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Abstract 

The reactive complex Mo~,CI.d'q~-etp)(CH~OH) (etp=Ph~PCH,CH:PtPh)CH:CH.,PPh:) ( I )  was synthesized by reacting 
(NHa) sMo.~Cl~ with I equiv, of etp in CH~OH. Reactions of I with PMe~ and PEh in THF gave Mo.,CI.,("q~-etp) ( PMe~ ) (2) and Mo,CL( rl a- 
etp) ( PEh ) (3) respectively. The complex ¢~-Mo.~CI4( v/-'.etp), ( 4 ) was synthesized by refluxing Mo.~CI4( .q Letp ) ( CH~OH ) with I equiv, of 
etp in CH~OH, where ~Letp is transtbm~ed to WLetp. Complex 4 can also be prepared by reacting (NH4)~Mo.,CL with 2 equiv, of etp in 
refluxing CH~OH. Their UV-Vis and .~tp NMR spectra were recorded and the structures of 3 and 4 were determined. Crystal data Ior3. CTHH: 
space group P2dn,  a = 11.846( 2 ), b = 29.349( 3 ), c = 15.429( 3 ) ,~,/3 = I 12.52( I )°, V = 4955 ( 2 ) A ~, Z = 4, with final residuals R = 0.0797 
and R,~ ~ 0.081 I. Crystal data for 4.2C7H~: space group P2)lc, a = 14.555(2), b = 14.98812 ), c = 20.221)(3) ,~./3 = 106.80( I )°. V = 4222( I ) 
A ~, Z~ 2, with final residuals R = 0.0882 and R,, = 0 ,0893 .  The etp ligands in 1~3 are coordinated to the Mo centers in tridemate fashion with 
chelating/bridging bonding m~xles. The etp ligands in 4 are chelated to the Mo centers in hidentate fashion through the central phosphorus 
atom and one terminal phosphorus atom. Complex 4 appears to be the lirst hinuclear biligate complex chelated by linear tridentate ligands. 
Study of the up{ ~H] NMR spectrum of 3 leads It) the conclusion that the through metal=metal quadruple bonding coupling l'J,, ~,, s~,, ).1 i,~ 
it) the range from 18. I 8 It) 24.28 Hz fl)r complexes or' the type Mo:CI.d ~1Letp) ( L ) ( 1. = monodentate ligand ). ~) 1998 El,,evier Science 
S.A. All rights reserved, 

Kevn'ords: Crystal ,aruetures" Molybdenum contplexes; Quadruply bonded complexes; Tridentate phosphine complexes 

I. Introduction 

Quadruply bonded, dinuclear complexes containing tri- 
dentate or tetradentate phosphine ligands have been exten- 
sively studied during the last few years [ ! -4 ] .  Complexes 
that have been structurally characterized include rac- 
Mo2X4( tetraphos- I ), meso.Mo~.X4(tetraphos- I ) ( X = CI, 
Br; tetraphos- I = Ph2PCH.,CH2P( Ph)CH2CH~P(Ph)CH2- 
CH2PPh2) [2] and the mixed-phosphine complex 
Mo2CI4(PEt~) ('qLtetraphos-2) (tetraphos-2 = P(CH2CH.,- 
PPh~) 3) [ 3 ]. Recently, complexes containing both the bridg- 
ing acetate ligand and polydentate phosphine ligand Mo2- 
(OAc)Cl.~('q~-etp) (etp --- Ph2PCH2CH:P(Ph)CH:CH2PI)h2) 
and Mo,(OAc)Cl~('q~-tetraphos-2) were reported [4].  
While the tetraphos- I ligands are coordinated to the Me cen- 
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ters to form bischelating/single-bridging bonding modes, the 
tetraphos-2 and the tridentate etp ligands are coordinated to 
the metal centers in tridentate fashion to form single-chelat- 
ing/single-bridging bonding modes. ~'P{ 'H] NMR spectra 
were applied to study the chemical shifts and .~tp ,~tp cou- 
plings 13.4]. The through metal-metal quadruple bond cou- 
pling I'~JI, Mt,oM,~I,[ for the complexes Mo2(OAc)CIr  
('q~-etp) and Me:(  OAc)Cl~('q~-tetraphos-2 ) was proposed 

to be 20 :t: I Hz [ 4 I. 
To study the potential reactivity of the quadruply bonded 

complex containing an lq3-phosphine ligand, we have synthe- 
sized and studied the complex Mo2Cl4(~qLetp ) (CH~OH) in 
which the methanol ligand is weakly coordinated. This reac- 
tive compound provides a facile route for preparing several 
mixed-phosphine complexes of the type MozCI4 ('q Letp) (L)  
(L=PMe3  or PEt~) and a new type of binuclear biligate 
complex ot-Mo:Cl,,('q2-etp)2 which is chelated by linear tri- 
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dentate ligands. The syntheses and structures of these com- 
plexes form the subject of this report. The SzP{ZH} NMR 
spectra and the through metal-metal quadruple bond cou- 
pling constants of complexes ofthe type Mo,Ci,,('q -etp) ( ) 
are also discussed. 

(THF): 655, 452 nm. Anal. Calc. for CsTH42CLP4Mo2 
(MW=945.91): C, 46.94; H, 4.47. Found: C, 46.19; H, 
4.40%. Results for Mo2CI4(~l~-etp)(PEts). Yield 0.049 g 
(52%). UV-Vis (THF): 661, 468 nm. Anal. Calc. for 
C~H4sCI4P4M% ( MW = 987.96): C, 48.59: H, 4.90. Found: 
C, 48.45; H, 4.75%. 

