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Structural and Spectroscopic Studies of 16-Electron, Unsaturated Derivatives of
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Several eighteen- and sixteen-electron derivatives of tungsten(0), molybdenum(0), and chromium(0) carbonyl
complexes, including [PPMCr(CO)(0O,S-GHa)] (2¢), [PPNL[W(CO)3(NH,S-GHa)] (5¢), [PPNLW(CO)3(O,S-

CeHa)] (60), [PPNL[W(CO)4(S,S-GH,)] (7b) have been synthesized from the reaction of photochemically generated
M(CO)sTHF with a series of doubly deprotonated 1,2-disubstituted benzene rings with the appropriate oxygen,
nitrogen, and sulfur donor atoms. These complexes have been characterized in the solid state by X-ray
crystallography and in solution by IR afd8C NMR spectroscopies. The crystal B€ (CgsH71N30sP4SCr) is

triclinic P1, a=13.869(3) Ab=23.128(5) Ac = 12.056(2) Ao = 104.84(3}, 8 = 106.91(3}, y = 95.29(3},

Z = 2; that of 5¢ (CaoH77N703PsSW) is monoclinicP2;, a = 11.054(2) A,b = 28.140(6) A,c = 12.566(2) A,

B =90.58(1}, Z = 2; that of6c (CgsH7oN4O4PsSW) is triclinic P1, 12.236(2) Ab = 14.419(2) Ac = 22.748(4)

A, a = 76.44(1), B = 75.98(2), y = 70.98(1}, Z = 2; that of 7b (CgzHesN204P,SW) is triclinic P1, a =
12.650(1) Ab =14.810(1) Ac = 21.053(2) Ao = 77.182(73, B = 78.334(73, y = 66.579(7) Z = 2; and that

of 8 (C1gHgO4P,W) is monoclinicP2y/c, a = 11.582(1) Ab = 10.791(1) A,c = 10.449(1) A 8 = 100.867(7),

Z = 2. The average(CO) frequencies for each tricarbonyl species reported are compared to those related dianions
previously reported in order to gauge thelonor character of the different ligands. THE NMR spectrum for

each tricarbonyl derivative consists of a single sharp peak for the three inequivalent carbonyls as a result of a
low-energy, fast intramolecular exchange process. Both inter- and intramolecular CO-exchange processes have
been probed via variable temperatdi#€ NMR. In the case of the 16-electron species the geometry of the metal
dianion is that of a distorted trigonal bipyramid consisting of three carbonyl ligands and a five-membered chelate
ring bound through the-donor atoms at an equatorial and an axial position, with the strong®nor atom in

the equatorial site. The equatorial site for the most effectignor is preferred over the axial position because

the unoccupied,g orbital lies in the equatorial plane, and may be stabilized viedmnor ligand in the equatorial
position. The axial position exhibits a filled/filled repulsion as both orbitals availablerfoonding are filled.

Introduction Scheme 1

The dissociative mechanism that affords an intermediate of D-MLs =L » (DML (A)
reduced coordination number, is by far the most common rx
pathway for substitution reactions involving 18-electron metal
carbonyl derivatives. It has been well established that ancillary D-ML,X (B)

ligands capable at-donation can stabilize these coordinatively

gnsaturateq intermgdiqtes generated in I?gand substitution reac- Over the last several years, considerable efforts have been
tions? This stabilization due tor-donation may have tWo irected into understanding the naturesstonor ligands as
outcomes: (i) the rate of exchange increases in proportion to they relate toA andB above. That is, what are the properties
the degree of stabilization imparted by thelonor (D) toresult ot 7_qonor ligands that causgto be favored oveA? Pursuant

in productB (Scheme For (ii) the z-donation is sufficientto 5 answering these questions the synthesis and structural
stabilize the unsaturated intermediate i.e., the intermediate  characterizations of several group 6 zerovalent unsaturated
is stabilized to the extent that the formation of a-M bond is carbonyl species consistent with (Scheme 1) have been
either thermodynamically unfavorable or only slightly favorable pyplished’-11

is i -8 . . . . .
such thatA is isolablet In previous studies the exclusive use of ligands containing

oxygen and nitrogen donor atoms, both exceptiorrdbnors,
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B by favoring the formation of the 16-electron product. CsHa)?",(0,S-GH.)?", or (S,S-GH,)?"] was accomplished in yields in
Specifically of interest now is eq 1, where # Cr(0), Mo(0), excess of 80% by the reaction of 1 equiv of M(GTHF (prepared by
or W(0), and X and Y arer-donor atoms appended to the phenyl  the photolysis of 0.300 g of Cr(C@)0.400 g of Mo(CG;, or 0.500 g
ring. of W(CO) in THF) with 1 equiv (1.4 mmol) of the appropriate
deprotonated ligand at ambient temperature.
2 -CO o Synthesis of [PPNJ[M(CO) 4(X)] Derivatives (1b—7b). The syn-
M(CO),(X,Y-CeH,) ~rco M(CO),(X,Y-CeH,) (1) thesis of [PPNJM(CO)4(X)] was accomplished by the slow addition
of a second equivalent (1.4 mmol) of NaOMe and PPNCI, dissolved
A number of 1,2-disubstituted benzene rings with varying in 5 mL in a 1:1 CHCN/CHOH, to the THF solution of the
O, N, S, and P donor atoms were selected to function as thePentacarbonyl derivativel@—7a) to yield a dark red solution. The
ancillary potentiallyz-donating ligands. The purpose served here M(CO)THF intermediates were identified by thei(CO) infrared
is 2-fold: (i) the z-donating ability of sulfur and phosphorus ~ SPectra: M= Cr, 2073 (w), 1936 (s), 1894 (m); M W, 2073(w),

N . 1929 (s), 1890 (m) cri. Longer photolysis times for W(C@)will
are significantly weaker than that of nitrogen and oxy&eH, . 1o St oduction ofis- W(CO(THF), #(CO): 2013 (w), 1876 (vS),
increasing the chances of observing the exchange dynamic

) A ; $1830 (m) cm®. The mixture was allowed to stir 60 min after which
between the tetracarbonyl and tricarbony! derivatives in €q 1 the solvent was removed via vacuum overnight. The resulting dark red
and (i) the interactions of atoms with significantly diverse powder was dissolved in GEN, filtered through Celite to remove
m-donor qualities, i.e., nitrogen and sulfur, that generate an the insoluble NaCl and washed several times with 10 mL portions of
unsaturated species are of interest. hexanes to remove any residual M(GQnal. Calcd for [PPNJCr-
Herein, the synthesis and characterization, both spectroscopid COu(NH,S-CHa)] (1b) (CaaHesNsO4P.SCr): C, 72.19; H, 4.80; N,
and crystallographic, of several new group 6 low-valent tricar- 3:08. Found C, 71.92; H, 4.75; N, 2.98. [PBIr(CO)(O,S-GH,)]
bonyl derivatives, are presented. In addition, spectroscopic data(20) (CeHsiN:0sP,SCr): C, 72.13; H, 4.72; N, 2.05. Found: C, 71.30;
relevant to the tetracarbonyl analogues of the unsaturated specie Mi')f-’ll(’; Né glé%:_)"H[P 4P§§MNO(E%)S(|O:§,}%H4£ (ég)gg_:ﬁHZ“';‘?ﬁ“'z 03
has been gathered. Infrared and variable t_gmpera%OrBlMR [PPNBIW(CO)(O,S-GHa)] (6b) (CsHeiN20sPsSW): C. 65.78: H.
studies that divulge the state of.the. equml.)rlum. between the 431 N, 1.87. Found: C, 65.32; H, 4.24; N, 1.82. [PHW(CO),
saturated vs the unsaturated species in solution will be presenteds s.GH,)] (7b) (Ce:HeNOPsSW): C, 65.08; H, 4.26; N, 1.85.
Finally, these findings will be compared and contrasted with Found: C, 64.04: H, 4.24: N, 1.89.
results published previously, as well as compared to computa-  Synthesis of [PPN}[M(CO) 3(X)] Derivatives (1c—7c). The syn-
tions performed on a series of these complexes. Overall thesis of the unsaturated, 16-electron tricarbonyl derivative was
conclusions regarding the nature wfdonor ligands will be accomplished by bubbling Argon through a gently heated® G)0CHs-

discussed. CN solution of the tetracarbonyl derivative. Because of their extreme
air-sensitivity, and because of their propensity to exist as a mixture of
Experimental Section tetra- and tricarbonyl species, elemental analyses were in general not

