the W¢GRipuracilate) (1, 2) and W(CO)(thiouracilate) (3, 4) Anions and
Related Complexes

— 1
complex® V(C=0), e ref
W(CO)(2-thiouracilate) (1) 2063.7 (w) 1922.0 (vs) 1865.0 (m) c
(2064.7) (1924.8) (1873.7) d
W(CO)(6-methyl-2-thiouracilate)(2) 2062.7 (w) 1921.0 (vs) 1862.2 (m) c
W(CO)(2-thiouacilate) (3) 2002.0 (w) 1868.9 (vs) 1848.7 (sh) 1810.1 (m) c
W(CO)(6-methyl-2-thiouracilate)(4) 2002.0 (w) 1871.8 (vs) 1849.6 (sh) 1808.2 (m) c
W(CO)(uracilate) 2065.0 (w) 1917.0 (vs) 1858.0 (m) 3
W(CO)(SPhy 2058.0 (w) 1916.0 (vs) 1855.0 (m) 4
W(CO)(glycinate)y 1996.0 (w) 1859.0 (vs) 1849.0 (sh) 1795 (m) 5,6
W(CO)(orotate§~ 1987.0 (w) 1842.0 (vs) 1829.0 (sh) 1792 (m) 3
3 As the tetraethylammonium saftSpectra determined in GBN. ¢ This work. ¢ Values in parentheses determined in methanol.
Table 3. *C NMR Data for the Carbonyl Ligands in Table 4. Selected Bond Lengths (A) and Angles (deg) for
W(CO)s(thiouracilate) (1, 2) and W(CO)(thiouraclate) (3, 4) W(1)—C(1) 1.973(11) 0(6YC(9) 1.252(14)
Anions, and Related Complexes W(1)-C(5) 2.032(12) C(7yC(8) 1.36(2)
13C resonance, ppm W(1)—C(3) 2.066(13) C(8YC(9) 1.43(2)
o e co W(1)—C(4) 2.071(12) N(3}C(12) 1.491(14)
complex (axial) (transto S) (trans to N) W(1)—-C(2) 2.062(14) N(3)C(10) 1.51(2)

- : W(1)—S(1) 2.553(3) N(3)C(16) 1.52(2)
W(CO)s(2-thiouracilatey (1) 2002 2040 ab S(1-C(6) 1.709(11) N(3¥C(14) 1.541(14)
W(CO)(6-methyl-2-thiouracilate) (2) 200.4 2040 ab N(1)—C(9) 1.35(2) C(12¥C(13) 1.50(2)
W(CO)4(2-th|0uraC|lat¢) (©)] _ 200.2 215.8 213?79 N(1)—C(6) 1.374(14) C(16YC(17) 1.50(2)
wégg))ggﬁ—me_lthtyl)—?—thlouI’aCIIatE) 4 5832 216.4 2201;?:; N(2)—C(6) 1.347(14) C(14yC(15) 1.49(2)

uracilate . R4 _
W(CO)(SPhy 2007 2029 af4 N(2)—C(7) 1.38(2) C(10yC(11) 1.50(2)
W(CO(glycinate) 205.5 216.0 216.89i56 C(1)-W(1)—S(1) 179.3(3) O(6)C(9)—N(1) 122.3(10)
W(CO(orotatey 205.5 2180 218.Foi3 C(5)-W(1)—S(2) 89.7(3) O(6)C(9)—-C(8) 124.5(11)

CE-W(1)-S(1)  90.3(3) N(1}C(9)-C(8)  113.1(10)
C4-W(1)-S(1) 90.0(3) C(12YN(3)-C(10) 111.8(10)
C2-W(1)-S(1) 88.7(4) C(12YN(3)-C(16) 109.0(9)

a As the tetraethylammonium satSpectra determined in methanol-
ds. ¢ Y5183y was observed at 128 Hz in tHéC NMR spectrum.