2. Experimental 2.5. Preparation of o~-Mo,.CId ¢-etp),~ 

2. I .  General procedures 

All manipulations were carried out under dry. oxygen-free 
nitrogen using Schlenk techniques or a nitrogen box, unless 
otherwi~ noled. Solvents were dried and deoxygenated by 
refluxing over the appropriate reagents before u~. Methanol 
was purified by distillation from magnesium, n-hexane, THF, 
benzene and toluene from sodium/benzopbenone, and di- 
chloromethane from P,Os. The visible absorption spectra in 
dichlorornethane were recorded on a Hitachi U-2000 spectro- 
photometer. The ~P{ 'H} NMR spectra were recorded on a 
Braker 200 MHz NMR spectrometer. The ~'P{ ~H} NMR 
chemical shift values were referenced externally and are 
reported relative to 85% H, PO4. Elemental analyses were 
performed with a Perkin-EImer 2400 elemental analyzer. 

2.2, Starting materials 

The complex (NH~)sMo~,CIo was prepared according to 
a previously publish,~d procedure 151, The reagenls bis- 
(2=dlphen)lphosphin|~thyl)phenylphosphioe (etp). PMe~ 
( I M in THF) and PEh ( I M in THF) were purchased from 
Serem Chemic~l Co. 

2,3. Prel~rathm oj Mo:CI d ~ ~oetp )f CH ~OH / 

(NH~)sM%CI, (0,20 g, 032 retool) and etp (0,172 g. 
~,~ mmol) were placed in a flask containing I0 ml CH~OH, 
1he mixture was then st irr~ at r~om temperature for 3 h to 
yield a green solution and a green precipitate. The solid was 
filtered and washed with CH~OH and then dried under 
reduced pressure, Yield 0,082 g (56%), UV=Vis (CH~OH): 
663 nm, Anal, Calc. for Cs~H~TCI~OP~Mo,~ ( MW ~ 901,89): 
C, 46,$7; H,4.13, Found: C, 46.15; H, 3.95%. ~ip{ IH} NMR 
(CDCI~/CH,CI,): 24.40 (dd 1, 39,18 (dd), 44.16 (dd) ppm. 

2.4, Prel~matirms eq'Mo:CIJ rf~.etp)f PMe ,) m~d 
Mo,,CIJ ~l~-etp )f P£t , ) 

M%Cla(elp) (CH~OH) ( 0, I0 g. 0, I0 mmol) was placed 
in a flask containing 10 ml THE I M PMe~ or PEt,~ in THF 
(0, l0 ml, 0,10 mmol) was then added to the flask dropwise, 
The mixture was ,stirred at room temperature for 30 rain, The 
volume of the solution was then reduced and 20 ml of n- 
hexane added to induce precipitation, The green solid was 
tiltered and dried under reduced pressure, Results for 
M%Cla('q~-etp)(PMes), Yield 0,051 g (53%), UV-Vis 

(A) M%CI4 (etp) ( CHsOH ) ( 0.023 g, 0,025 mmol) was 
placed in a flask containing 7 ml CHsOH. The ligand ell) 
(0.014 g, 0,025 retool) was then added. The mixture was 
allowed to reflux for 24 h to yield a green solution and green 
precipitate. The solid was filtered and washed with CH,~OH 
and then dried under reduced pressure, Yield 0.0056 g 
(25%). UV-Vis spectrum in CH,CI2:677 nm, ~P{ ~H I NMR 
(CDCIs/CH_,CI,~): -12,55 (d), 44,39 (dd), 49.64 (m) 
ppm. Anat. Calc. for C~sH~CI4P~Mo_~ (MW= 1404.05): 
C, 58.12; H, 4.74. Found: C, 57.44; H, 4.74%. (B) 
(NHDsMo_,Ci,) (0.051 g, 0.080 retool) and etp (0.086 g, 
0.16 mmol) were placed in a flask containing 7 ml CHsOH. 
The mixture was then refluxed at room temperature for 24 h 
to yield a green solution and green precipitate. The solid was 
filtered and washed with CH~OH and then dried under 
reduced pressure. Yield 0,035 g (51 c~ ). UV-Vi,,, and NMR 
spectra are the same as those for the compound obtained 
in CA). 

3. X.ray crystallography 

3, l. MeJ:CIJ ~ ~°etp}tPEt~)' C,,H~ 

The diffraction data of Mo~,CI4( Ii ~oetp ) ( PEI, ) were cot- 
letted on a Siemens P4 diffractometer, which was equip~'d 
with graphite=monochromated Mo K{z (A,, ~ 0.71037 A) 
radiation, Data reduction was carried out by standard methods 
with the use of well established computational procedures 
(61, Crystals of M%CI4('q~-¢tp)(PEt~) suitable for X-ray 
diffraction measurement were obtained by hexane-induced 
crystallization from a toluene solution. 

A green crystal of Mo,Ci~(~Letp) (PEh) was mounted 
on the top of a glass fiber with epoxy cement. The unit cell 
constants were detennim,'d from 25 reflections with 20 in the 
range from 12 to 25 °, These were consistent with the mono- 
clinic crystal system, and the space group was subsequently 
deternfined to he P2., In, Routine to data collection was used 
to ,,;can the data points in the nmge 3 ° < 2 # < 50 °. The structure 
factors were obtained after Lorentz and polarization correc- 
tions. Empirical absorptions based on azimuthal (~') scans 
of reflections of Eulerian angles X near 90 ° were applied to 
the data. The programs in SHELXTL PLUS were used to 
solve the structure, which led to the location of the positions 
of several heavier atoms, The remaining atoms were found 
in a series of alternating difference Fourier maps and least- 
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Table  I 
Crystal  data for 3 .  C ,H ,  and 4.2C~H~, 