) . ) obtained for complexebsc—7c. However, infrared spectroscopy studies
Methods and Materials. All manipulations were performed on @ i, the,,(CO) region carried out on the crystalsif 5¢, and6c offered
double-manifold Schlenk vacuum line under an atmosphere of argon gnectra that match that of the bulk sample. Furthermore, it was possible
orin an argon-filled glovebox. Solvents were dried and deoxygenated (, op5in satisfactory elemental analysis awhich crystallized with
by distillation from the appropriate reagent under a nitrogen atmosphere. ;.o molecules of acetonitrile in the lattice. Anal. Calcd for [PRN]

Photolysis experiments were performed using a mercury arc 450W UV [W(CO)(0,5-GH2)]-2CH:CN (CasH7oN:OsPsSW): C, 65.81; H, 4.55:
immersion lamp purchased from Ace Glass Co. Infrared spectra were \ 361, Found: C. 65.02- H 438 N. 3.54.

recorded on a M_attson 6022 spectrometer with _DTGS and MCT Synthesis of W(CO)(PH,CeH4PHs), 8. The synthesis of W(CQ)
detectors. Routine infrared spectra were collected using a 0.10-mp CaF PH,CeH4PH,) was accomplished in 75% yield by the reaction of 0.10

cell. 3C NMR spectra were obtained on a Varian XL-200 spectrometer. ) : _

13CO was purchased from Cambridge Isotopes and used as receivedgp(g{)? SVAI'J]“ nglﬁidcl?r\}s(sgg;;gi?ﬁg[wRM5(éCOD)3:C-'|\-I|)_|?: 2102042%
Cr(CO) and W(CO} were purchased from Strem Chemicals, Inc., and (W), 1860.2 (vs), 1824.6 ()] at &T in THF f,or 2 h. The soivent and
used without further purification. Sodium methoxide, bis(triphenylphos- freé piperidine W‘ere removed via vacuum to yield a light brown powder.
phoranylidiene)ammonium chloride (PPNCI), Mo(GQ@-aminothiophe- IR, ¥(CO): CHCN, 2033.8 (W), 1944.1 (w), 1924.8 (vs) (in GEN).

nol (NHz,SH-GH,), and 1,2-dithiobenzene (SH,SH#&) were pur- 31p NMR (CD,CN) & —62.4 ppm dy_p = 212.3 Hz. Anal. Calcd for
chased from Aldrich. 2-Hydroxythiophenol (OH,SHHZ) was purchased W(COW(PH,,PH-CeHa) (8) (CiHsOPW): C, 27.42; H, 1.84; O,
from Lancaster Synthesis; 1,2-diphosphinobenzeneg, B CsH,) was 14.60. Found: C, 27.26; H, 1.74: O, 14.19. Attémpts to ’doubly
purchased from Strem Chemicals. W(G@)peridine} was prepared deprotonate8 via NaH, NaOMe,n-butyllithium, or EtNOH were

by the_ Iitera_ture meth_od Citéd: Microanalyses were performed by 5 rrieq out by the slow, stepwise addition of 2 equiv of the appropriate
Cag;g:ﬁgsl?glté):‘o;nsll\ﬁt[lﬁ?(l]S[)L:r\ﬁc(e(,) I_Stdégﬁ‘;;tar(ﬁl-ﬁ-s CHa-, o reagent to a dilute solution &in CHsCN, resulting in the formation

T \OTeT 1A 12T of a bright yellow product which decomposed rapidly to a dark brown
dtb (S,S-GH4)?7] Salts. The synthesis of these salts was accomplished solutior?. y P P pidly

in greater than 90% yield by the slow addition of 1 equiv (1.4 mmol) X- I hv of IPPNT.IM X1 Derivati 2
each of NaOMe and PPNCI in 10 mL of a 1:1 solvent mix of{CN 5c arne:ijC(::)ry['s\za:og:aQ ic()O[S-Cﬁl]—a[ 2_(%?) 3(M)]= Vsn;at:lvc(el\slé SC_’
and CHOH to 20 ml. of a clear [X= (O,S-GH)* ] or yellow [X = ¢y 12 (5¢) M =W, X = (0,S-CsHa)* (6c)). Crystal data and details
(NH,S-GHa)*" or (S,S-GH,)* ] solution of the appropriate ligand in of data collection are given in Table 1. A bright red blockauf a
CH3CN. This mixture was stirred for 60 min at ambient temperature medium red block oBc and a dark-red block dc were mounted on

and the solvent was removed by vacuum overnight, yielding an off- : :
- . . > glass fibers with epoxy cement at room temperature and cooled to 193
= : 2 = - 2 . A o I
Wshge [>|_<| _27(0’5 §H4) ] or bright yellow [X = (NH,S-GHa)*" or K in a liquid nitrogen cold stream. Preliminary examination and data
(S,S-GH.)*'] powder. collection were performed on a Rigaku AFC5R X-ray diffractometer

Synth_esis of [PPN]IM(COX(HX)] Derivatives (1a-7a). The (Cu Ko, A = 1.541 78) for2c and a Siemens P4 X-ray diffractometer
synthesis of [PPNJ[M(CQHX] [M = W, Mo, or Cr; X = (NH,S- (Mo Ka, A = 0.710 73 A radiation) fo5¢c and 6¢. Cell parameters

- - were calculated from the least-squares fitting of the setting angles for
(12) Poulton, J. T.; Folting, K.; Streib, W. E.; Caulton, K. i@org. Chem.

24 reflections.
1992 31, 3191. . . -
(13) Poulton, J. T.: Sigalas, M. P.: Folting, K.; Streib, W. E.; Eisenstein Omega scans for several intense reflections indicated acceptable
0.; Caulton, K. G.Inorg. Chem.1994 33, 1476. crystal quality. Data were collected for 4.8 26 > 50°. Three control

(14) Darensbourg, D. J.; Kump, R. lnorg. Chem.1978 17, 2680. reflections, collected for every 97 reflections, showed no significant
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Table 1. Crystallographic Data for Complex&s, 5¢, 6¢, 7b, and8

2c 5¢c 6¢ 7b 8
empirical formula G4H71N305P4SCT' Q9H77N703P4SW C35H70N404P4SW Cg2H64Nzo4 P4 SzW C10H304P2W
fw 1410.35 1629.5 1549.5 15115 438.0
space group P1 P2 P1 P1 P2,/c
V, A3 3517.5(1) 3908.6(1) 3628.0(1) 3500.0(5) 1282.5(2)
z 2 2 2 2 2
el glc® 1.329 1.384 1.418 1.434 1.134
a 13.869(3) 11.054(2) 12.236(2) 12.650(1) 11.582(1)
b, A 23.128(5) 28.140(6) 14.419(2) 14.810(1) 10.791(1)
c, A 12.056(2) 12.566(2) 22.748(4) 21.053(2) 10.449(1)
o, deg 104.84(3) — 76.44(1) 77.182(7) -

