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Summary

Substitution of 2,2’-bipyridine (bipy) in the seven-coordinate molybdenum(II)
salt cis{Mo(CO),(bipy),(NCMe)]BE,], by sodium 1,1-dimethylethanethiolate gives
six-coordinate red trans,cis-[Mo(SCMe, ),(CO),(bipy}] and by sodium N, N-dieth-
yldithiocarbamate gives purple cis-[Mo(CO),(S,CNEt, )(bipy)l[BF,]. Tetrabutylam-
monium nitrate also displaces bipy to form green cis-[Mo(7*-NO, )(CO),(bipy)][BF,].
Substitution of CO in the same seven-coordinate molybdenum(Il) salt by nitrite
produces green [Mo(ONO)(CO)(bipy),][BF,], and by pentane-2,4-dione (acacH)
gives purple [Mo(acac)(bipy),]iBF,]. The products of the reactions have been
characterised by microanalysis and IR, 'H NMR, and electronic absorption spec-
troscopy.

Introduction

The seven-coordinate molybdenum(Il) cation, [Mo(CO),(bipy),(NCMe)]** re-
acts with various neutral nucleophiles such as isocyanides and tertiary phosphines so
that displacement of coordinated acetonitrile and of CO occurs rather than that of
2,2’-bipyridine. Seven-coordination of the metal atom is maintained in the products
of these reactions [1]. We report the reactions of the same molybdenum(1l) cation
with anionic nucleophiles containing harder donor atoms (S, O), which produce
six-coordinate products.

Results and discussion

The molybdenum(Il) salt cis-[Mo(CO),(bipy),(NCMe)|[BF,], (1 mol) in
acetonitrile solution reacts rapidly with solid NaSCMe,; (2 mol) at room tempera-
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ture to form a red-brown complex, [Mo(SCMe; ), (CO), (bipy)]: addition of excess
thiolate caused no further substitution under these conditions. The thiolate complex
is soluble in dichloromethane, acetone and acetonitrile. and shghtly soluble in
diethyl ether and in hexane. The complex is characterised by two string infrared
absorptions (1940, 1820 cm ') assigned to CO ligand stretching vihrations, The "H
NMR spectrum of the diamagnetic complex contains a single sharp resonance (8
1.63 ppm in CD,CT,) which is assigned to the two equivalent t-butvl groups, as well
as four signals from the protons of the bipy ligand. These observations estabhish the
stereochemistry of the complex as rrans.cis-fMo(SCMe, (0O (hipyil, This com-
plex can be compared with rrans.cis-{Mo(OCMe ), (COY L (pyria Lowhich s produced
in the reaction of CO with {Mo,(OCMe, ), | in hexane, /pyridine sobvent mixtares [2].
The low frequencies of the CO Ilmnd stretching dhs«;upmm.\ {1908, 1768 ¢m ) and
their separation (140 cm '3 together with the acute CMoC angle (72.4%) in the
alkoxide complex have been imcrprctcd in ferms of the w-donor acuon of the
t-butoxy ligands. [2] The values of #(COYin trans,cis-] Mo(S( '\kx S COy (bipy)] are
higher and their separation is less than in the alkoxide comples. Ths muf reflect th
fact that the bipy ligand, which 1s constrained to be coplanar with the €O Z:gand& Is
a better m-acceptor than pyridine which i1s not so consuvamed, The siructure of
trans,cis-[lMo(OCMe;) (CO) (pyr), ] shows that, in the sohd siute. the pyvridine rning
planes are both approximately orthogonal to the {Mo(CO)- | plane {21 Purther, the
values of v(CO) in rrans,cis-{Mo(SCMe, 1, (CO), (bipwvi] are close 1o those [2] m
[Mo,(OCHMe, ), (CO). ] which is consistent with a net increase m effective nuclear
charge at molybdenum in rrans.cis-[Mo(SCMe, ), (COy-thipyil compared to
trans,cis-{Mo(OCMe, ), (COY-{pyr), |