C o m p l e x  3 .  C , H ~  4 -  2C:H~ 
Formula  Mo:P~CLC~ =H~. Mo.P~ CLC,,H~: 
FW 1078.55 1587.04 
Space  g r o u p  g 2 ,  In g2, ,'(' 

(: ( A ) 11 .84612  ) 14 .55512  ) 
b ( A ) 29 .349(  3 ) 14 .98812  ) 
c I A )  15.429131 20.220( 3 ) 
/~ (°) 112.52  q I ) 106.80(  I ) 
V ( A ' )  4955(2)  4222( I ) 
Z 4 2 
d,,~,. ( g c m  ~ ) 1.446 1.248 
Crystal  s i z e  ( m m  I 0 .3  × 0.2 × 0.  I 0 .2  × 0 .2  x 0. I 
pt{ M e  Kc~ ) t m m  ' ) 0 . 8 8 2  0 . 5 7 6  
Data collection instrument  S i e m e n s  I14 S i e m e n s  P4 
Radiation mont~hromaled in i,tcidenl beam ( Me Ka  ) ( A ) 0.71073 0.71073 
No, orientation reflections; range 20 (") 25:12 < ~.0 <'),.5 ,5." ' 18.5 < '?. ~,-' ~20 
Tempera ture  ( °C l 25 25 
Scan  m e t h o d  (o to 
Data  c o l l e c t i o n  range  ( 2 0  ) f ") 3 < 2 0  < 51) 3 < 2 o < 50  
No. unique  data 8088 7424 
No. observed data 3557 1278 
Criterion for observed data F >  4(r(1.') t'" > 5~r( ['l 
No. parameters relined 481) 222 
R"  11.11797 0.0882 
R,, " [).081 I 00893  
Qual i ty -of  ill indicahw ' 1.34 1.47 
Largest shill le.s.d,, f inal  cycle It.iN)2 O.(XX) 
Largest  Wak (e A ~) (1.92 0.79 

• ' ~=  ~II~,,) - IF, II/Vlh,I. 
" &  = IEw( l l " , , l  ~ IF, I ) '~ IEwl l " , , l  : I ' : ,  w =  l l l ( r q l " , , )  + g F , , :  I. 
• Ouali l~, '-ol ' - l i l  = I ~)L'( I I",,I - I/", I ) : t ( N,,i ......... , - N),,,,,,,,,,.,,,,, ) I ' " 

square relinemenls. The C(5) atom was found It) be disor- 
dered and the occupancies of the lWO carbon IlIOIIIS were set 
to be @5. Ti le  l inal  residuals of the relinement were 
R ~ 0.0797 and R,, = 0.081 I, Basic i n fo r lua t ion  per ta in ing It) 
crystal  pan'ameters and structure relinetl'~enl is summarized in 
Table I. Tables 2 and 3 l is l  pos i t ional  parameters and selected 
hond distances and angles respectively. 

3.2. t~.Mo:¢l.,t ~:.etpb. 2C dt.,, 

The crystallographic procedures Ibr determining the sitco- 
lure of (~-Mo.,CL( 'q"-etp 1., were similar to those for complex 
3. Crystals of c(,Mo,Cl.,(w'-etp)., suitable fi)r X-ray diffrac- 
tion measurement were obtained by hexane-induced crystal- 
lization from a toluene-benzene solution. The crystals 
conformed to the space group P2o/c. The final residuals of 
the reiinement were R=0.0882 and R,,=0.0893. Basic 
inlbrmation pertaining to crystal parameters and structure 
relinement is summarized in Table I. Tables 4 and 5 list posi- 
tional parameters and selected bond distances and angles 
respectively. 

4. Results and discussion 

4. I. Syntheses and absorl)tirm spectra 

The reactive complex Mo:CI4(r/Letp) ( CH~OH ) ( I ) was 
synthesized by reacting (NH4)sMozCI,, with I equiv, of etp 

T ,  hlc ?. 
Ah)mi¢  ¢,~,)rdilnlle~ al ld eqa iva len l  i~t)Iropic displacemenl C¢~q'li¢ieltl'~ ( A :  
h l r  3 

Mol I ) 
M,I  2 ) 
t'l(  I ) 
Cl(  2 ) 
C I( 3 ) 
U l ( 4 )  
It( I ) 

I)(21 
I)( 3 ) 
P(41 
C(1)  
C(21 
C131 
C( 4 ) 
C t5A)  
C( 5B ) 
C(01 
C( 7 ) 
C ( 8 )  
C(91 
C ( I 0 )  
C ( I I )  
C ( 1 2 )  
C( 131 
C114) 

o..~51)71 I) 
11.584311 ) 
q).5H0314 ) 
0.3313141 
0,J024( 4 ) 
0,7808(  4 ) 
@521414  ) 
0.5400( 4 ) 
0.7(128( 4 ) 
0.6490~ 71 
o.803( I ) 
0.7051 I ) 
0 .502( I )  
0,507( 21 
0.479(0 
0.590( 5 
@493(4 
11.61012 
O.73092 
0 , 8 0 4 (  2 
0.870( 2 ) 
0.893 t 2 ) 
0.90012 ) 
0.097( 3 ) 
1.08712 ) 

0.14~811 ) 
l )21()u!  I ) 
0.0838( 2 ) 
0.1344t 2) 
0.2379( 2 ) 
0.23?3( -~ ) 
11.207512 ) 
0.1577(21 
0.120912 ) 
0.1952(  2 ) 
0,156c I ) 
0.15211 ) 
11.21211 ) 
11,2551 I ) 
0 . 1 o 1 ( 2 )  
0.155121 
0.1581 I )  
0.247( I ) 
0.28hc I ) 
0.173q I ) 
0.17311 ) 
0 . I  181 1 ) 
0.081 ( I ) 
0 .078( I ) 
n . l l l ( I )  