B, deg 106.91(3) 90.58(1) 75.98(2) 78.334(7) 100.867(7)
v, deg 95.29(3) — 70.98(1) 66.579(7) -

T, K 193 193 193 193 193

u(Mo Ko), mm? 0.340 3.283 1.764 1.855 9.254
wavelength, A 0.710 73 0.710 73 0.71073 0.710 73 0.710 73
Re,2 % 8.15 3.62 7.13 3.46 4.27

Rue % 18.78 8.54 13.57 8.19 10.64

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

Scheme 2
SH SPPN*
+(PPN)CI
NaOMe + W
OH -MeOH OH

l M(CO)sTHF <« M(CO)

[PPN][M(CO)s(S,0H-C¢Hs)]  (2a)Cr, (4a)Mo, (62)W

+NaOMe -MeOH

+(PPN)CI -NaCl
.CO

[PPNLL[M(CO)3(0,S-CHy)] <254 [PPNJ;[M(CO)4(0.S-CeHy)]

(2¢)Cr, (4¢)Mo, (6¢)W (2b)Cr, (4b)Mo, (6b)W
aFor S,NH-CgHs~, 1a= Cr, 3a= Mo, and5a = W, for S,SH-GH,~, 7a= W.
trends. Background measurements by stationary-crystal and stationary- X-ray Crystallography of [W(CO) 4(PH2,PH:-C¢H,)], 8. Crystal

counter techniques were taken at the beginning and end of each scarlata and details of data collection are given in Table 1. A beige block
for half the total scan time. Lorentz and polarization corrections were of 8 was mounted on a glass fiber with epoxy cement at room

applied to 9174 reflections fd2c, 7017 for5c, and 12743 fobe. A temperature and cooled in a liquid nitrogen cold stream. Preliminary
semiempirical absorption correction was applie@t@nd6c. A total examination and data collection were performed on a Siemens P4 X-ray
of 9151 unique reflections fdtc, 7007 for5c, and 12 730 foc, with diffractometer (Mo K, A = 0.710 73). Data collection methods and

II] = 2.00(1), were used in further calculations. All three structures parameters are identical to that described for compl@cesc, and
were solved by direct methods [SHELXS program package, Sheldrick 6c. Lorentz and polarization corrections were applied to 2254 reflections
(1993)]. Full-matrix least-squares anisotropic refinement for all non- for 8. A total of 2254 unique reflections were used in further
hydrogen atoms yielde® = 0.0815,R, = 0.1878, andS= 1.003 for calculations. Anisotropic refinement for all non-hydrogen atoms yielded
2¢, R= 0.0854,R, = 0.0362, and5 = 1.051 for5¢, andR = 0.0713, ~ R=0.0427,R, = 0.1064, and5 = 1.026. ~ _

R, = 0.1357, andS = 1.017 for6c. Hydrogen atoms were placed in Computational Details. Theoretical calculations were carried out
idealized positions with isotropic thermal parameters fixed at 0.08. On @ series of [M(CQIX,Y-CeHa)]* /[M(CO)s(X,Y-CeHa)]* systems
Neutral-atom scattering factors and anomalous scattering correctionWhere M=W, Cr; X=N, O, S; Y=N, O, S. Al calculations were
terms were taken frormternational Tables for X-ray Crystallography ~ Performed using Gaussian 94unning on a SGI power challenge.

X-ray Crystallography of [PPN] J[W(CO) «(S.S-GHa)], 7b. Crystal Geometry optimizations were performed starting from crystal structures

d d details of d llecti - o Tablae 1. A red block of where possible and modifications of existing structures when no
ata and detalls of data co gctlon. are given in fabie 1. Ared bloCk oF gu,cyre was readily available. Geometry optimizations were performed
7b was mounted on a glass fiber with epoxy cement at room temperature

) S e o9 == on all complexes at the Hartre&ock (HF) level using the LANL2DZ
and cooled in a liquid nitrogen cold stream. Preliminary examination

and data collection were performed on a Siemens P4 X-ray diffracto- (15) Frisch, M. J.: Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.: Johnson

meter (Mo Ko, A = 0.710 73). Data collection methods and parameters B. G.; Robb, M. A.: Cheeseman, J. R.: Keith, T.; Petersson, G. A.:
are identical to that described for complex&s 5¢ and6c. Lorentz Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
and polarization corrections were applied to 12 257 reflectionZlfor V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
A semiempirical absorption correction was applied7to A total of Nanayakkara, A.; Challacombe, M.; Peng, C. Y ; Ayala, P. Y.; Chen,
. . - . . . W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
12 257 unique reflections were used in further calculations. Anisotropic Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.: Baker, J..
refinement for all non-hydrogen atoms yielded= 0.0346,R, = Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; and Pople, J. A.

0.0819, ands = 1.070. GAUSSIAN 94Rev. D.4; Gaussian, Inc.: Pittsburgh, PA, 1995.
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Table 2. Carbonyl Stretching Frequencies of [M(G@X)]~ and [M(CO), 5(X)]?>" Derivatives

complex »(C=0), cm? avy(C=0), e
Cr(COX(S,NHy-CoHa)~ la 2044.4(w) 1916.2(s) 1857.3(f) - 1939
Cr(COX(S,0H-GHa)~ 2a 2045.4(w) 1916.2(s) 1853.8(n) - 1939
Mo(CO)s(S,NHy-CoHa)~ 3a 2053.1(w) 1921.0(s) 1854.4(fn) - 1943
Mo(CO)(S,0H-GHa)~ 4a 2057.0(w) 1922.9(s) 1861.2(kn) - 1947
W(CO)(S,NHy-CoHa)~ 5a 2052.1(w) 1911.3(s) 1853.5(rh) - 1939
W(CO)(S,0H-GHa)~ 6a 2056.0(w) 1915.2(s) 1857.3(kn) - 1943
W(CO)(S,SH-GHa)~ 7a 2061.3(w) 1919.8(s) 1860.6(M) - 1947
Cr(COX(NH,S-GHz)? 1b 1989.5(w) 1877.6(vs) 1876.6(sh) 1811.1¢m) 1889
Cr(COW(0,S-GHa)?>" 2b 1991.4(w) 1849.6(vs) 1815.9(sh) 1761.9fm) 1856
Mo(COW(NH,S-GsHa)?~ 3b 1984.6(w) 1862.2(vs) 1821.7(sh) 1797.6fm) 1866
Mo(COM(O,S-GHa)? ab 1980.8(w) 1850.6(vs) 1814.9(sh) 1766.7¢m) 1853
W(CON(NH,S-GsHa)> 5b 1992.3(w) 1857.5(vs) 1839(sh) 1792.7¢m) 1870
W(COW(O,S-GHa)?> 6b 1971.1(w) 1834.2(vs) 1808(sh) 1762.8fm) 1844
W(CON(S,S-GH2)?~ 7b 1976.9(w) 1845.8(s) 1810.1(sh) 1765.7¢m) 1850
Cr(COX(NH,S-GHa)? 1c 1857.3(m) 1726.2(8) - - 1792
Cr(COX(0,S-GH4)?> 2c 1871.8(m) 1737.8(8) - - 1805
Mo(CO)(NH,S-GH4)>~ 3c 1866.0(m) 1739.7(8) - - 1802
Mo(CO}(O,S-GHa4)?~ 4c 1875.7(m) 1741.6(8) - - 1808
W(COX(NH,S-CGsHa)? 5¢c 1853.5(m) 1724.3(8) - - 1789
W(COX(O,S-GH4)?> 6c 1865.1(m) 1731.0(8) - - 1798
W(COX(S,S-GHa4)2" 7c 1867.9(m) 1745.5(8) - - 1807

aAs the PPN salt? Spectra determined in THE Spectra determined in GEN.