The dumdgncmm 01 the six-coordinate complex arans.crs-{ Mo(SCMe ) .(CO) .-
(bipy)] is consistent with that of rans.cis-[Mo(OCMe ) (COV(pyvry- ] that the
presence of the w-donor ligands causes a hfting of the dogcn:m«. v of the 7. orbials.
This 15 in contrast to the paramagnetism of cie-[MofOCHMe, ) .(bipyvy. ] which
exists in an equilibrium between singlet and triplet spin states 13,

Other examples of six-coordinate molvhdenum(il) thiclate complexes include
[Mo(SR),(dppe). ] (R = n-C H,. n-CyH5) [4] and [Mo(SCMe 7, i ONCMe 3, 5]

Addition of an equimolar proporlmn of sodrum NV, NV-diethyidithiocarbamate
acetonitrile solution to u well-stirred solution of crs-{Mo(COy. (hipyi (NCMeIBE, |,
in the same solvent at room temperature produces o purple solution from which a
purple solid s 1solated on concentration, This purple crvstatiine solid s wdentified as
cis-IMo(CO),(S,UNEL, }bipyil| BE, ] by microanalysis  and  spectroscopy. The
infrared spectrum shows two strong absorptions (194¢. 1833 ¢m ') assigned 1o
cis-carbonyl ligands. Addition of a further mole of sodium N N-diethvidithio-
carbamate in acetonitrile to a solution of ¢s-[Mo(COY(S.CNEr (bipyif BE, ] i the
same solvent produced a decp red solution from which cis-{ Mo(COy (S ("\JH b
was 1solated as red-purple crystals. The six-coordinate <-,»\-[:'\10((‘();;(S { \! ol i
well-known [6]; it can bind €O to give [Mo(CO (3, CNE, 1§ reversibiy
selectivity with which these complexes are formed is cmph wsed by the 1"; vt that we
have been unable to prepare the ¢is-[Mo(CO(S,ONELhipyy] - son either by
reaction of  cis-{Mo(CO), (’h'p\ 3 owith Na[S,ONEL,] or by reaction between
[Mo(CO)(S;CNEL, ), ] and 2,2 -hipyridine. The fact that cw-{Mo(CO) S, ONEL ) -
(NCMe)] is not solated from the reaction between [Mo(COy L(hipy ;‘(\t Moy “B}-JEI
and sodium N N-diethvidithiocarbamate is consistent with the casy loss of CO from
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[Mo(CO),(S,CNEt,),] [7] and the fact that [Mo(COXS,CNEt,),(bipy)] is not
formed in preference to cis-[Mo(CO),(S,CNEt,),].

The 'H NMR spectra of cis-[Mo(CO),(S,CNEt, )bipy)][BF,] and cis-
[Mo(CO),(S,CNELt,),] both show inequivalent ethyl proton resonances. This may
be explained by the low symmetry of the two six-coordinate complexes. The
multiplet signal of bipy-H(3) in cis-{Mo(CO),(S,CNEt, )(bipy)][BF,] (& 9.05 ppm)
appears to low field of the H(6) signal (8 8.85 ppm); this unusual arrangement
(8(H(3) > 8(H(6)) has also been observed [1] in the spectra of other molybdenum(1I)
complexes, [Mo(CNEt),(bipy),|[BF,], and cis-{Mo(CO),(bipy),(NCMe)][BF,],.

Tetra(n-buty)ammonium nitrate reacts with an equimolar quantity of cis-
[Mo(CO), (bipy),(NCMe)|[BF,] in acetonitrile solution at room temperature to
produce a high yield (74%) of a dark green complex, identified as cis-[Mo(n*-
NO, }(CO),(bipy)|[BF,] by microanalysis and spectroscopy. The infrared spectrum
shows two strong absorptions (1820, 1720 cm™!) assigned to cis carbonyl ligands.
The nitrate group is recognised by absorptions at 1495s, 1340m and 1250m,sh cm ™1,
The nitrate absorption which might be expected at ca. 1030 cm ! is obscured by the
strong, broad absorption of the tetrafluoroborate ion. The 'H NMR spectrum of the
complex (acetone-d, solution) contains the four signals (8 7.42 (H(5)), 8.12 H{4)),
8.40 (H(3)), 9.05 (H(6)) ppm) of the bipy ring protons. These data suffice to
characterise the dark green cation and to identify it with cation in the minor
product of the oxidation of cis-[Mo(CO),(bipy),] with Ag[NO,], which is cis-
[Mo(nz-NO3 )(CO), (bipy)lINO,]. The major product of the silver(I) nitrate oxida-
tion has been identified as [Mo(NO,)(CO), (bipy),INO,] [8].