[) 4405(  I l 

0.34381 31 
(l.31H I(?,)  
(1,2707( 3 
0 .48?8(  3 
0 .4902(  3 ) 
11.h1127( 3 
o55o3(  3 
o.2012( 4 ) 
o.o551 l 
0.0o3( I 
o6101  I 
o,6221 I 
11.10114 
( I .17213 
0.094( 3 
O. lOS( 2 
o.2oi ( 2 
0.29092 
0.233( 2 
0 .517 ( I  
0 .461(  I 
0.433( 2 
11.45712 

00~9~ I 
(1044t  I 
11,1161 ( ~ ) 

0,007(  =~ 1 

11.(~412 ) 

0.0K9( 3 ) 
0,114( ! ) 
0,(15( I ) 
0,05( I ) 
0.1~( I ) 
().(]8( 3 ) 
O. I 013  ) 
0.33( 3 ) 
0 . 1 1 ( I )  
( L 1 3 ( 2 )  
0 .15(29  
( ) ,1612)  
0,05q I ) 
(LOS( I 
11.11(2) 
(1.12(21 

{ f O l l l # l l t g d }  
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Tttble 2 (¢amlna(d) 

x y = U~, 

C(15) !.082(2) 0,146(1) 
C(16) 0.9~q( 2 ) 0.149(1) 
C(21) 0.763(2) 0,06311 ) 
C1221 0.877(2) 0.046( l ) 
C(23) 0.882(3) 0.005( l ) 
C1241 0,780(3) -0,01911) 
C125) 0,669(2) -0.004(I)  
C(261 0.665(2) 0.038(2) 
C(311 0.459(2) 0.117(I) 
C(32) 0,457(3) 0.119111 
C(33) 0.390(3) 0.089( I ) 
C(34) 0.328(3) 0.056( I ) 
C135) 0.332(2) 0.05111 ) 
C1361 0.393(2) 0.08311 
C141 ) 0,3~( I ) 0.280( l 
C(42) 0.274(2) 0.245( I 
C(43) 0,150(2) 0.~511 
C1441 0.10912) 0.296( I 
C(45) 0.196121 0.330( I 
C(46) 0,320(2) 0.32411 
C(51) 0.589(21 0.324(I) 
C(82) 0 , ~ ( 2 )  0.343( I ) 
C(53) 0.613(3) 0.386( I ) 
C(~41 0.680(3) 0,409( I ) 
C(55) 0,708(2) 0.389( I ) 
C(56) 0.h5012) 0,~7( I ) 

0.514(2) 
0.543( I ) 
0.600( I ) 
0.664( I ) 
0.70912 ) 
0.691(2) 
0.624( 1 ) 
0.579( 1 ) 
0.640( I ) 
0.727121 
0,757(2) 
0.701121 
0.615(2) 
0.58212) 
0.465( I ) 
0.432( I ) 
0,411111 
0.422( 2 ) 
0.456( 21 
0.477( I ) 
0.497( I ) 
O.414121 
0.4O9(2) 
0.490121 
0.573t 21 
0,580( I ) 

0.09( I ) 
0,07( I ) 
0.05( I D 
0.08( I ) 
0.10( 1 ) 
0.10(21 
0.O9( i ) 
0.06( I ) 
0.05 ( 1 ) 
0.10111 
0.1412) 
O.13(2) 
0.09( I ) 
0.0911 ) 
0.05( 1 ) 
0,00( I 
0.08( I 
0,09( 1 
0.08( I 
0.O811 
0.05( I 
0,0~( I 
0.14121 
0,12121 
O,1011 ) 
().0~( I ) 

Equivalent i~'rople U defined as oneqhird of the trace of the oahogonati~ed 

T~Ie 3 
~ I t~ l~ l  I~md dl~tanqe,~ (A)  and ~ngle~ C} Gw 3 

Mo( I )=Mo(2) =~,1.~9( = ~ ) Mol I )-Cl( I ) -~ 418(~)  
Mo( I )--~1121 2,4~?141 Mo( I )-P( 21 ~ , ~ {  =~) 
Mo(I)=P(3) 2,~25141 Mo(2)-CI(3D 2,387(4) 
Mo(~)~--C~I(4) =~.391(4) Mo(2)=P(1 ) 2=~71(6) 
Mol ~)=P(41 2,~6181 

A,~les 
Mo(2)~Mol I )~1( I ) 113,1(2} Mo(2)=Mol I )~1121 103,71 1 ) 
O( I )=Mo( 1 )=C112) 1~,3121 Mo(2)=Mo( I )=P(21 102,81 I D 
CII I )=Mo( I ) -P (~ )  141,6(31 CI(2)=Mo( 1 )-P(21 95,4121 
Mo(2)~Mo( I )=P(3) I01,1(I) CI( I )=Mo( I )-P(31 83,012D 
C1121=Mo11 )=P(3) 15~,1(21 P(2)~Mo( I )~P(3) 76,8(2) 
Mo( 1 )~Mo12)=CI13) 1~,911 ) Mo( I )~Mo(21~('114) 112,$~ 1 ) 
CI1 ~)-Mo(2 )-=C1(4) 138,6121 Mot I )=Mo(2)-P(i)  I1~,111) 
CI(3)=Mo(2)=P(I) 83,1(2) CI(4)~Mo(2)=P(I) 84,4121 
Mo( I )~Mo(2)=P(4) 1115,4121 CI(3)=Mo( 2 D=P14D 82.7(2D 
CI(4)=Mo(2)=P(41 89,0(3) P(I)=Mo(2)-P(4) 150,0121 

in CH~OH at room tem~rature. Reactions of I with PMe~ 
and PEh in THF gave the complexes Mo=,Cl.,(,q~.etp)- 
{PM%) (2) and Mo~Cl,~('q~.etp)(PEh) (3) respectively, 
On the basis of the restdts of elemental analyses, UV~Vis and 
~*P| ~H} NMR sp~,ctra, the structures of I and 2 are presum= 
ably similar to that of 3 d i~us '~  below, it is clearly shown 
that complex I is ~ convenient starting material for making 
mixedqigand complexes of the type M%CId~l'Letp)(L) 
( L ~ ~ n t a l e  ligand), The absorption spectra for 1-3 