d Spectra determined in metharth/CH;CN. ¢ As the PPN salt! Spec- . _

tra determined in THF/(CE).CO. 9 Spectra determined in GDN. C(G)_S(l)—_W(l) 111.9(4) C(lO}N(S)_C(16) 107.8(9)

h . : - C(9)-N(1)—-C(6) 126.6(10) C(12yN(3)—C(14) 109.2(9)
Transto oxygen.' The assignments of tHéC signals for CO groups _ _ _

. C(6)-N(2)—-C(7) 114.6(9) C(10yN(3)—C(14) 108.4(9)

trans to N vs those trans to S or O are based on the general observatlonN(z)_C(G)_N(l) 120.4(10) C(16YN(3)-C(14) 110.6(9)

that the*C resonance for the better donor group is in general upfield N(2)-C(6)-S(1) 123.3(8) N(3yC(12)-C(13) 116.3(10)
relative to a weaker donor group in W(GQIerivatives (see e.g.: Todd, N(1)-C(6)-S(1) 116.3(8) C(1AC(16)-N(3) 115.5(10)

L. J.; Wil_kinson, J. RJ. Organomet. Chenml974 77, 1. Darensbourg, C(8)-C(7)-N(2) 126.3(11) C(15%C(14)-N(3) 115.2(10)
D. J.; Wiegreffe, H. PInorg. Chem.199Q 29, 592). C(7)-C(8)-C(9) 118.7(11) N(3)C(16)C(11) 116.9(11)
0(5) aEstimated standard deviations are given in parentheses.

[1] vs time observed for the reaction involving CO losslin

with subsequent chelation of the thiouracilate ring to afférd

The temperature-dependent first-order rate constantsfei3

and2 — 4 are listed in Table 5. As is readily seen from these

kinetic data CO loss occurs about twice as fadt & compared

to 3. That is, CO dissociation is slightly retarded by the presence

of the 6-methyl substituent in the thiouracil ring. Eyring plots

derived from these data are shown in Figure 5. The activation

parameters for CO dissociation were found toAtd¢* = 83.6

+ 3.0 kJ/mol andASF = —44.94 9.6 J/(mol K) forl and AH*

= 82.0+ 3.6 kJ/mol andAS" = —56.7+ 11.6 J/(mol K) for2.
From Scheme 3 the derived rate expression for the disap-

pearance of complek (or 2) with time is represented by eq 1.

Figure 2. Thermal ellipsoid drawing of the anion of compl&xalong
with atomic numbering scheme. d[y B kk, + k_jk ,[CO]
product is the stereoselectivél§C-labeled aniongis-W(CO),- da k, + k_,[CO]
(33CO)(thiouracilate), as evidenced b{*C NMR spectroscopy. 20t
Quantitative kinetic measurements were performed on the CO N~ 3~A_.
dissociation processet{> 3 and2 — 4), as well as the reverse W(COES N+ excess CO _
process of CO addition3(— 1). The rate of CO loss from W(CO),_,(*°CO),S N~ (2)
complexesl and 2 with subsequent ring closure via the 13¢_|labeledl
endocyclic nitrogen was monitored following the disappearance
of the intense Ev(CO) modes of the starting complexes in  Recallthat the reactiond or 2 — 3 or 4, respectively, were
acetonitrile solution using an in situ ReactIR probe. The free monitored during the early stages of the process under conditions
carbon monoxide was allowed to escape the reaction solution,where CO was allowed to escape the reaction solution.
thereby allowing the equilibrium depicted in Scheme 3 to Therefore, the rate constant expression in eq 1 reduces to simply
proceed to completion. Figure 4 displays the linear plot of In k;, the rate constant for CO dissociation from complekesid

]{[1]t - [1]equil} 1)
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Figure 4. In [1] vs time for the reaction oftl — 3 at 15°C in
acetonitrile.
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Figure 3. Ball-and-stick representation df showing the hydrogen- 10°T (k)
bonding network between base pairs.

Figure 5. Eyring plots for the conversion of complexés— 3 (®)

Scheme 2 and2 — 4 (a), respectively.