The equimolar addition of tetraethylammonium nitrite in acetonitrile solution to
cis-[Mo(CO), (bipy),(NCMe)|[BE,], in the same solvent caused an immediate
change in colour to dark green with the formation of the product which is identified
as six-coordinate [Mo(ONO)(CO)(bipy),][BF,] by microanalysis and spectroscopy.
The single carbonyl ligand is indicated by a strong absorption at 1890 cm ™! and the
O-bonded nitrito ligand by absorptions at 1440s, 1160m, and 890m cm '; the
absence of an absorption in the 1340-1320 cm ! region [9] precludes the N-bonded
nitro form. The complex is a 1:1 electrolyte in acetonitrile solution. The observa-
tion of a well-resolved 'H NMR spectrum in solution is consistent with diamag-
netism. The simplicity of the NMR spectrum may suggest a trans-stereochemistry of
the carbonyl and nitrito ligands, but previous experience of several cis-bis(2,2’-bi-
pyridine) complexes of molybdenum(0) and molybdenum(ll) which also show
fortuitously simple '"H NMR spectra [1,8,10], indicates the need for caution in the
absence of an X-ray crystallographic structure determination.

The reaction between equimolar proportions of sodium pentane-2,4-dionate,
Nafacac], and cis-{Mo(CO), (bipy),(NCMe][BE,], in acetonitrile at room tempera-
ture is rapid and produces a dark purple (black) solution from which purple-black
crystals can be isolated. The same material can be produced when an excess of pure
pentane-2.4-dione, acacH, is warmed (320 K) with cis-[Mo(CO),(bipy),(NCMe)}-
(BF, ], in acetonitrile. The purple-black solid is characterised as [Mo(acac)(bipy),J-
[BE,] by microanalysis and spectroscopy. The infrared spectrum of the complex
establishes that the acac ligand is O-bonded (#(CO) 1560m, 1530vs cm ™ 1), and this
is confirmed by the 'H NMR spectrum in which the methyl protons produce a
signal at § 2.15 and the y-methine proton resonates at § 5.65 ppm.
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Conclusions

The substitution reactions between anionic nucleophiles and the seven-coordinate
molybdenum(II) dication, ('i.x—[MO(CO)z(hipy)l(NCMe)]3 have imdicated a num-
ber of interesting and, to some extent, surprising differences when compared with
the substitution reactions produced by neutral nucleophiles. The products of anionic
nucleophile substitution are all six-coordinate, diamagnetic molybdenun(1l) com-
plexes. whereas neutral nucleophiles {phosphines. phosphites. isocvanides) generally
lead to conservation of seven-coordination in the product {11} The neutral
nucleophiles displace the coordinated ligands in the descending order of preference:
MeCNisolvent) > CO > bipy [11]. We find that the anionie nucleophiles we have
used here all displace the solvent and then may displace cither bipyv. in the case of
the thiolate nucleophiles (Me,CS | EX,NCS, ) and mitrate, or carbon mionoxide, in
the case of nitrite and pentanedionate. This distinction appears to he based on the
hardness [12] of the nucleophile.