Table 4 
. . . . . . . . .  o ~  

Alotmc coordinates and equwalent tsotrop~c &splacement cocffic=ents ~ A" ) 
for 4 

Mo( I D 0.0070(2) O.5085(2) 0.054( I ) O,O42( I ) 
CI( I ) 0.0950(7) O.3877(6 ) 0.1235( 5 ) 0,064(5) 
C 1 1 2 )  O.1406(7) O.606117) O.) 105(5) 0.072(5) 
P ( I )  -O,I!3417) 0,6323(6) 0.0439(5) 0.049(5) 
P(2) -0.14M(7) 0.4302(6) 0.0625(5) 0.052(5) 
P(3) -0.2781(8) 0,162117) 0,0007(6) 0,081(6) 
C( I ) - 0.232(2 } 0.58812) - 0.00112) 0.06( I ) 
C(2}  - 0 . 2 5 1 ( 2 )  0 .487(2)  0 .010( I )  0.05111 
C(3) - O.160(2) 0.31012) 0,039(2) 0,0611 ) 
C14) - 0.269(3) 0.28112) 0.027(21 0.0911 ) 
C( l I ) -O.110(31 0.743(2) 0,002(2) O,O7( I ) 
C( 121 - 0,186(31 0 , 7 8 2 1 3 1  =0.04412) 0,09( I ) 
C(131 -0,164(3) 0 , 8 6 2 1 3 1  -0.07412) 0.09( I ) 
C(14) -0,079(3) 0 , 9 0 1 1 3 1  -0,052(2) O,O8(I) 
C(151 -0,009(3) 0,867(2) - 0,007( 21 O,08111 
C(16) - 0.01713) 0,784(3) 0.028(2) 0,09( I ) 
C(211 -0.121(21 0.66612) 0.129(21 0.05(I) 
C(221 -0.20213) 0.716(2) 0.131121 O,10(l) 
C123) -0.203(3) 0.743(3) 0.200(2) 0,1112) 
C1241 -0.13813) O . 7 1 4 1 2 )  0,256(2) 0.07(I) 
C( 25} =0,061(3) O , O b O ( 2 )  0.255(2) 0.07( I ) 
C(261 -0.053(3) 0 . 6 3 1 1 2 1  0.191(21 0.071 I) 
C(31 ) -0.156121 0.427(2) I ) , 148121  O,04(I) 
C(32) =0,226(2) 0.473( 21 0.169(2) 0.1~( I ) 
C(33) =0.233( 31 0.469~ 2) 0.235(2) 0.10( I ) 
C(M) -0,170(3) 0 , 4 1 7 1 2 1  0,281(2) 1),(18( I ) 
C135) =0.11M(3) 0.3h6(2) 0.26512) O.0711 ) 
C136) ~ 0,100131 0.376( 21 (),199121 0,07( I ) 
C(4I) ~0,223(2) O,102(2) 0,083(2) 0,05(l) 
C142) -0,22~(31 I ) , 1 2 7 1 3 1  0,140(21 O.II i lD 
C(431 -0,181(3) 0,1~7(3) 0 ,~O~121 0,13121 
C1441 -0,148131 =0,010{3) 1D, 1~112) 1),11(I) 
(!14~ ~ -~ (D, 14~(]) = O.038( 3 ) 0,1M(21 O,10( = ~ ) 
C(4fH =:0,181( = '~ ) 0,016(3) 0~()77(~) (D,08( I ) 
C(~I) =041~(4) 0,14413) -0,1X18(3) 0,1211) 
C~2D =()4f~(O) (LI2314) -0,07~(~) 0,29(4) 
C{~3) =0,~6717) 0,1211~) =0,()83(~) 1),31)(~) 
C(~4D =11,~8~(~) O, II414| =0,039(4) 018(3) 
( ' ( ,~) =0,~6715) 0 , 1 4 0 1 4 D  0.022(4) 0.22(3) 
C(~6D =0,453(5D 0.149(4) 0,038(3) 0.2113) 

IEqui~. ~t~ ,t ,,ouopic U defined as one-third of the trace uflhe orthogonali~ed 
[J+~ I len ,~ot ' .  

Tahle 5 
~lc~t.zd bund distal~.~ ( A ) and anples 1 o) )'ur 4 

Bond dista~'~s 
Mo( I t=('l( I ) 2,4191q) Mm ) )-CI( 2| 2.438(IO) 
Mo~ I D-P( I D 2 .~19110~ Mt~( I D-P(2) 2,533( I I ) 
Mo( I )=Mo( lAD 2,14LJ(h) 

