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Summary 

Reaction between cis-[Mo(CO),(dmpe),] (dmpe = MelPCHICH,PMe,) and 
organic n-acids tetracyanoethene (TCNE), 1,2,4,5tetracyanobenzene (TCNB) 
and 1,3,5-trinitrobenzene (TNB) proceeds via electron transfer from the met.al 
complex, which is osidised to the 17-electron frarx-[Mo(CO),(dmpe),]’ ion, to 
the organic acceptor which is reduced to the radical anion. The final products 
of the reactions are characterised as cis-[ Mo{C2(CN),} (CO),(dmpe),] [CN], 
cis-[Mo{C,,H,(CN),)(CO),(dmpe),] [C,,H,(CN),], and [Mo(CO),(dmpe), - 
2 CI,HJN02)3] by analysis and spectroscopic (IR, NMR, ESR) measurements 
which axe compared with those of cis-[MoX(C0)2(dmpe)2]X (X = Cl, Br, I) and 
fat, fnc-[Mo,C1,(CO),(dmpe)J]. The reaction of cis-[Cr(C0)7_(dmpe)-,] with 
TCNE gives tmlzs-[Cr(CO),(dmpe),1’ [TCNE]- only. 

Introduction 

Studies of the reaction between cis-[M(CO)l(dn~pe)~] (M = Cr, MO; dmpe = 
Me,PCH,CH,PMel) and alkyl halides, RX, in solution have shown that an elec- 
tron is readily transferred from the metal comples to produce the 17-electron 
cation, traizs-[M(CO),(dmpe),1’ and the radical anion RX--. It is suggested that 
this redox process is of the outer sphere type [ 11. Characterisation of the radical 
anions, RX-’ is hampered by the ease with which these dissociate to form the 
radical R-, and the halide ion, X-. We were able to detect R- by ESR spectro- 
scopy and to trap it in certain cases with nitrosodurene. The anion was cap- 
tured by the met.al. 

* No reprints available. 



We report. on reactions between cis-[ M(CO)2(cln~pe),] and other organic elcc- 
troll acceptors which form more stable radical anions. These csperin1ent.s pro- 
vide evidence to support the proposed outer sphere electron transfer mechanism. 
They ‘also show that the radical anions may undergo a variety of subsequent rc’ac- 
tions in forming the final product. 

Results and discussion 

Reaction with fctr-acyanoctizenc 
Addition.of tetracyanocthene, TCNE, to a colourless solution of cis-[ Mo(CO),- 

(dmpe),] in methyl cyanide produces a golden yellow colour. The electronic 
spectrum of this solution shows the characteristic absorption hand centered at 
435 m-n which is associat.ecl [ 21 with the radical anion, TCNE--. The ESR spec- 
trum of the golden yellow solution provided unambiguous evidence of TCNE-- 
(g 2.0036; aN 1.55 gauss) [ 31. The intense signal of the radical anion obscured 
the weaker signal of the molybdenum(I) cation (g 2.053; ap 25 gauss). Pale 
yellow crystals were deposited from the golden yellow solution on standing at 
room temperature over a period of 3-6 h. Analytical and spectroscopic data 
for this pale yellow crystalIine solid indicate that it. is the o-tricyanoethenyl/ 
molybdenum(I1) complex, ci.s-[Mo(C,(CN),}(CO),(clmpe)z][CN]. The infrared 
spectrum (Fig. la; KBr disc) shows two v(C0) absorptions (195Ovs, 1900s en-‘) 
tyPica of cationic molybdenum(I1) complexes of the type cis-[MoX(CO),- 
(dmpe),]’ (see below, Table 2)_ Additionally, the solid st.ate infrared spectrum 
shows the presence of both anionic cyanide (2082 cm- *) and covalent cyanide 
(2210~~ 217Om, 2160m cm-‘). The latter vibrations can be assigned to the 
o-tricyanoethenyl ligand by analogy with the corresponding absorptions in the 