Table 5. Observed First-Order Rate Constants for the Chelation of
Complexesl and2 Forming3 and4, Respectively, as a Function of

Temperature
Yi) / complex temp°C 10, st
P(OEW),

. - AN -
(COIWS"N + POED), < cis-W(CO),[POED;IS. N

1

s 1 15.0 0.200
co,wl > 30.0 1.08
N 40.0 2.90
3 45.0 5.38
50.0 12.4
Scheme 3 60.0 22.8
) ] 2 15.0 0.100
(COIW-s" N ===={(co),w-s" N} +CO %'8 2'227
1or2 ko 50.0 5.17
Ko ks 60.0 10.6
a|n CH.CN.

s -
v
(CO)4W\N>

3ord4

conditions the reaction arrives at an equilibrium position which
favors the W(CQO)thiouracilate) anion. An estimate of the
equilibrium constant for the proce8s= 1 at ambient temper-
2. We have examined the validity of this assumption by ature is greater than 500 ™M

measuring the rate of carbonyl incorporation into complex
(eq 2) in the presence of a large excess of the poor nucleophile, d[3] kik, + k_,k_,[CO]
13CO. The first-order rate constant for CO exchange in complex =

k, + k_,[CO]

dt ]{[3]t B [3]equil} (3)

1was found to be 1.44 104 st @ 30.0°C, which is slightly
larger than the value observed (1.881074 s™1) for 1 — 3.
Hence, the suppression of reactibn— 3 by the pressure of From the form of the rate constant expression in eq 3 it is
small quantities of CO in solution is not of major consequences. possible to deduce that the reverse proc8ss, 1, should be

The reverse process, i.e., ring-openin@afith concomitant linear in [CO] at modest CO pressures. Indeed, upon investiga-
addition of CO to affordl, has a rate law described by eq 3. tion of the reaction as a function of tieo (1.0—0.5 atm), the
This reaction was examined in a CO-saturated acetonitrile observed constant decreased linearly with decreasing partial
solution ([CO]< 6.0 x 10-3 M)2* by observing the increase in  pressure of carbon monoxide (see Table 6). The composite
the most intense(CO) mode at 1921.9 cm of the pentacar- activation parameters determined for a reaction carried out at 1
bonyl product (Figure 6). The temperature-dependent rate atm of carbon monoxide (see Eyring plot in Figure 7) were
constants for3 — 1 are compiled in Table 6. Under these AH*=33.14 1.4 kJ/mol andAS" = —194.6+ 4.7 J/(mol K).
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Figure 6. In situ infrared spectral data for the ring-opening pro@ss
— 1 at 30°C in acetonitrile: A) spectral changes recorded in the
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Table 7. Comparison of Selected Experimental and Calculated
Bond Lengths (A) and Angles (deg) in

bond dist/angle HF B3LYP exptl
W-S 2,703  2.681 2.554(3)
W---N 3.676 3.676 3.623
W—Clans-s 1974 1.969 1.968(11)
W—Ceis—n 2.078 2.044 2.073(12), 2.061(13)
W—Cis-s 2.051 2.029 2.059(13), 2.039(11)
S-C 1.778 1.787 1.709(11)
N-W-S 47.8 48.5 48.0
W-S-C 108.6  108.5 111.9(4)
Ceis-n—W—Ceisn  89.0 89.4 93.1(4)
C-w-C 90.3 90.2 91.0(5), 89.7(4), 86.3(4)
S—W—Crans 178.0 1775 179.0(3)
Ceis-s—W—=S 87.5 87.5 89.9(3), 88.7(4)
Ceis-n—W—S 90.0 90.8 90.3(3), 89.8(3)