Table 3. Averagev(CO) Frequency in M(CQ(X,Y-CeHa)?> 50°C
Derivatives iy o l’J

complex aw(C=0), cn? ref
Cr(COX\(NH,S-GH4)?>~ 1792 this work
Cr(CO)(dth-0,0-GH.)? 1801 10
Cr(COX%(0,S-GH4)*~ 1805 this work 20°C
Mo(CO)(dth-0O,0-GH,)?~ 1801 16
Mo(CO)(NH,S-GH.)% 1802 this work )J
Mo(COX(0,S-GHa)2~ 1808 this work Y\ W b;
W(CO)(NH,NH-CgH)> 1773 12
W(CO)(NH,0-CsHa)2 1783 17
W(COYX(NH,S-GHa4)2~ 1789 this worR
W(COY(dth-0,0-GH.)2 1790 10
W(COX(0,0-GHa)> 1795 g9 0°C
W(CO)(0,S-GH4)?~ 1798 this work
W(COX(S,S-GHa)> 1807 this worR

a As the tetraethylammonium saltAs the PPN salt.

basis set. Density functional calculations (B3LYP) were also »JJ m““w
performed on a couple of complexes for comparitive purposes. The
two geometries were almost identical, therefore the less expensive HF
calculations were used for the remainder of the study. Single-shot energy
calculations were performed at the HF geometries using density
functional theory with the B3LYP functional.

-30°C
Results
Synthesis, Spectral, and Structural Characterization.
[PPN]2[M(CO) 3X] and [PPN]2[M(CO) 4X]. Several eighteen- | J-Jb._
and sixteen-electron derivatives of zerovalent group 6 metal ..,JJ " sovirpmmaminpde iy Selpinet
carbonyl complexes have been synthesized using a series of 240 230 220 210 ppm

1,2-disubstituted benzene rings w!th varying oxygen, nitrogen, Figure 1. Variable temperatur&C NMR spectra fosc + 13C0 <
and sulfur donor atoms. The reactions occur in better than 78%g,

yield by the labile ligand displacement reaction between reaction . .
. ) . proceeds, as evident by the time-depend€éBO)
M(CO)sTHF, obtained via photolysis of Cr(C&Mo(COJ, or infrared spectrum(see Table 2), by way of the displacement of

W(CO) in tet.rahyglrofuran, with the singly deprotonqted PPN ThF by the deprotonated sulfur atorha-7a). The addition
salts of 2-am|noth|oph§ npl (NEBH-GeH.), 2-hydroxythiophe- of another equivalent of base is followed shortly by the chelation
nol (OH,SH-GHL), or dithiobenzene (SH,SHe8.) (complexes 15 the metal center with concomitant loss of CO to produce the
1-7). Scheme 2 uses 2-hydroxyth|9phenol to summarize the metal tetracarbonyl ligand complex exhibiting a four-band
approach employed in the synthesis of compleked. The pattern in the carbonyl region of the infrared spectrum consistent
(16) Becke, A. DPhys. Re. A. 1988 38, 3098 with a cis-disubstituted tetracarbonylmetal centdb{7b).

(17) Becke, A. D.J. Chem. PhysL993 98, 5648. Depending on the metal and the ligand, this complex may
(18) Lee, C.; Yang, W.; Parr, R. ®hy. Re. B 1988 37, 785. spontaneously dissociate CO to form the tricarbonyl complex
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Table 4. 3C NMR Data for the Carbonyl Ligands in [M(C@X(X,Y-CeHz)]?>~ AnionsP

13C resonance, ppm

complex

CO (equatorial)

CO (axial)
Mo(COW(O,S-GHa)? 3b 209.2 222.7 2275
Mo(CO(NH,S-CsHa)2 4b 211.4 223.8 227.4
W(COW(NH,S-CsHa)? 5b 205.4 213.9 216.9
1JW—C: 120 Hz 1Jw—c: 160 Hz 1Jw—c: 162 Hz
W(COW(O,S-GHa)? 6b 206.9 215.8 219.7
1\]\/\/—0: 130 Hz 1Jw—c: 170 Hz 1Jw—c: 156 Hz
W(COW(S,S-GHa) 7b 205.1 217.9
1\]\/\/7(;: 120 Hz 1\]\/\/7(;: 160 Hz
Cr(COX(NH,S-GHa)? 1c 249.8
Cr(COX(0,S-GHa)?~ 2c 247.3
Mo(COY(NH,S-CeHa)2~ 3c 242.1
Mo(CO}(O,S-GHa)?~ 4c 240.0
W(COY(NH,S-CHa)? 5¢ 239.1
1\]\/\/7(;: 176 Hz
W(COX(0,S-GHa)? 6c 236.0
1\]\/\/7(;: 180 Hz
W(COX(S,S-GH2)2 7c 236.2
1\]\/\/7(;: 130 Hz

a Spectra determined in acetonitrifie-® PPN salt.

Figure 2. Thermal ellipsoid drawing of the anion of complgg with
atomic numbering scheme.

Scheme 3
co -* co -7
oc.. \|N N «co_ OC.. | .N
oc” | -C0 oc” | s
co

(1c—70); however, some metal and ligand combinations require
either gentle heating (4TC) and/or an argon purge to facilitate

Figure 3. Thermal ellipsoid drawing of the anion of complBg with
atomic numbering scheme.

derivative of approximatelZs, symmetry. CO ligands are good
probes of the electron-donating ability of the ancillary ligands
in metal carbonyl derivatives. It is of interest to compare the
averagev(CO) values of each tricarbonyl derivative reported
upon herein with each other and with other tricarbonyl species
of this naturé®~11 That is, in [M(CO}X]%~, the average(CO)
values should shift to lower frequencies as X becomes a better
m-donor. The average(CO) frequencies for a number of low
valent group 6 tricarbonyl derivatives, including Cr(0), Mo(0)
and W(0) tricarbonyl derivatives of 3,5-thrt-butylcatecholate-

CO dissociation. The synthesis of the tungsten tetracarbonyl (dth-O,0-GH,)?~, 2-amidophenoxide, and diamidobenzéné,

derivative of 1,2-diphosphinobenzer@® las been accomplished

in good yield via the labile ligand displacement reaction between

W(CO)y(piperidine} and neutral 1,2-diphosphinobenzene.

The infrared frequencies of the pentacarbonyl, tetracarbonyl,

and tricarbonyl derivatives of the metal ligand complex are
provided in Table 2. The pentacarbonyl derivativéa;-7a,
display a three-band pattern in th@CO) region of the infrared

are provided in Table 3.