spectrum of the neutral molybdenum(I1) complex [Mo(C,(CN),} (C,H,)(CO),] 
[4]. The contrast between cis-[Mo{C,(CN)~) (CO),(dmpe)2] [CN] and a com- 
pound such as [VBr(CjH&(TCNEj] in which the TCNE ligand is known (X-ray 
structure) to be bound to the meta through one nitrogen atom [ 51, and a com- 
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Fig. 1. IR spectrum (KBr disc) in the region 2300-1400 cm-’ 
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tion of the ~nolc~cular radical anion RX-- as a Iabilrl intcrmrdiatc~ 1 1 1 is ;i stroll< 
possibility. 

Addit.ion of TCNR (1 inol) to a solution of cis-[ ~Io(CO~,~tlmpc~), I (1 mol’) 
in dry, de~assecl inethyl cyanide produces a golclcn yr4lo~v colour. Roth tllc f?lPC- 
tronic absorption spectrum and t,he ESR spectrum of this golden yc~llo~v solu- 
tion inclic&e the presence of the raclical anion TCXlY- [ 2.121. The infrared 
spectrum of this solution showed that. a large proportion of the ris-[ >lO(CO),- 
(dmpe),] had not reacted. Further TNB was nclclecl and the reaction xvas moni- 
tored by IR spectroscopy. X -:otal of approximately 10 mol of TCNB ~vas 
required to consume all of the cis-[i\Io(CO),(clmpe)~~, at which point the rcac- 
tion solut.ion was deep purple. -4 powdery purple solicl (S57 yield) was isolated 
and shown by microanalysis to have the composition corrcsl~onclin~ t.0 [X10- 
(CO),(dmpe),(TCNB).,]_ 

The IR spectrum of the solicl (KBr disc) shows two v(C0) ahsorptions 
(195Ovs, lS9Ovs cm-‘) typical of a cationic molybclenuni(II) complex of cis 
stereochemistry_ The spectrum (Fig. lb) also shows three ahsorptions clue to 
V(CN) (224Os, 22OSs, 2160m cm-‘), the first of which is also present in the IR 
spectrum of pure TNCB. The remaining two bands suggest the presence of 
either the TCNB- ion or, more probably, vinylic cyan0 groups in this comples. 
There was no indication of the presence of anionic cyanicle in the compies (no 
absorption at ca. 2080 cm-‘). The presence of a vinylic system is supported by 
the observation of two absorptions (15S4m, 1436s cn--I), of which onlv the 
latter is also present in the IR spectrum of pure TCNB. The electronic absorp- 
tion spectrum of the pure solid recorded in ethanol solution shows four bands 
(A,,,, nm (log E)) 546 (3.47), 348 (4.20), 316 (4.38) 304 (4.27)). The two 
highest ener,q bands are also present. in the electronic spectrum of pure TCNB. 
The mass spectrum of the purple solid (70 eV) showed r72/e 452 (assigned to 
[Mo(CO),(dmpe),]‘) as the highest mass peak. There was no evidence for the 
presence of free TCNB in the mass spectrum. Attempts to remove any unreacted 
sttiing materials (either Mo(CO)l(cln~pe)2 or TCNB both of which are volatile) 
by sublimation from the purple solid in a high vacuum (10e4 torr at 320 I<) gave 
negative results, although we could show that an escess of either component 
added separately to the purple solid was easily removed by sublimation under 
these conditions_ 

The ‘H NMR spectrum (acetone-d,,) shows the broad signals (6 1.85 (CI&); 
2.25 (@II) ppm) due to the protons of the dmpe ligand, and a complex series 
of signals centered around 6 8.9 ppm (Fig. 2) due to the aromatic protons of 
the TCNB component. Integration of these signals showed the ratio 2 dmpe : 9 
TCNB in agreement with microanalytical results. The proton resonance of pure 
TCNB appears at 6 8.33 ppm. The very intense resonance (6 8.89 ppm; Fig. 2) 
in the NMR spectrum of the complex integrates as approximately 16 protons 
(~8 TCNB), showing a substantial (0.56 ppm) downfield shift from the free 
molecule and providing further evidence that no free TCNB is present in the 
violet complex. 