Bond angle,~ 
CI( I ~=Mo( I Do-CI( 21 87,7( 3} CI( I )~Mo( I )-P( I ) 146.9(4~, 
C|12 I~Mol I I=P( I ) 92.2(3) CII I )-Mo( I )=P( 2 ) 86.4( 3 ) 
C1(21-Mo( I )=P121 146.5141 P( I)-Mo( I I-P(2b 75.7131 
C I ( I I -M~( I I -Moq lA )  112.3(3) CI (21-Mo( I ) -Mo( IA)  112.113) 
P¢ I )-Mug I ) -Mo( IA)  98,4(3) P(2)-Mol ! )-Mo~ IA) 100.6131 
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Mo~CI4(vla c~pXPMea) ~ PMe~ PEta . Mo~Cl~(qa.ctp)(PEt~) 

etp etp 
(NH0~Io.~CI~ + , Mo~CMn~-etp)(CH~OH) , MoCh(rl:-~ph 

CHaOH CH~OH 
r o o m  T r e f l u x  

2 ~ p  

C H ~ O H ,  reflux 
Scheme I. Formalion scheme for complexes I-4. 

are typical fi)r complexes containing metal-metal quadruple 
bonds. The lowest energy bands which appear at 663 
( CH~OH ), 655 (THF) and 661 (THF) nm can be assigned 
to 6"--*6* transitions I l l  for complexes I, 2 and 3 
respectively. 

The reaction of Mo.~CI4('qLetp) (CH~OH) with ! equiv. 
of etp in refluxing CH3OH produced the complex ~- 
MoaCI4('q~-etp)_, (4). Clearly, -qLetp in ! is translbrmed to 
~l"-etp by breaking one of the Mo-P bonds. Complex 4 can 
also be prepared by reacting (NH4) ~Mo,CI,, with 2 equiv, of 
etp in refluxing CH~OH. The lowest absorption band of 4 at 
664 nm in THF solvent ( 675 nm in CH,CI:) can be assigned 
to 6-~ 6 ,  transitions. This value is similar Io those of struc- 
turally characterized chelating complexes, i.e. 677 nm lbr 
t~-Mo~CI4(dppe) ~ 17 ], 675 nm Ibr ami.~.Mo~CI4(dpdt) 
[81, and 669 nm fi)r ami-~-Mo~CI4(dpdbp)., 19]. The for- 
mation pathways for complexes I -4  :we shown in Scheme I. 

4.2. Moleruhu" stnu'ture of M,~CIJ ~ '.ell~( PEl fl 3 

Given crystals of 3 conl'orn~ to the space group P21/f~ with 
Iimr nlulecules in a anti cell. FiL~. I shows the ORTb:P diao 
gram of 3. The etp ligand coordinates to the molybdenum 
atoms in a tridentate filshion and forms one chelating ring ;rod 
one bridging ring with the Mo atoms, which are liveo and six. 
membered respectively. The six.membered ring adopts the 
less sterically demanding boat configuration. The two phos- 
phorus atoms which are coordinated to the same molybdenum 
atom are cis to each other owing to ligand constraints. This 
• q~ bonding mode of the etp ligand was seen in the quadruply 
bonded complex Mo.,(OAc)Cl~('qLetp) [ 4 I. The central 
phosphorus atom of the achiral etp ligand becomes chiral 
upon coordination to the molybdenum atoms. 

Fig. 2 shows a view of the inner part of 3 looking down 
the Mo-Mo bond. The A configuration fonned by the four 
smallest torsional angles ( average 12.2*) is found for3. Since 
the complex crystallized in the centrosymmetric space group 
P2~/n. it should have two molecules with A/R configuration 
and the other two wilh A/S  configuration in a unit cell. The 
internal rotation angles of complexes 3, Mo,CI4( PEt~)(~-  
tetraphos-2) 131, Mo~(OAc)Cl~(etp)141 and Mo~(OAc)- 
Ch(telraphos-2) 141 are listed in Table 6 for comparison, it 
is interesting that these molecules have a similar trend of 

internal rotation angle, starting from the largest P-Mo-Mo- 
P angles to the smallest P-Mo-Mo-CI or O-Mo-Mo-O 
angles. The twist angle ofCI-Mo-Mo-P in 3 is even smaller 
than those of O-Mo--Mo-G in Moz( OAc ) Cl~(etp) [ 41 and 
Mo_q OAc) Cl~(tetraphos-2) 14 ]. It is clearly shown again 
that the ,~.on-bonded steric repulsions resulting form the che- 
lating/bridging bonding mode play a major role in determin- 
ing the twist angle [ 4 ]. 

CI|3)T ~i~114} ~ C ( ~ 0 )  

_ ."W£__ . . . . .  ql~ TM I 
c,2,, c,m c,,,'l ~" ~ ~ ..... 

q~,~ j  Ir.~c~ ta I ~ c~J~,  

C (4,1 ~ l ~ c  (45] 

Fit.,. I. ORTI~P drawin~ ~f.1 in il.~ elllff¢l~, 

C] (31 

~ PI4} C111} 

Fig. 2. View looking down Ihe M~-Mo bond for 3. 



12 C.-7". Lee el +d. 11m+;:+anit~z Chimica Acta 274 ( ] ~)8) 7-14 

Table 6 
Comlmti.,mn of the it)temal mlati~m anglc.~ for compounds with ~qLph~phine ligands 

Complex Mo--Mo 1 ~, ) P -Mo-Mo-P  CI-Mo- Mo-CI CI-Mo-Mo-P P(O) -Mo-Mo-CI(  0 ) Average 

3 2.159(2) 20.7 9.8 8.8 1.7 12.2 
$ 2.126(3) 22.1 I I+0 13.9 6.2 13.2 
611 2.121 (3) 18.7 8.8 I 1.2 7.0 I 1,4 
lib 2.134(3) - 19.0 - 9 . 8  - 10.1 - 6 . 7  - I 1.4 
7 2.132(3) 19.4 12.5 lO.O 4.7 I 1.7 

Complex $ = Mo=,CI~(OAc) (~Ltetraphos-2). Complex 6 = Mo,.CI~ (OAc) ( q~-etp ). Complex "/= Mo_,CI.d PEt~ ) ( q Ltetmphos-2 ). 