Table 4 lists the'3C NMR data for complexe8b—7b and
1c—7c in the CO regions of the spectra. Chemical shift data
for the metal tetracarbonyl moieties reveal a slight electronic
difference between the CO ligand trans to oxygen versus the
CO ligand trans to nitrogen. TH&C NMR spectra of complexes
3b—6b display three signals for the carbonyl carbons in an

consistent with a monosubstituted pentacarbonyl. Complexesapproximate 2:1:1 intensity ratio. The more intense resonance

1b—7b exhibit a four-band pattern in the carbonyl region typical
of acis-disubstituted tetracarbonyl. The tricarbonyl derivatives,

for the two carbonyl ligands cis to botirdonors is observed
upfield from the two smaller signals assigned to the carbonyl

1c—7c, demonstrate a two-band pattern consisting of a medium ligands trans to ong-donor. On the other hand, tR&C NMR
sharp peak and a large broad peak, consistent with a tricarbonykpectrum of the symmetrically substituted derivatiXie,reveals
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Table 6. Bond Lengths [A] and Angles [deg] for the Dianion,
[W(CO)s(NH,S-GH4)]%, of 5¢2

W(1)—C(3) 1.902(8) O(3}C(3) 1.182(10)
W(1)—C(1) 1.913(9)  N(1)}C(4) 1.364(11)
W(1)—-C(2) 1.942(9)  C(4)yC(5) 1.407(13)
W(1)—N(1) 2.106(7) C(4¥%C(9) 1.415(12)
W(1)—S(1) 2.501(2) C(5)YC(6) 1.380(13)
S(1)-C(9) 1.732(9)  C(6YC(7) 1.400(14)
O(1)-C(1) 1.196(11) C(7C(8) 1.389(13)
0(2)-C(2) 1.165(11) C(8YC(9) 1.411(12)

C(3)-W(1)-C(1) 85.4(4) O(2¥C(2-W(1) 176.0(9)
C(3)-W(1)-C(2) 83.3(4) O(3yC(3)-W(1) 174.9(7)
C(1)-W(1)-C(2) 88.2(4) N(1}-C(4)-C(5) 123.3(8)
C(3)-W(1)-N(1) 126.1(3) N(1}-C(4)-C(9) 117.4(8)
C(1)-W(1)-N(1) 148.5(4) C(5y-C(4)-C(9) 119.3(8)
C2-W(1)-N(1) 94.8(3) C(6%-C(5)-C(4)  120.9(9)
C(3)-W(1)-S(1) 103.1(2) C(5¥C(6)-C(7) 121.0(9)
C(1)-W(1)-S(1)  98.0(3) C(8yC(7)-C(6) 118.3(8)
C2-W(1)-S(1) 171.4(3) C(BC(8)-C(9) 122.4(9)
N(1)-W(1)-S(1) 76.9(2) C(8yC(9)-C(4) 118.2(8)
C(9)-S(1)-W(1) 100.5(3) C(8YC(9)-S(1) 123.4(7)
C(4)-N(1)-W(1) 126.0(6) C(4yC(9)-S(1) 118.3(6)
O(1)-C(1)-W(1) 175.4(9)

Figure 4. Thermal ellipsoid drawing of the anion of complég with
atomic numbering scheme.

Table 5. Bond Lengths [A] and Angles [deg] for the Dianion, aEstimated standard deviations are given in parentheses.
[Cr(COX(0,S-GH4)]?", of 2c

— Table 7. Bond Lengths [A] and Angles [deg] for the Dianion,
cr(1)-c@ 1.793(10) O(3}C(3 1.207(10
céﬁ—c&zg 1.814E9)) O((i\}c% 1.333%103 [W(CO)(O,S-GHJ)I*", of 6¢
Cr(1)-C(3) 1.758(10) C(4)C(9) 1.390(12) W(1)-C(3) 1.887(12) O(3}C(3) 1.217(13)
Cr(1)-0(4) 1.986(6) C(4)C(5) 1.432(12) W(1)—C(1) 1.910(13) O(4}C(9) 1.321(11)
Cr(1)-S(1) 2.372(3) C(5)C(6) 1.371(12) W(1)—-C(2) 1.923(11) C(4-C(5) 1.392(13)
S(1)-C(5) 1.749(9) C(6}C(7) 1.392(13) W(1)-0(4) 2.085(6) C(4)rC(9) 1.423(13)
O(1)-C(1) 1.186(10) C(7rC(8) 1.416(12) W(1)—S(1) 2.482(3) C(5¥C(6) 1.382(14)
0(2)-C(2) 1.186(10) C(8C(9) 1.372(12) S(1-C(4) 1.727(10) C(6YC(7) 1.37(2)
O(1)-C(1)-Cr(1) 175.7(8 C@3yCr(l-c(1) 81.1(4 O(2)-C(2) 1.204(12) - C(7yC(8) 1.357(14)
o%zg—cgzg—célg 176.5283 c@céﬁ-c&% 85.6%43 o()-c() 1.188(12) C(8yC(9) 1.390(13)
O(3-C(3)-Cr(1) 175.1(8) C(1yCr(1)-C(2) 92.3(4) C(3)-W(1)-C(1) 80.9(5) C(6)}C(5)-C(4) 121.1(10)
O(4)-C(4)-C(9) 121.9(8) C(3yCr(1)-0O(4) 133.4(3) C(3-W(1)-C(2) 91.4(4) C(7¥C(6)-C(5) 120.7(10)
O(4-C(4)-C(5) 119.3(8) C(1YCr(1)-0(4) 145.5(4) C(1)-W(1)-C(2) 82.9(4) C(8FC(7)-C(6) 119.1(10)
C(9-C(4)-C(5) 118.9(8) C(2yCr(1)-0O(4)  91.8(3) C(3-W(1)—-0(4) 144.7(4) C(7¥C(8)-C(9) 122.6(10)
C(6)-C(5-C(4) 118.3(9) C(3yCr(1)-S(1) 100.3(3) C(1)-W(1)-0(4) 134.3(3) O(4yC(9-C(8) 122.1(9)
C(6)-C(5)-S(1) 124.9(7) C(LyCr(1)-S(1)  90.4(3) C(2-W(1)-0(4) 91.7(3) O(4yC(9)-C(4) 119.5(8)
C(4)-C(5)-S(1) 116.8(7) C(2yCr(1-S(1) 173.9(3) C(3-W(1)-S(1)  96.4(3) C(8YC(9)-C(4) 118.5(9)
C(5)-C(6)-C(7) 123.6(9) O(4¥Cr(1)-S(1)  82.9(2) C(1)-W(1)-S(1) 104.0(3) O(BC(1)-W(1) 176.5(9)
C(6)-C(7)-C(8) 116.8(9) C(5yS(1)-Cr(1)  98.0(3) C(2-W(1)-S(1) 170.3(3) O(3YC(3)-W(1) 171.9(9)
C(9)-C(8)-C(7) 121.1(9) C(4y0(4)-Cr(1) 122.8(5) O(4)-W(1)-S(1)  78.6(2) C(5yC(4)-C(9) 118.0(9)
C(8)-C(9)-C(4) 121.1(9) C(4)-S(1-W(1)  99.2(3) C(5FC(4)-S(1) 123.9(8)

C(9-0O(4)-W(1) 124.6(6) C(9y-C(4)-S(1) 118.1(7)
0(2)-C(2)-W(1) 176.9(9)

a Estimated standard deviations are given in parentheses.

a Estimated standard deviations are given in parentheses.