On the basis of this information, it would appear that the violet compound 
is a seven coordinate molybdenum(I1) comples of the type cis-[RloX(CO),- 



(clmpe),]Y. 1Ve suggest that. the group X may be a tet.racyanocyclohesadienyl 
group, and that the remaining eight TCNB molecules constitute the anion, Y. 
The exact form of Y is unknown. Several attempts to grow crystals of the pur- 
ple solid which would be suit.able for X-ray diffraction have been unsuccessful. 
In the rxesence of t.ransition metals, TCNB is known to nolyrnerise forming 
deeply coloured phthalocyanine-type metal complexes [ 131. Recently it has 
been shown that TCNB reacts with st.rong base (LiOPr/PrOH) to Form a simple, 
phthalocyanine-like tet.ramer [ 141. The stacking of cyanocarbons in-charge 
transfer complexes such as [ 1,2-bis(l-benzyl-4-pyridinio)ethane] ‘+ [ 1,2?4,5- 
tetracya~ioqui~~odimethaHe)~]~- is well known [15]. In these compounds the 
cat.ion occupies the space between columns of the oligomeric anion in the 
lattice. Following this model, we propose a structure for the purple molyb- 
denum(I1) complex in which cis-[i\,Io(tetrac3lanocyclohesadienyl)(CO),(dmpe)~]+ 
ions occupy the lattice sites between columns of eight TCNB molecules which 
form an anion, [ (TCNB),]-_ 

Reaction with 1,3,5_trirzit~obenzene (TNB) 
The addition of TNB (2 moles) to a colourless solution of cis-[Mo(CO)z- 

(dmpe),] in methyl cyanide at room temperature immediately produced a 







of the N$lR Spectra Of the seven-coordinate cations are in nccorcl \vith c~spPCt:I- 

tion in that the value of ‘J( PH) increases on oxidation and t.htl shift to loww 
field on oxidation is great.er for the methylene than for the methyl protons of 
t.he dmpe ligands [ 201. 

Esperimental 

i\ll reactions were performed under an atn~osplwrc of cIcosygenatccl dry nitro- 
gen using conventional vacuum line and Schlenk tube techniques. Solvents were 
thcroughly dried, &aerated and distilled under an atmosphere of nitrogen prior 
to use. Melting points were recorded on a hot stage block using capillary tubes 
sealed under nitrogen. IR spectra were recorded in a variety of solvents using 
1.0 mm solution celIs, or as mulis (NaCi pIates) in Nujol or fiesachIorol~utacliene, 
or else as dispersions in KBr (ca. 2% w/w) using either a PE 257 or PE 225 spec- 
trometer. Calibration of IR spectra was achieved using the 1602 cm-’ peak of 
polystyrene. Electronic spectra were recorded on a Unicam SP SO0 spectro- 
meter in a variety of solvents. Proton NhIR spectra were recorded on a PE R12 
(60 MHz), PE R32 (90 MHz), Varian Hk\lOO (100 MHz) or on a Varian SC300 
(300 MHz) using a variety of deuterated solvents. Tetramethyl silane provided 
an internal reference. ESR spectra were recorded on either a Varian V4502 
Q-band (35 GHz) or on a Varian E4 X-band (9.5 GHz) spectrometer using solids 
or solutions in various solvents_ Microanalyses were performed by Nr. AI. Hart 
and his staff of this department. Conductivity measurements were made on 
approximately 10e3 lvl solutions of the solid complexes in nitromethane using a 
PhiIIips PR 9500 conductivit.y bridge. Under t.bese conditions 1 : 1 and 1 : 2 elec- 
trolytes have conductivities in the ranges 75-95 and 160-190 S cm3 mol-’ 
respectively [ 22]_ 