Experimental

Preparations were all carried out under pre-purified dinitrogen using standard
techniques (Schlenk-types apparatus. cannulae. vacuum manifold). All solvents were
dried (calcium hydride, sodium. or molecular sieves), deaerated and distilled before
use. The preparation of cis-{Mo(CO), (bipy),(NCMe)|[BE, 1, has been described in
detail [1]. 1.1-Dimethylethanethio]l and pentane-2.4-dione were purchased from
Aldrich. Tetraethvlammonium nitrite was {reshly prepared by the addinon of
silver(l) nitrite to tetracthviammonium chloride in acetonitrile solution. Other
reagents were purchased in the highest available purity and were used as received
without further purification. Conductivity measurements were made with a Wayne
Kerr bridge B221: the cell constant of the glass conductivity probe was caleulated
from measurements using standardised 0.01 mol dm " potassium chloride solution.
IR spectra were recorded on o Perkin—Elmer PE625 spectrometer. NMR spectra
were recorded on a JEOL PS100 spectrometer. Electronic absorption spectra were
measured on a Perkin-Elmer PE402 spectrometer. Microanalvses were performed
by Mr. A. Fassam.

Preparations

trans.cis-{ Bis( 1 1-dimethviethaneethiolato)dicarbonyl(2. 2 -bipyridine jmolvbdenum-
(1)

Freshly prepared solid sodium 1.1-dimethylethanethiolate (0.39 g. 3.36 mmol)
was added in small portions to a rapidly stirred solution of  cis-[Mo(CO) -
(bipy),(NCMe)|[BE,], (1.21 g. 1.78 mmol) in acetonitrile (40 cm’y. The colour of
the reaction mixture became red-brown immediately. The mixture was stirred for 0.3
It and then extracted with dichloromethane, liltered and petroleum ether (4¢-60°C)
was allowed to diffuse into the filtrate. A Nincly divided red-brown powder sep-
arated during several days. This was isolated by filtration. washed with petroleum
cther (40-60°C) and then dried in vacuo (043 g, 50% vield). (Found: € 49.8: H,
6.5: N, 5.5 S 145 CoyH ,MoN,O,S, caled.: €. 49.4; H. 69 N 58 S 13.2%). 'H
NMR (CD,Cl, ) & 741 (1d. H(5), .03 (dd. Hdy. R43 (d. H3w 917 (d. Hen.
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1.63 (s, 9H, CMe,) ppm. IR (Nujol) 1600m, 1420s, 1380m. 1250m, 1150s, 970m
cm L A (MeCN) 515 nm.

cis-{N,N-Diethyldithiocarbamato)dicarbony!(2,2' -bipyridine)molybdenum(I1 tetra-
fluoroborate

A solution of sodium N, N-diethyldithiocarbamate (0.34 g, 1.97 mmol) in
acetonitrile (10 cm®) was added slowly (syringe) to a stirred solution of cis-
[Mo(CO),(bipy),(NCMe)|[BF,], (1.34 g, 1.97 mmol) in acetonitrile (30 cm?®). The
mixture rapidly became purple in colour. After being stirred for 1 h at room
temperature the mixture was evaporated to dryness under reduced pressure. The
solid residue was extracted with dichloromethane and the extract was filtered.
Petroleum ether (40-60°C) was allowed to diffuse into the filtrate. After 3 d purple
crystals were isolated by filtration, washed with diethyl ether and dried in vacuo
(0.97 g, 90% yield). (Found: C, 36.9; H, 3.0; N, 8.3; S, 11.2. C;;H,{BF,MoN,0,S,
caled.: C, 37.6; H, 3.3; N, 7.7; S, 11.7%). '‘H NMR (acetone-d,) 8 1.35 (tt, CH,),
3.95 (sextet, CH,), 7.60 (td, H(5)), 8.14 (td, H(4)), 8.85 (d, H(6)), 9.05 (d, H(3))
ppm. IR (Nujol) 1940s, 1855s, 1600m, 1500m, 1310w, 1280w, 1055sbr, 980s cm '
A (MeCN) 500 nm.