two CO*3C NMR signals in a 1:1 intensity ratio. The resonance
for the two carbonyl ligands cis to both sulfurs is upfield of the
signal due to the carbonyls trans to sulfur. Each resonance forScheme 3 specifically fosc + CO = 5b is greater than zero.
complexessb—7b reveals satellites due to coupling with the That is, the tetracarbonyl species are thermodynamically favored
183/ nucleus. Appropriate coupling constants are listed in Table over the tricarbonyl complexes plus carbon monoxide. Within
4. a metal series the equilibrium position is a function of the
The 13C NMR spectra of complexesc—7c in acetonitrile m-donating ability of the appended ligands, e.g., the concentra-
(concentrated-~0.05 M) in the presence of one atmosphere of tion ratio of W(CO}(NH,S-GHg4)2 /W(CO)(NH,S-GHg4)?~
13CO (solubility ~6 x 1072 M) display resonances in the (5b/5¢) is greater than that of W(C@D,S-GH4)2 /W(CO)-
carbonyl region due to both tri- and tetracarbonyl dianions. (O,S-GH4)%~ (6d/6b) at the same [CO]. As anticipated, the
Figure 1 depicts a representative assembly of temperature-strongerz-donating amido ligand stabilizes the “16-electron”
dependent3C NMR spectra for the mixture of complexes species to a greater extent than the phenoxide ligand. In other
[PPNEL[W(CO)4(NH,S-GHy)] (5b) and [PPN}W(CO)3(NH,S- words at a given temperature equilibrium process- CO =
CeH4)] (50). In all complexes studied tHEC signals are broad  5b lies further to the left than that &c + CO==6b. In addition
near ambient temperature or above. This is the result of a rapidit is clear that the three inequivalent carbonyl ligands in the
intermolecularexchange process between the tri- and tetracar- tricarbonyl dianions are fluxional at the lowest temperature
bonyl species as illustrated for compleXdsand5cin Scheme attained{-30 to—40°C), as previously observed in other closely
3. The ratio of tricarbonyl to tetracarbonyl dianions was found related derivative&:1! This is indicative of a low-energy barrier
to decrease in going from chromium to tungsten, where under for intramolecularCO exchange, as is generally noted in five-
this set of conditions the chromium form is mostly tricarbonyl coordinate metal carbonyl derivatives.
and the tungsten species is mostly tetracarbonyl. However, in  The structures of complexe®c, 5c¢, and 6¢ have been
all cases the equilibrium constant for the process defined in determined by crystallographic analysis; thermal ellipsoid
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Figure 5. Schematic drawings of complex&s, 5¢c, and6c where the
dianions are represented ideally as having trigonal bipyramidal
geometry.

Table 8. Comparative Structural Parameters for Tungsten
Tricarbonyl Dianions

dev. from
r r 0 ¢ planarity
complex A (A (deg) (deg) (A

W(CO)(NH,NH-CgH4)?~ 2.125 2.156 82.2 166.4 0.003
W(CO)(NH,0-CeHz)>~ 2.078 2.143 83.3 170.7 0.005
W(CO)(dth-O,0-GH4)?>~ 2 2.059 2.154 85.6 166.7 0.026
W(CO)(NH,S-GH,)?~ 2.105 2501 853 1714 0.0184
W(CO)(0,S-GH4)>~ 2.085 2.482 80.9 170.3 0.0214
Mo(CO)(dtb-0,0-GH,)?~ 2 2.083 2.193 85.5 168.5 0.0773
Cr(COXx(dth-O,0-GH4)>~ 2 1.924 2.048 80.0 146.8 0.0419
Cr(COX(0,S-GHa)?~ 1.986 2.372 81.1 173.9 0.0150

adtb-0,0-GHs*~ = 3,5-ditert-butylcatecholate.

Figure 6. Thermal ellipsoid drawing of the anion of compl@k with
atomic numbering scheme.

drawings of the dianions are provided in Figures42with
selected bond lengths and angles in Table§ 5The dianions
of complexe2c, 5¢ and6c consist of a 2-hydroxythiophenolate
(2c, 60) or a 2-amidothiophenolaté€) residue that forms a
five-membered chelate ring to the M(C{enter through its
deprotonated thiol and hydroxy2¢, 6¢) or amino 6¢) groups.

Inorganic Chemistry, Vol. 38, No. 21, 1994711

Table 9. Bond Lengths [A] and Angles [deg] for the Dianion,
[W(CO)4(S,S-GHa4)]?, of 7b?

W(1)—C(3) 1.944(55) O(C(2) 1.159(5)
W(1)—C(4) 1.947(5)  O(3}C(3) 1.175(5)
W(1)—C(2) 2.015(5)  O(4yC(4) 1.174(5)
W(1)—C(1) 2.045(5)  C(5%C(6) 1.399(6)
W(1)-S(2) 2.5451(11) C(5)C(10) 1.410(6)
W(1)—S(1) 2.5520(11) C(6YC(7) 1.387(6)
S(1)-C(10) 1.763(4)  C(AC(8) 1.381(7)
S(2)-C(5) 1.755(4)  C(8)C(9) 1.383(6)
O(1)-C(1) 1.141(6)  C(9¥C(10) 1.401(6)
C(@3)-W(1)-C(4) 86.6(2) CEYW(1)-S(1)  95.56(14)
C(3-W(1)-C(2) 89.9(2) C(4yW(1)-S(1) 176.96(13)
C(4)-W(1)-C(2) 89.9(2) CyW(1)-S(1)  87.97(12)
C(E-W(1)-C(1) 93.2(2) C(1yW(1)-S(1)  90.81(14)
C4-W(1)-C(1) 91.2(2) S(2FW(1)-S(1)  81.23(3)
C(2-W(1)-C(1) 176.8(2) C(10yS(1)-W(1) 106.32(14)
C(3-W(1)-S(2) 175.53(13) C(5)S(2-W(1) 106.43(14)
C)y-W(1)-S(2) 96.76(13) O(HC(1)-W(1) 176.7(5)

C-W(1)-S(2) 93.06(12) O(3CE-W(1) 177.2(4)

C(1)-W(1)-S(2) 83.8(2) O(4yC(4-W(1) 177.5(4)

0(2-C(2-W(1) 177.7(4) C(5-C(10)-S(1) 122.6(3)

C(6)-C(5)-C(10) 118.7(4) C(9YC(10)-C(5) 118.4(4)

C(6)-C(5)-S(2) 118.2(3) C(9yC(10)-S(1) 119.0(3)

C(10)-C(5)-S(2) 123.1(3) C(6YC(7)-C(8) 120.1(4)

C(7)-C(6)-C(5) 121.5(4) C(9yC(8)-C(7)  119.0(4)

C(8)-C(9)-C(10) 122.3(4)

a Estimated standard deviations are given in parentheses.

Figure 7. Thermal ellipsoid drawing of the anion of compl8with
atomic numbering scheme.

plane consists of two carbonyl ligands, the metal center and
one of thesr-donating atoms of the chelating ligand. The axial
positions contain the remaining carbonyl ligand andonating
atom. In each case, the strongerdonor is located in the
equatorial position. In the chromium derivative, the average Cr-
CO bond distance is 1.788(10) A and the-& bond distance

is 2.372(3) A. The oxygen donor atom is located in the
equatorial plane; the €O bond distance is 1.986(6) A. The
bite angle of the chelate ring is 82.9{2h 2c.

The average W-CO bond length iac, W(CO)(NH,S-
CeHa)2~, is 1.919(9) A, somewnhat longer than the average
W-CO bond distance of 1.907(12) A found in W(G(@D,S-
CeHg)2™ (60). In W(COX(NH,S-GH4)?~ (50), the nitrogen is
located in the equatorial plane. The-WM bond distance is
2.106(7) A while the W-S bond length is 2.501(2) A. In the
W(CO)(0,S-GH,)2~ derivative 6¢), the W—0 bond distance
is 2.085(6) A and the WS bond length is 2.482(3) A,

Two PPN cations are present to balance the charge. Noninter-somewhat shorter than the-¥% bond in the W(CQJNH,S—

acting solvent molecules were found in the crystal lattices of
all three compounds, i.e2¢ (CH3CN and CHOH), 5¢ (4CHs-
CN), 6¢ (2CHsCN). The geometry of the five-coordinate metal
center is that of a distorted trigonal bipyramid. The equatorial

Phy~ derivative. The shortening of the axial ligand@avs 5¢

is due to the weaketr-donation of oxygen relative to nitrogen.
This results in a greater electron deficiency at the tungsten center
and hence an increase indonation from the sulfur and a
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Table 10. Bond Lengths [A] and Angles [deg] for
W(CO)(PH,,PH,-CeHa), 8

Darensbourg et al.