the possible coordination modes in W(GQ)thiouracilate)
derivatives, as well as the relative thermodynamic parameters
of the anionsl and3. In addition, knowledge of the energetics
of possible intermediates in the conversion Iof—~ 3 was
anticipated to provide insight into the mechanism of the process.
Calculation of intermediates in the reaction is especially
important as these are not experimentally observable in most
cases and can provide insight into the mechanism of the reaction.
Ab initio geometry optimizations were carried out on the system
W(CO)(thiouracilatey — W(CO)(thiouracilate} + CO at the
Hartree-Fock (HF) level and at the density functional level
using the B3LYP approximation. All computations were
performed using effective core potentials with the LANL2DZ
basis set available within Gaussian 94. The geometry optimiza-
tion on all complexes yielded parameters which are consistent
with known structures. Table 7 and Figure 8 list calculated
structural parameters for compléxalong with the experimen-

time, wherea represents the increase in absorbance of the 1921:0 cm tally determined values shown for comparison. Both HF and
band in1 and ® represents the decrease in absorbance of the 1810.1DFT methods gave accurate bond distances and angles for the

cm~! band in3.

Table 6. Observed First-Order Rate Constants for CO Addition to
[NEt][W(CO)4(2-thiouracilate)] 8) as a Function of Temperature
under 1 atm of C®

temp,°C 10%ops St temp,°C 10%Kops St
10.0 3.42 30.0 9.00
20.0 5.27 40.0 14.3

a|n CH3CN. P kops (s71) = 8.07 and 7.02 foPco = 0.75 and 0.50
atm, respectively.
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Figure 7. Eyring plot for the conversion of complex— 1.

Theoretical Calculations

anion of complext. Figure 8 depicts optimized geometries of
the structures relevant to the formation of the product complex
3via the loss of CO from. and subsequent coordination of the
endocyclic N(1) group. Figure 9 provides the relative energies
of the structures pertinent to the transformatibr> 3 in kJ
mol~t. Frequency calculations were also performed on the
anionic metal carbonyls, and data obtained in tHEO)
stretching region are reported in Table 8 for spedie3, and
3-INT. These calculated(CO) values are in good agreement
with experimental parameters. Geometry optimizations were also
performed on the complexes involved in the conversior2 of
— 4. The energy difference betwe@mand4 was found to be
50.6 kd/mol at the HF level. This value is slightly higher than
the AE betweenl and3 of 38.3 kJ/mol. This is consistent with
the experimental observation that the rate of conversioh of
— 3is a factor of 2 times faster than the conversior2ef 4.

It is evident from Figure 8 that coordination of N(1) to the
tungsten center upon CO loss is computed to be more stable by
approximately 53.6 kJ/mol than coordination via the alternative
endocyclic N(3) grouping. This is most likely the consequence
of steric hindrance due to the exocyclic oxygen of the uracil
ring leading to a longer WN bond distance (2.285 vs 2.307
A). In cases where X-ray structural data are available this is
indeed experimentally found to be the case; e.g., 6-methyl-2-
thiouracilate is coordinated to Tpn by way of the exocyclic
S and N(1) group& The intermediate which results from
dissociation of a CO ligand from the anionBf3-INT, exhibits

Theoretical methodologies were employed in the study of this a closer N(1) contact with the cis CO ligand relative to that in
system for several reasons. That is, calculations were expectedhe parent species. Hence, itis likely that this represents another
to provide valuable information with regard to the stabilities of case where a chelating ligand assists in the loss of a CO group



4722 Inorganic Chemistry, Vol. 38, No. 21, 1999 Darensbourg et al.

Figure 8. Optimized geometries of the structures relevant to the formation of congpfeam 1. In addition the structure for the alternative
nitrogen chelate is depicted ® Bond lengths are in A, and angles, in deg.