4.3. Molecular structure of e~-Mo~. Cl~( ~-etp),.4 

The cryslal of 4 conforms m the space group P21/c with 
two molecules in a unit cell. Fig. 3 shows the ORTEPdiagram 
of 4. The molecule is located in a crystallographically 
i m p o ~  inversion center. Each etp ligand chelates the Mo 
centers through the central phosphorus atom and one terminal 
phosphorus atom, and the other terminal phosphorus atom 
is not coordinated. The achiral central phosphorus atom of 

the free phosphine ligands becomes chiral upon coordination 
to the molybdenum atoms. The Mo--Mo bond distance of 
2.149(6) A for 4 is similar to those observed in (x-Mo,- 
C l 4 ( d p p e ) ,  (2.140(2) A) lTi, omi-a=Mo~CI.l(dpdt), 
(2.147(l) A) [8]. and (mtbcl-Mo+CI4(dpdbp)~ (2.149(I) 
~)  191. Fig, 4 shows a view of the inner part of ! looking 
down the Mo-Mo bond, Although the Mo--L bonds of the 
halves of the dimer are not eclipsed, the average L-Mo-Mo-- 
L twist angle is z~a'o owing to symmetry requirement. 

eli41 

Cl (tA) 

c(i6) 

Ct (~I 

ccm 

m( l l  

C(~)) 

C(~61 

~c(~l 

C 1231 

i C (~41 

;1~51 

C 13+1 
(33] 

C1 (2Al 

C! (tl 

C (3) 

P(31 

C (4t) 

C (4l 

,I IP c I ,J 

C (.q61 C (551 

w 

(4010 (531 C (54] 

C (46) 

C (4~] 

Fig, 3. ORTEP dn~wing of 4 in iL~ enlkely, 

c (44) 
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Cl (tA) 
O(l) 

P 12A) ~ Cl {EA) 

Cliff 

PIIA) 

Ft~, 4, View hmking down the Mo-Mt) bond for 4. 

A number of coordination modes is possible lbr a given 
polydentate phosphine ligand, but in practice only some are 
observed i !0,1 I!. For the dinuclear complexes containing 
linear tridentate phosphine ligands, only two types of bonding 
modes were observed I IOI. in the first type, the tridentate 
phosphine ligand acts as both a chelating and bridging ligand. 
as seen in the singly bonded complex Rh.,l(p.-dmmm):- 
(COL, I + (dmmm=MeP(CH:PMe.,}.,) 1121. the triply 
bonded complex I Re:CI.~( dpmp)., I ' ( d p m p  = PhP(CH:- 
PPh.~),) 1131, and the quadruply bonded complexes 
Mo:(OAc )CId .qLetp) 14 ] and complexes 1-3. Complexes 
without metal-metal bonds, such as Pd.,CI., ( NCMe ) (dpmp). 
have also been prepared 1121. The other type of complex is 
I (etp)Fe(p,-SH)~Fe(etp)I(CIO4), in which the tridentate 
ligand etp bischelates to the metal centers [ 14]. In all these 
complexes, the phosphine ligands coordinate to the metal 
centers in tridcntate fashion and can be classilied as binuclcar 
Iriligale complexes I I (ll. Complex 4 is thus the first him, clear 
biligale complex chelated by linear tridentate ligands I I01. 

atoms on the same metal center will give the largest Jr , -p 

~coupling constant, which has also been suggested f~r the 
complex Mo_,CI4(PEh) (~3-tetmphos-2) [ 31. We are now 
left with-two peaks at 31.87 and 45.65 ppm in 2 and 30.62 
and 44.~8 in 3 for atoms P(2) and P(3). it is also clearly 
seen that atoms P( 1 ) couple with atoms P{ 3) through only 
me'.al-me'.ai quadruple bonds. The coupling constant 
13Jp~,~_r.~o_r,~o_p~3~l should be similar to -~ I JP(2~-Mo-Mo-P(4,1 
and ~ I JP~3;-Mo-Mo-P(4~I.  Comparison of the coupling con- 
stants leads to the conclusion that the peaks at 45.65 ppm in 
2 and 44.78 ppm in 3 belong to atoms P(3). Consequently, 
the peaks at 31.87 ppm in 2 and 30,62 ppm in 3 are assigned 
to atoms P(2).  Spectrum simulations were done by employ- 
ing the coupling constants listed in Tables 7 and 8, and pro- 
duced the result shown in Fig. 5(a) and (c) for 2 and 3 
respectively. 

I ............. t ...... ; i  

(a) 

i {b; 

(d) 

4.4. NMR spe('tr, of I J  

The ~'PI'H} NMR spectra ol' ,:omplexes 2 ~,nd 3 
( Fig. 5 (b) and (d) ) display Ibur ,11ultiplets. All the peaks in 
complex 2 or 3 are coupled to each other. Comparison of the 
chemical shifts of complexes 2 and 3 clearly shows that the 
muitiplet of 2 at - 2.00 ppm and that of 3 at 16.59 ppm are 
dependent on the natures of the mo,lodentate phosphine 
ligands, PMe.a and PEh respectively. These two multiplets 
can thus be assigned to PMe~ and PEh respectively, which 
are named as atoms P(4). Detailed analysis of the structures 
shows that atom P(4) can couple with two phosphorus 
atoms through only metal-metal quadruple bonds. These 
two coupli,tg constants (i.e. I~.lp,.,~m,,m,,.p,.~,l and 
I ~Jt,( .~ ~ M,,-m,.oP44, I ) should be similar. Referring to the three 
coupling constants associated with atoms P(4), the peaks at 
23.28 ppm tbr 2 and 23.99 ppm lot 3 are assigned to atoms 
P( I ) since 'Jt,~ ~,~m,,-P~.;~ is 147.22 Hz for 2 and 136.10 Hz 
liar 3 respectively, ar~.t are much larger than 14Jp,: j m,,~m,~ P,.~, I 
and l~Jp(.~om,~ m,,-~,~4~l. This assignment is consistent with 
the prediction that the coupling between the rrans phosphorus 