Table 13. Ab Initio Calculations of W and Cr 16- and 18-Electron
Complexes (kJ/mol)

W(1)-C(2) 1.992(11) O(C(2) 1.165(13)
W(1)-C(1) 2.005(12) O(3}C(3) 1.149(13)
W(1)—C(3) 2.014(10) O(4yC(4) 1.156(14)
W(1)—C(4) 2.034(11) C(5yC(10) 1.41(2)
W(1)—P(1) 2.465(3) C(5)C(6) 1.402(14)
W(1)-P(2) 2.466(2) C(6YC(7) 1.392(14)
P(1)-C(5) 1.818(10) C(7yC(8) 1.37(2)
P(2)-C(6) 1.840(10) C(8YC(9) 1.36(2)
o(1)-C(1) 1.153(14) C(9YC(10) 1.40(2)

C)-W(1)-C(1) 96.4(4) C6yPR-W() 111.7(3)
C(2-W(1)-C(3) 87.7(4) O(1}C(1)-W(1) 177.6(10)
C(1)-W(1)-C(3) 88.3(4) 0O(2¥C(2-W(1) 178.9(9)
C(2-W(1)-C(4) 86.2(4) O(3)C(3)-W(1) 177.8(9)
C(1)-W(1)-C(4) 91.8(4) O(4¥C(4)-W(1) 175.3(10)
C(3)-W(1)-C(4) 173.9(4) C(10)C(5)-C(6) 119.0(10)
C)-W(1)-P(1) 170.7(3) C0)YC(5)-P(1) 122.2(8)
C(L)-W(1)-P(1)  92.9(3) C(6yC(5)-P(1) 118.7(8)
C(3-W(1)-P(1)  94.0(3) C(7¥C(6)-C(5) 119.7(10)
CA)-W(1)-P(1) 92.1(3) C(7yC(6)-P(2)  122.4(8)
C-W(1)-P(2) 91.8(3) C(5¥C(6)-P(2)  117.9(7)
C(1)-W(1)-P(2) 171.8(3) C(8yC(7)-C(6) 121.0(11)
CE-W(1)-P(2) 91.1(3) C(9yC(8)-C(7) 119.9(11)
C4)-W(1)-P(2)  89.6(3) C(8yC(9)-C(10) 121.6(11)
P(1-W(1)-P(2) 79.03(8) C(5)C(10)-C(9) 118.8(11)
C()-PA)-W(1) 112.0(3)

a Estimated standard deviations are given in parentheses.

Table 11. Comparison of Selected Experimental and Calculated
Bond Lengths [A] and Angles [deg] in [W(C@NH,S-GHa)]2~, 5¢

HF B3LYP Experimental
W-S 2.649 2.630 2.501(2)
W—-N 2.122 2.110 2.106(7)
W—Cax 1.937 1.936 1.942(9)
W—Cgq 1.953 1.939 1.902(8), 1.913(9)
Ceq=W—Cqq 86.2 86.9 85.4(4)
Coq—W—Cuxx 90.5 90.3 83.3(8), 88.2(4)
N-W-S 76.0 76.5 76.9(2)
Ce—W-S 136.8 136.5 126.1(3), 148.5(4)
Cax—W-S 168.5 168.7 171.4(3)

Table 12. Comparison of Calculated Bond Lengths [A] and Angles

[deg] in [W(COM(NH,S-GsH4)]2, 5b

HF B3LYP
W-S§ 2.698 2.677
W-N 2.215 2.183
W_Qransfs 1.949 1.951
chtranst 1.971 1.976
W_Ccisfs,N 2.055 2.029
Ctransfs_W_Ctrans—N 91.2 92.3
Ccis_W_Ccis 178.4 172.9
N—-W-S 75.4 76.2
S—W—Crans-s 172.1 171.4
S_W_Ctranst 96.7 96.2
N—W—Cans—n 172.1 172.5
N—W—Cans-s 96.7 95.2

therefore a shorter WS distance. Finally, the bite angle of the

chelate ring is similar in both the W(C&D,S-GH4)?~ deriva-
tive (78.6(2)) and in the W(CO)NH,S-GH,)>~ complex

(76.9(2)). In each case, the sulfur donor atom is located in the
axial position, indicating that the O- and N-donor atoms,

respectively, are the bettardonors.
Figure 5 provides schematic drawings2ef 5¢, and6¢c where

complex HF B3LYP single-shbt

[W(CO)4(NH,NH-CeH2)]2~ 0.000 0.000
[W(CO)s(NH,NH-CsH)]2~ 21.724 82.109
[W(CO)4(NH,0-CsHa)]?~ 0.000 0.000
[W(CO)3(NH,0-CeH4)]> 38.899 97.153
[W(CO)4(NH,S-CGsH4)]2~ 0.000 0.000
[W(CO)s(NH,S-GsHa)] 2 49.704 103.865
[W(CO)4(0,0-GH4)]2 0.000 0.000
[W(C0)3(0,0-GH4)]?~ 60.898 119.646
[W(CO)4(0,S-GH2)]?~ 0.000 0.000
[W(C0)s(0,S-GHa)]> 68.546 122.968
[W(CO)(S,0-GHa)]?~ 78.968 127.262
[W(CO)«(S,S-GHJ)]? 0.000 0.000
[W(CO)(S,S-GHa)]? 85.871 132.445
[Cr(COX(O,0-GsHa)]2~ 0.000 -

[Cr(COX(0,0-GsHa)]2~ 45.671 -

[Cr(COX(O,S-GHJ)]> 0.000 -

[Cr(COX(0,S-GHJ)]? 54.045 -

aEnergies relative to the 18-electron complex in eachbsgingle-
shot energy calculations done at the HF geometry.

Table 14. Comparison of Selected Experimental (in Parentheses)
and Calculated Bond Lengths [A] and Angles [deg]lin
[W(CO)5(0,S-GH4)]*~ (60), and [W(COY(S,0-GHa)]* (6d)

[W(CO)5(0,S-GHa)]>" 2 [W(CO)s(S,0-GH,)]2~ P

W-S 2.664 (2.482(3)) 2.622
W-0 2.110 (2.085(6)) 2.160
W—Ceq 1.942 (1.899[12]) 1.937
W—Cax 1.945 (1.923(11)) 1.949
0-W-S 75.5 (78.6(2)) 75.6
Ceq—W—Ceq 85.4 (80.9(5)) 86.8
Coq=W—Ca 90.5 (87.2[4]) 90.1
XeW—Coq  137.2 (139.5[4]) 136.5
Xeq—W—Cax 91.6 (91.7(3)) 98.2
Xa—W—Cax  167.1(170.3(3)) 168.5
Xax—W—Ceq 98.9 (100.2(3)) 98.2

as in the axial position O in the equatorial positi®rs in the
equatorial position O in the axial position.

complexes published in studies prior to this one, including the
W, Mo, or Cr tricarbonyl derivatives of 3,5-dert-butylcat-
echolate, 2-amidophenoxide, and diamidobenZeke.

Bright red crystals of the tungsten tetracarbonyl derivative
of dithiobenzene, complexb, were obtained by the slow
diffusion of diethyl ether into a concentrated N solution
of the complex. Figure 6 shows a drawing of the dianion while
selected bond angles and lengths are listed in Table 9. The
structure of W(CQYS,S-GH,)?~ consists of a tungsten tetra-
carbonylmetal center chelated by doubly deprotonated dithiophe-
nolate; the charge is balanced by the presence of two PPN
cations. The geometry of the metal center is that of a distorted
octahedron; the average W-C bond length of the carbonyls trans
to sulfur is 1.946(5) A, and the average bond length of the
carbonyls cis to the sulfurs is 1.930(5) A. The~\8 bond
lengths are 2.552(1) and 2.545(1) A, significantly longer than
the W—S bond lengths observed in the W(G@),S-GHa4)2~
(2.482(3) A) and W(CQYNH,S-GH4)2~ (2.501(2) A) unsatur-
ated derivatives.