4 the DFT level) is slightly positive in proceeding frothto
128 3 + CO, consistent with experimental observations of 5.90 kJ/
157.2
~~~~~~ mol.
P A N i The energy of the intermediat8;INT, is calculated to be
kdimol @3 + 6o significantly higher in energy (135 kJ/mol vs 82 kJ/mol) than

the activation energy determined experimentally for the trans-
formation of 1 — 3. This suggests that the transition state and
concomitantly3-INT are stabilized via interactions with the
solvent molecule, acetonitrile. Indeed, we have previously
: measured the activation enthalpy for dissociation oCHN in
o the neutrafac-W(CO)3(CHsCN)(dppm) derivative to be 98
Figure 9. Energy profiles for the two alterna_tive 'pathways'for'complex 6 kd/mol?” Therefore, the expected binding of the £ ligand
1 undergoing ring-closure with endocyclic nitrogen binding. The i, the anionic complex described herein is expected to be less
energies are in kJ mol. : -

than 98 kJ/mol. To examine this proposal we have measured
the rate of conversion df— 3 in the much weaker coordinating
solvent, nitrobenzene. A first-order rate constant of 606
s 1 at 30°C was measured which is 2 orders of magnitude
slower than the corresponding value in £HN of 1.08x 104
s 1. This observation clearly illustrates the important role of
solvent in assisting the CO loss process. Computations are
currently underway in our laboratories to investigate the
transition states and intermediates for the conversidh-6f3
in the presence of coordinating solvents in an effort to better
understand the potential energy surface of this reaction.

HF
DFT

@3)+co

in octahedral metal carbonyls. For example, a similar kinetic
effect is noted in W(CQP,CR™ anions, where interaction of
the distal oxygen atom of the carboxylate with the cis CO
ligands lead to enhanced CO dissociatib?® At the same
time there is significant shortening of the-¥% bond upon CO
dissociation, going from 2.703 A id to 2.583 A in3-INT.

This would be anticipated based on the S group serving as a
m-donor in the 16-electron intermediate resulting from CO
dissociatior?® It is also worth noting that the calculated
AG value (1.03 kd/mol at the HF level and 37.7 kJ/mol at

(27) Darensbourg, D. J.; Zalewski, D. J.; Plepyd, C.; Campan&dzg.
(26) Sellmann, D.; Wille, M.; Knoch, Anorg. Chem.1993 32, 2534. Chem.1987, 26, 3727.
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Table 8. Calculatedv(CO) Stretching Frequencies for Complexies3, and3-INT

1 3 3-INT
calc (rel int) exp (rel int) calc (rel int) exp (rel int) calc (rel int)
v(C=0), cnT? 2002 (91) 2064 (w) 1950 (237) 2002 (w) 1961 (195)
1912 (209) 1832 (720) 1869 (vs) 1852 (2031)
1874 (2240 1922 (vs) 1831 (2577) 1849 (sh) 1833 (914)
1871 (2134
1837 (1175) 1865 (m) 1797 (1315) 1810 (m) 1810 (1443)

a Calculations were performed at the DFT using the LANL2DZ basis set and B3LYP functionals and are unscaled.

Conclusion parameters for CO dissociation from the W(G@)thio-
The synthesis and X-ray structure of the exocyclic sulfur uracailate) anions support a mechanism where the incipient

ligated 2-thiouracilate derivatives of tungsten pentacarbonyl are 1_6-e|ectron_ SPEcIes IS st_ablllzed @donatlon from the thiolate
described herein. In the solid state, two W(g@Yhiouracilate) ligand. Ab initio calculations carried out for the pentacarbonyl
anions are associated by way of two hydrogen bonds between tétracarbonyl- CO processes at the Hartee-Fock and DFT
the metal-bound nucleobases(\D = 2.882 A). On the other  |€Vels, support these experimental observations.

hand, in dilute methanol solution the individual anions are ) i i

hydrogen-bonded to the alcohol as evidenced by a shift to higher Acknowledgment. Financial support of this research by the
frequencies of ther(CO) modes. The 2-thiouracilate and National Science Foundation (Grapts 5_36-15866 and 95_—28196)
6-methyl-2-thiouracilate pentacarbonyl complexes were shown @nd the Robert A. Welch Foundation is greatly appreciated.
to readily undergo stereoselectivity cis CO dissociation with
concomitant formation of the exocyclic sulfur/endocyclic N(1)
chelated tetracarbonyl derivatives. Under an atmosphere o
carbon monoxide the tungsten pentacarbonyl anion is slightly
more stable than its tetracarbonyl counterpart. The kinetic IC990758N
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