Tetracyanoethene and TCNB were generous gifts from Dr. h1.A.J. Rodgers. 
TNB was reagent grade (BDH). The complexes cis-[M(CO),(clmpe)Z] ($1 = Cr, 
MO) were prepared [ 201 by published methods. 

cis[Di,-arbo,zyIchlorobis(l.2-bis(di~nefhylphosphirzo)ethuize) nroL~~bdeil~l~~l(II~] 
chloride 

Carbon tetrachloride (10 cm3) was frozen (77 K) in a Schlenk tube. The 
cooling bath was removed and the tube allowed to warm slowly until the Ccl, 
became molten at which point solid ci.s-[Mo(CO)2(dmpe)2] (0.34 g, 0.75 mmol) 
was added and the mixture was stirred rapidly. A transient bright yellow colour 
appeared at first which faded and, as the solution warmed to room temperature, 
a fawn solid precipitated from the solution. The solid was isolated by filtration 
and twice reclystallised from CHICl,/hesane to give a fawn powder, m-p. 51s K 
(dec.), 70% yield. Microanalysis: found: C, 33.4; H, 6.1; Cl, 12.8; MO, 17.7; P, 
26.4. C,.H,,C12Mo0,PJ calcd.: C, 32.1; H 6.1; Cl, 13.6; MO, 15.3; P, 23.7%. 
A(MeN0,): 67 S cmJ mol-‘. 6( ‘H): 1.69 (quintet, N, 2 Hz), 2.2s (br) (CD,CN) 

ppm- 

trans-[DicarborzyLhydridobis(l,2-bis(dimethylp~~osplzino)etha~ze) molybdenrun- 
(II) iodide 

A solution containing cis-[Mo(CO),(dmpe)2] (0.38 g, OS4 mmol) and 2-iodo- 
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~-ll~c~thyI~?ro~J:~Ile (0.16 g, O.S4 mmol) in methyl cyanide (20 cm”) was heated 
at rcfl~~s for 2.5 h. The resulting yellow solution was concentrated to ca. 10 cm’ 
and escess diethyl ether added to precipit.ate a pale yellow powder. Recrystalli- 
sation (CH ,Cl,/Et20) at 273 K gave the product as pale yellow needles, in 55%. 
yielc!. ;\(AI&O,): S6 S cm’ mol-‘. Aficroanalysis: found: C, 2S.5; H, 5-S; I, 
22.3; MO, 16.2; P, 21.S. C,,HJ,IAIoO,P, calcd.: C, 2S.9; H, 5.7; I, 21.9; MO, 
16.5; P, 21.4%. A( ‘H): l-SO (cl, -J 9 &), 1.74 (d, ‘J 7 Hz), 2.10 (br), -7.4 (tt, 
‘J 69 zmcl S Hz) (CDCl,) ppm_ 

Tetrachloromethane (0.5 cm”) was added to a solution containing fat, fac- 
[N~~(CO),,(clmpe),l (0.3 g, 0.3 mmol) [20] in dichloromethane (20 cm.‘) where- 
upon the colo~w of the solution became a deeper yellow and slight gas evolution 
was observed. The solution was stirred for 0.5 h, after which time addition of 
hesane caused precipitation of a pale yellow solicl which was recrystallised from 
CHICll/hesane to give t.he product as yellow microclystals, m.p. 4’73 K (dec.). 
A (MeNO,): <20 S cm” mol-‘. 90% yield. hlicroanalysis: found: C, 29.3 H, 5.5; 
Cl, 15.6; P, 19-S. C,,H,,Cl,Mo20,P,, &cd.: C, 29.5: H, 5.4; Cl, 15-S: I?, 20.7%. 
6( ‘H): 1.53 (cl, ‘J S.3 Hz), 1.59 (cl, ‘J 9.0 Hz), 2.63 (cl, ‘J 9.6 Hz)), 2.0, 2.15 
(CD,Cl,) ppm- 