PPM 
Fig. 5. (a) Simulat km spectrum of2. I b ) ~ P{ ~H } MR spectra o1',~ in CDCI ,. 
( ¢ ) Simulation spectrum of 3. ( d I ~p{ ~1,1 } NMR ~lVcctra of~l in CDCI ~, 

Table 7 
~tl){ ' i t  } NMR data tbr MtL,(?h ( I1 Letp I t PMe ~ 

Nuclear /} Coupling Ex, perhnental 
( ppm ) ~ alue 

(Hz{ 

P( I )  23,28 PI I ) -Pt  2~ 51.24 
Pl 2 ) 31.87 P( I looP( 3 ) Iq.2 b~ 
Pl ?, ) ,.$5.65 P( I ) -P{ 41 | 4"7.22 
P( 41 - 2.(Kt P( 2 D-P( 31 7.73 

I'( 2 l-P{ 41 2,1.7(] 
p131_1)14) IV,15 
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T~I¢ 8 
"PI 'HI NMR 'data t't~r Mt~CI4{ ~*-~lp) ( PEh ) 

Nuclear 6 Coupling Experimental 
ppm ) value 

tHz) 

Pt I )  23.99 P( I }-Pt 2) 52.05 
P{2) 30.52 P( I )-P(3) 18.44 
P(3) 44.78 P( ! )-P(4) 136.10 
P(4) 16.59 P( 2)-P( 3 ) 8.25 

P(2)-P(4) ~ .76  
P{3)-P(4) |8.20 

contributions from 'J~.~)-m,,-p,.~ and backbone coupling 
'Je-c-c-r to be of the opposite sign, while the contributions 
from "~Jp-mo~mo-~, and 3Jp_c_c_p would be of the same sign. 
Comparison of the ~JP-c-c-p value of the free etp ligand, 19.7 
Hz, with the observed coupling constants of 2 and 3 clarifies 
this aspect. The 12Jp_Mt~pI values of the two chelating phos- 
phorus atoms of these two complexes are thus about 28 + 
1 Hz. This is similar to the value reported for the 
I PhzP(CHa),PR'R"] Mo(CO)4 system which is28 Hz [ 16]. 
The results also suggest th,tt the bridging ring makes a larger 
contribution to the coupling constant than the chelating ring. 

Complex 3 provides a good opportunity to study tJ~e rela- 
tionship between the through metal-metal quadruple bonding 
coupling I ~Jp~m,,~m,,-~,l and the twist angle P-Mo-Mo-P. The 
as.~ignmenls of the NMR spectrum for 3 yield three coupling 
conslanLs, I~Jn,~,=m,,.u,,~p~.~l = 18.44 Hz. I'~Jp~z~_M,,_M,~I~4~I 
--23.76 Hz and I ~J~,~ 3,~m,,~m,,~,~ ~, I = 18.20 Hz, which cou- 
ple only through metal-metal quadruple bonds. The twist 
angles of P( I )-Mo-Mo-P(3). P(2)-Mo-Mo-P(4) and 
P(3)-Mo-Mo-P(4) are 99.5, 162,4 and 85.4 ° respectively. 
which suggests that the through metal-metal quadruple bond- 
ing coupling I ~JP~M,,-M,,~PI is dependent on the twist angle of 
P-Mo-Mo-P. although the variation is not much. Assuming 
the stereochemical dependence is of Karplusolike form I i 5 ], 
i,e, ~J~M,~M,~p ~ A + B ¢os O+ C ¢os 20 (0  is the twist 
angle), the values for A, B and C are calculated as 20.99, 
= 0.50 and 2,79 respectively. The maximum and minimum 
coupling constants are then calculated as 24.28 and 18.18 Hz 
respectively. The experimental values of the three through 
metal=metal coupl ings I :~Jp: m,~m,~,,I, i 8 Ht~ ( 0 -  93,3 ~ ), 18 
He ( # -  89,0 °) and 24 H~ ( 0~ 162,9 '~) reported tot the com- 
plex Mo=,CI~(PEh) ( ~l~=tetrapbos=2 ) 13 i, are consistent with 
the calculated values which are 18,24, 18.19 and 23,77 H~ 
respectively, We aN p r e p ~ n g  ¢omple~es such as 
Mo~CI~(~-~-dmmm) ! L )  and M%CI~( ' i l~ -dpmp)  ( L )  wh ich  
may have di f ferent  twist angles, to verify further the equation 
mentioned above, 

It is noted that the coupling constants of  the two phospho- 
rus atoms that form the bridge, i,e, P( I ) and P(2), are 51,24 
and 52~05 Hz tbr ~ and 3 respectively, and tho~ of the two 
phosphorus atoms that tbrm the chelating dng are 733 and 
8,25 H~ for 2 and 3 respectively, If the observed couplings 
can be divid~-d into metal, Q~m,,~p or ~Jt,~m,, m,,~p, and back- 
bone, ~Jp~,~,~ contributions, where the latter is assumed to 
be similar to the coupling in the free ligand 1161, the mag- 
nitudes of the ob~rved coupling constants would requh~ the 

S. Supplementary m a t e r i a l  

Complete tables of anisoffopic thermal parameters, bond 
distances, and bond angles tot complexes 3 and 4 16 pages), 
and two listings of observed and calculated structures 137 
pages) are available fro'n author J.D.C. upon request. 
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