Yellow-brown X-ray-quality crystals were obtained for
complex8, W(COY(PH,,PH-CsHy), via sublimation at 40C.

their geometry is represented as trigonal bipyramidal. However, The instability of the doubly deprotonated analogue 8of
the structural parameters indicated in Figure 5 and summarizedprevented examination of thedonor character of the phosphido

in Table 8 reveal that significant distortions from trigonal

group. A thermal ellipsoid drawing of complekis given in

bipyramidal are observed. Also included, for purposes of Figure 7; bond lengths and angles are listed in Table 10. The
comparison, are those parameters for the 16-electron, tricarbonylgeometry of the metal center is that of a distorted octahedron.
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The structure consists of the diphosphinobenzene ligand bound
to a W(CO), center with a chelate bite angle of 79.03(8Jhe
W-CO bond distances for the carbonyls trans to phosphorus
are 2.01(1) and 2.03(1) A; the average bond length of the two
axial CO’s, cis to phosphorus, is 2.02(1) A.

reported herein. This study was undertaken in order to determine
the relative stability of the 16e vs 18e complexes. We have also
undertaken an investigation into the bonding between the
m-donor and the metal in these systems to determine why the
better 7-donor occupies an equatorial site in the trigonal
bipyramidal geometry of the 16-electron tricarbonyl complexes.
Hartree-Fock geometry optimizations were performed on all
complexes, with optimizations using density functional theory
being performed on selected complexes for comparative pur-61.0 kJ/mol. The gap between the two isom@gcand6d was
poses. Both HF and DFT geometry optimizations gave virtually also narrowed from 10.4 to 7.7 kJ/mol. These corrections are
identical results in good agreement with experimentally deter- however not large enough to overcome the energy difference
mined distances and angles, Tables 11 and 12. This is in accorcbetween the sixteen and eighteen complexes, in which the
with our previous work which demonstrated that HF and DFT smallest energy gap is 21.7 kJ/mol.
geometry optimizations in tungsten carbonyl anions are very The exchange of the axial oxygen and the equatorially
similar® The computationally less expensive HF geometry positioned sulfur had some effects on the calculated bond
optimizations were used for the remainder of the computations distances in the two isomegc and 6d. The tungsten sulfur
reported upon here. bond length was shortened by about 0.04 A in going from the
The energy differences between the 16- and 18-electron equatorial position to the axial position, and the tungsten oxygen
complexes were examined as a measure of the relative stabilitydistance increases 0.05 A in going from the axial to the
of the two complexes. In all cases examined, the 18-electron equatorial position. Table 14 contains selected bond distances
dianion was calculated to be the more stable species. The extenand angles for complexegc and 6d. This change indicates a
to which the 18-electron complex was more stable was variable stronger ability for the equatorial site to bindredonor ligand.
depending on whichz-donor groups were in the chelating A comparison of the computer generated orbitals in com-
ligand, i.e., the relative stability between the 16- and 18-electron plexes6c and 6d revealed that the orbital structure is very
complexes is readily tuned. This energy gap gets increasing largesimilar, as one might expect. However, there were some subtle
as one goes from good-donor atoms such as N and O to differences, most notably was the lower energy of the tungsten-
weakersz-donors such as S, Table 13, the trend in the energy equatorialz-bonding orbitals in complesc versus6d. This
difference between the sixteen- and eighteen-electron complexesan be explained based on a general molecular orbital diagram
is as follows: NH,NH< NH,0 < O,0<NH,S<0,S<S,S. starting from the idealized trigonal bipyramidal geometry shown
This is in conformity with the experimental observations(vide in Figure 8. The complexes examined here are distorted from
supra) that heat and/or an argon flow are required to form the idealized trigonal bipyramidal geometry in the following ways.
sixteen electron tricarbonyl complexes in compounds that The G4q—W-Ceqangle has been reduced to approximatel, 85
contain weakerr-donor atoms. and the two G—W-—Xeq angles are inequivalent at ap-
The [W(COXO,S-GH.)]> /[W(CO)3(0,S-GH4)]2~ system proximately 128 and 148. These changes affect the molecular
was examined in detail in order to determine why the best orbital diagram by lowering the energy of the g orbital with
z-donor (O in this case) falls in the equatorial position in the respect to the,g orbital. The ¢ orbital is also lowered due to
16-electron dianion. Specifically, geometry optimizations were deviation from linearity of the G—W—Xayangle, however, this
performed on [W(CQ)O,S-GH4)]?~ (6b) and on the two orbital is still much higher in energy than thg drbital and is
tricarbonyl isomers of the [W(C@)0,S-GH4)]2~ (6c) and therefore not of interest here. The result of these changes is
[W(CO)s(S,0-GH4)]2~ (6d). From the calculations it was that in a & metal complex only the 4l dy; and de- are
determined that the isomer in which the oxygen atom is in the occupied. The g orbital is available forz-donation from the
equatorial planef() is about 10.4 kJ/mol more stable than the 7-donor ligand in the equatorial plane. The strongertidonor
isomer which contains the sulfur in the equatorial pladd)(  ligand the more stabilized theytbrbital will be and the more
This is in agreement with the crystal structure obtained for the Stable the complex. However, whenredonor ligand is in the
tricarbonyl complex, Figure 4, in which the oxygen is indeed axial position we obtain a situation which Caulton has described
in the equatorial plane. Frequency calculations were performedas  filledffilled interactior??
on these three complexedly, 6¢, 69. From these calculations

Theoretical Calculations
O,
Ab initio geometry optimizations and energy calculations
were performed on a series of related 16e and 18e complexes
%

Figure 8. Orbital diagram for the metal d orbitals for idealized trigonal
bipyramidal geometry.

is was determined that complex@is and6c are indeed minima Conclusions

(no negative frequencies) and that compkk is in fact a Herein the synthesis and characterization of a number of low-
transition state (one negative frequency). Thermal and zero pointvalent, group six metal carbonyl complexes containing ancillary
corrections on complexeésh—d lowered the energy about-10 ligands capable at-donation has been described. As expected,

kJ/mol, and narrowed the gap betwegmand6c from 68.5 to the stability of the coordinatively unsaturated, 16-electron
complex increases as the ancillary ligand becomes a better

(19) Darensbourg, D. J.; Frost, B. J.; Derecskei-Kovacs, A.; Reibenspies,
J. H.Inorg. Chem.1999 38, 4715. (20) Caulton, K. GNew J. Chem1994 18, 25.
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m-donor. The tungsten tricarbonyl species of 2-amidothiophe- in the axial position. We have also shown that the order of
nolate and 2-hydroxythiophenolate were observed to be rela-z-donation computed follows that determined from experiment
tively stable. Both the 18-electron tetracarbonyl and the 16- and in is indeed: NH,NH< NH,O < O,0 < NH,S< O,S<
electron tricarbonyl derivatives were characterized not only by S,S. This was determined computationally by comparing the
»(CO) IR and13C NMR spectroscopies but also by X-ray energy differences between the sixteen and eighteen electron
crystallography when possible. The structures of these coordi- complex of each ligand and ordering them based on the smallest
natively unsaturated metal complexes contain a metal tricarbonylenergy gap equals the most stable sixteen electron complex and
center chelated by the doubly deprotonated ligand under hence contains the betterdonating ligand. Finally, frequency
consideration in approximately trigonal bipyramidal geometry. calculations have shown that the complex with the better
In each case the strongerdonor atom of the two chelating  s-donor in the axial plane is indeed a transition state and not a
linkages was observed to prefer the equatorial rather than axiallocal or global minimum.

position in trigonal bipyramidal geometry. It was concluded that Acknowledgment. The financial support of this research by
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