Freshly sublimed t.etracyanocthene (0.026 g, 0.2 mmol) was added to stirred 
solution ofcis-[~Io(CO),(~lmpe)~] (0.09 g, 0.2 mmol) in methyl cyanide (10 
cm’). The resulting yellow solution was left to stand (273 K, 3 h) during which 
t.ime a pale yellow microcrystalline product was deposited from the mixture. 
The yellow solid was collected by filtration, washed with cold met.hyl cyanide 
(5 cm”) and dried under vacuum, m-p. 393 K (dec.), SO% yield. Microanalysis: 
found: C, 41.5; Ii, 5.6; 310, 16.2; N, 9.9; P, 20.7. C,,,H,JJoNJO,P, calcd.: C, 
41.4; H, 5.5; Alo, 16.6; X, 9.7; P, 21.3%. The solid was insufficiently soluble to 
record either the ccnductivity or the NMR spectrum in solution. 

Reaction between cis-f;ilo(CO)~(dnzpe)Ij and 1,2,4,5_tehncyarzobelzzei~e 
Freshly recrystallised 1,2,4,~-tetracyanobellzeIle (0.39 g, 2.2 mmol) was added 

in small portions over a period of 0.5 h to a solution containing cis-[Mo(CO).- 

- (clmpe),] (0.1 g, 0.22 mmol) in methyl cyanide. The misture was heated at 
reflus for 24 h, to produce a deep purple solution which was filtered hot. The 
solvent was evaporated under reduced pressure to leave a deep purple solid 
which was twice reprecipitated from dichloromethane by the addition of hesane. 
Microanalysis: founcl: C, 60.2; H, 2.4; $10, 3.7; N, 24.4; P, 5.3. C,,,H,,MoN,,,O,P. .- 
c&d.: C, 60-S; H, 2.4; No, 4.7; N, 24.5; P, 6.0%. Yield S5%. 

Reaction between cis-[lllo(CO)2(dinpe)2] and 1,3,5-trinitsobenzene 

Solid TNB (0.324 g, 1.52 mmol) was added to a solution of cis-[Mo(CO),- 
(dmpe)2] (0.34 g, 0.76 mmol) in methyl cyanide (15 cm3> to give a broivnish- 
red solution immediat.ely. Passage of oxygen gas through the rapidly stirred solu- 
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tion resulted in an immediate colour change to cherry red which did not alter if 
the gas nms passed for a longer period (5 min) than a few swonds. The solvent 
was evaporated under reduced pressure and the residue was crystailisecl from 
acetone/hesane at 273 K to give a deep red solid product.. Microanalysis: found: 
C, 34.7; H, 4-7; N, 10.2; &IO, 11.1; P, 16.7. CI,,H.,,&IoN,,O!,Pz caiccl.: C, 35.5; H, 
4.3; N, 9.6; MO, 10.9; P, 14.1%. 

Benzyl bromide (0.34 g$ 1.99 mrnol) and cis-[Mo(C0)2(ctn~pe),1 (0.44 g, 0.9s 
mmol) were sealed in an evacuated Carius tube (volume ca. 100 cm”) and heat.ed 
at 303 K for 15 h. The tube was opened and the content cst.ractecl with CH,CII 
(10 cm3)_ Evaporation of the solvent under reduced pressure left a residue which 
was extracted with cliethyl ether (2 X 10 cm”). The solid remaining after estrac- 
tion was redissolved in methylene chloride and crystallised by the aclclition of 
ether at 2.73 K to give a pale yellow powder, m-p_ 520 K (dec.), 75% yield. &Ii- 
croanalysis; found: C, 27.6: H, 5.2; Br, 25-S; I?, 20.7. C,,H,ZBr,MoO,P, calcd.: 
C, 27.5; H, 5.2; Br, 26.1; P, 20.3%. A(MeN0,): 97 S cm3 cm-‘. 6(‘H) 1.74 (quin- 
tet, N, 2 Hz), 2.30 (br) (CDCl,) ppm- 
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