cis-{(n’-Nitrato)dicarbonyl(2,2’-bipyridinejmolybdenum(I1)] tetrafluoroborate

Tetra(n-butyl)ammonium nitrate (0.56 g, 1.84 mmol) in acetonitrile solution (10
cm®) was added slowly (syringe) to a rapidly stirred solution of cis-[Mo(CO),-
(bipy),(NCMe)][BF,], (1.25 g, 1.84 mmol) in acetonitrile (30 cm?®). The reaction
mixture rapidly became dark green in colour. The mixture was stirred at room
temperature for 1 h and then filtered. The filtrate was evaporated to dryness under
reduced pressure. The solid residue was extracted with acetone (20 cm®) and the
extract was filtered. Diethyl ether was allowed to diffuse into the extract so that the
precipitation of a green solid occurred over a period of several days. The green
powder was 1solated by filtration and then washed with diethyl ether and finally
dried in vacuo. (0.62 g, 74% yield). (Found: C, 31.3; H, 2.0; Mo, 20.7; N, 9.0.
C,,H{BF,MoN,O; caled.: C, 31.5; H, 1.7; Mo, 21.0; N, 9.2%.). '"H NMR (acetone-
dg) 6 7.42 (td, H(5)). 8.12 (td. H(4)), 8.49 (d, H(3)), 9.05 (d, H(6)) ppm. IR (Nujol)
1820s, 1720s, 1600m, 1495s, 1320m, 1280w, 1250m, 1055br, 940m, 910m, 770s cm !,
A (MeCN) 430 nm.

Nitritocarbonylbis(2,2’ -bipyridine)molybdenum(11) tetrafluoroborate

Tetracthylammonium nitrite (0.31 g, 1.76 mmol) in acetonitrile (10 cm®) was
added slowly (syringe) to a rapidly stirred solution of cis-[Mo(CO),(bipy),-
(NCMBe)][BF,], (1.18 g, 1.74 mmol) in acetonitrile (30 cm®). The reaction mixture
rapidly became dark green in colour. The mixture was stirred at room temperature
for 3 h and then filtered. The filtrate was evaporated to dryness under reduced
pressure. The solid residue was extracted with acetone and the extract was filtered.
Diethyl ether was allowed to diffuse into the extract. so that the precipitation of a
finely divided green solid occurred over a period of 3 d. The green powder was
isolated by filtration, then washed with diethyl ether and finally dried in vacuo (0.32
g, 32% yield). (Found: C, 44.4; H, 2.7; N, 12.3. C,;H,(BF,MoN, O, calcd.: C, 44.3;
H, 2.8; N, 12.3%). 'H NMR (acetone-d,) 8 7.57 (t, H(5)), 8.18 (t, H(4)), 8.49 (d,
H(3)), 8.95(d, H(6)) ppm. IR (Nujol) 1890 vs, 1595m, 1440s, 1320w, 1260w, 1180m,
1160m, 1055br, 780s cm ™! A . (MeCN) 605 nm.
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Pentane-2,4-dionatobis(2,2’ -bipyridinejmolybdenum(I1} tetrafiuoroborate

Pentane-2.4-dione (0.35 g, 3.5 mmol} was added to cx-[Mo(CO)(bipy).-
(NCMe)|[BF, ], (0.79 g, 1.16 mmol) in acetonitrile (30 cm®). The mixture was heated
at 320 K for I h. The mixture was then cooled and evaporated to drvness under
reduced pressure. The solid residue was dissolved in acetone and the solution was
filtered. Diethyl ether was allowed to diffuse into the purple filtrate and purple-black
crystals were formed over a period of 3 d. These crystals were solated by filtration,
then washed with diethyl ether and finally dried in vacue (037 g0 33% vield)
(Found: C. 50.1: H, 3.6. H. 9.8. C,iH, BF,MoN,O, caled.: €. 3050 HO 380 N,
9.4%). '"H NMR (CD,Cl,/CD,CN) § 2.15 (s. 6H. C/77,5. 5.65 (s TH, CHy 7.85 (1
H(5)). 8.50 (dd. H(4)). 8.85 {d, H(3)). 8.95 (d. H(6)) ppm. IR {(Nujol) 1610m. 1560m.
1530s, 13455, 1320m, 1290m. 1250w. 1170m. 1055hr. 769s. 730s ¢m
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