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Abstract 

The reduction of [ MoCI ~( TRI ) 1. where TR1 = PhP(CH2CH,PPh2 ) 3. with sodium amalgam in benzene, toluene or anisole resulted in the 
formation of the corresponding [ Mot rl"-arene 1 ( TR! ~ I complex. Each complex displayed a reversible one-electron oxidation in the cyclic 
voltammogram at ~ - 1.0 V versus the ferrocenium/ferrocene couple at 0.0 V. corresponding to the oxidation of Mot0) to Mot 1 + L A 
second pseudo-reversible oxidation occurred at ~ 0.7 V more positive. Monoprotonation of the arene complexes with CF~COOH in THF 
resulted in the isolation of [ Mo( H ~ ( r('-arene ) ( TRI ) ] [ CF ~COO ] ( 3( Moll ) ~ - 6 ppm ). In neat CF~COOH or HBF4. evidence of dipro- 
tonation of the arene complexes was observed in the ~H NMR spectra. Upon work-up, only the monoprotonated product was isolated. 
[ Mot TRI ) ( P{ OMe ) ~ } l was fi)rmed by the reduction of [ MoCL( TRI I I in the presence of a small excess of P(OMe) ~. Attempts to prepare 
I Mo(TRI)( PMe~ )d  by a similar method resulted in a product that readily absorbed N_, to form fac-[ Mot N_,)(TRI)( PMe~)21. Yellow 
I Mot H ) ( "q~-C5H~ ) ( TRi ) l was formed by ( i ~ the reduction of [ MoCI ~( TR! ) l with sodium amalgam in the presence of cyclopentadiene, or 
( i i } heating.fac- [ Mo( N_, ) ( TEl ) ( PMe ~ ), ] with cyclopeutadiene in heptane, or ( iii ) heating trans- [Mo( N_, )_,~ TRI ~ { PPh~) ] with cyclopen- 
tadiene in THF. © 1998 Elsevier Science S.A. All rights reserved. 
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1. In t roduct ion  

Polydentate ligands such as cyclopentadienyl, arenes, che- 
,, ,., latin~ or ,anophosphines and pyrazoylborates have been used 

extensively to stabilize unusual transition metal complexes 
and to control the number of  coordination sites available for 
metal-based chemistry [ ! l. The reduction of  [ MoCI3 ( tri ) 1, 
where tri = tridentate organophosphine, under various con- 
ditions in the presence of  potential ligands represents a useful 
method of  preparing Iow-valent molybdenum complexes that 
retain the tridentate ligand [2,3]. Thus, the reduction 
of  [MoCI~(TRI)] ,  where TRI=PhP(CH~_CH~PPh,)_,. in 
THF with sodium amalgam produced (i)  trans- [ Mot N_,) ,- 
(TRI) (PPh3)]  with excess N_~ and I equiv, o f  PR3 (PR3 
=PPh~ and PPh.~Me) 141, ( i t ) f i a c - [ M o ( N ~ ) ( T R l ) -  
(PMe_,Ph)_,] with 4 equiv, of  N, and 2 equiv, of  PMe~Ph 
[5] ,  (iii) [ M o ( N 2 ) ( T R I ) ( L : ) ] ,  where L_,=Me,_PCH,- 
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PMe_,, Ph2PCH_,PPh_,, Ph_~PCH=CHaPPh,, and 1,2-C,H4- 
(AsMea)> with excess N_~ and I equiv, o f  Lz [5] ,  and (iv) 
[ Mot "q"-ArPAr_,) ( PArs ) ~ ], where Ar = 4-MeOC~,H~, with 
I equiv, o f  PArs under argon [6]. Dahlenburg and Pietsch 
[31 carried out similar reduction reactions starting with 
[MoCI~(TRIP) 1. where T R I P =  RP(CH2CH2CH,_PPh2)2 
( R = Me, Ph).  which led to the isolation and characterization 
of  complexes such as trans- [ Mot N2 ) ._(TRIP) ( PMe~ _ ,,Ph,, ) ] 
(TRIP, R = P h ;  n = 0 ,  l. 2),  cis- and t rans-[Mo(N:) . -  

(TRIP) (PMe3) ] ( T R I E R = M e ) .  [MoH~(TRIP) { PMe3).] .  
and [ Mot "qr-Ar) (TRIP) ], where Ar = Cr,Hr. CrHsMe and 
1,3,5-C~,H3Me3. Morris and coworkers recognized the value 
of  the reduction method to prepare a series of  vlr-arene - 
molybdenum complexes especially of  the type [Mo( 'q  % 
ArPRa) (PR3)~] [7] .Thef i r s tcomplexof th is type ,  [Mo( 'q  °- 
CrHsPMe,)  (PMe_,Ph)d,  was prepared by Chatt and Wedd 
by reducing a mixture of  [MoCI3(THF)31 and PMe_,Ph with 
magnesium under argon [8,9]. Previously, Green and Sil- 
verthorn [ 101 prepared complexes of  the type [Mo('q"- 
arene)(PR3)3] by the reaction of  [Mo('qr-arene)_,] with a 
phosphine or phosphite. They studied the mono- and dipro- 
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tonation of the complexes, the results of which can be related 
to the basicity of the PR3 ligands. We became interested in 
the observation of Morris and coworkers that one of the 
phosphines in [ Mo ('q6-C6HsPMePh) (PMePh~) 3 ] was labile 
and could be replaced by CO, t-BuNC, CH3CN, PMe3, 
PMe2Ph, and N2 [7]. Such mixed-ligand complexes have 
been prepared from [Mo(-qC'-arene)~], e.g. [Mo('q6-C6H5 - 
Me) ((C~b~) 2PCH,CH~P(C~F.~) 2) (N2) 1 [ I I 1. 

In this paper we describe the results of the reduction of 
[MoCI~(TRI)] in the presence of different substrates. 
Included are the synthesis and characterization of (i) a series 
of "q6-arene complexes of molybdenum containing TRI and 
(ii) [MoH(-q~-C~Hs)(TRI)]. This method was also used 
to prepare the mixed phosphine-phosphite complex 
[ Mo(TRI) (P(OMe) 3) 31. The results of protonation of the 
arene complexes are discussed. Some of this work, which is 
summarized in Scheme i, has appeared previously [ 12]. 

2. Experimental 

All reactions were performed under an atmosphere of high 
purity dinitrogen or argon. All solvents were dried rigorously 
by heating at reflux over an appropriate drying agent, fol- 
lowed by distillation under N2. Solvents were saturated with 
N_, or Ar immediately prior to use. Chemicals were purchased 
from commercial sources and used without further purifica- 
tion. [Mo(-q6-MeO--4-C~,Ha)P(C6H4OMe-4)~(TRI)] and 
[MoCI3(TRI) 1, which is a mixture offac and mer isomers 
in solution [ 13 ], were prepared by published methods [4,6 l. 
Elemental analyses were performed by Galbraith Laborato- 
ties, Inc., Knoxville, TN. Proton, 3tp and ~3C NMR spectra 
were recorded on either a Varian VXR-200 spectrometer ( 'H 
200 MHz, 3,p 81 MHz), a GE [}-300 ( IH 300 MHz, 31p 122 
MHz, IaC 76 MHz) or a GE f}-500 (~H 500 MHz, .~tp 202 
MHz, ~3C 126 MHz). All 31p and L~C NMR spectra were 
proton decoupled. All chemical shifts are referenced to Me4Si 
(IH and t~C) and PPh3 (31p) - 5 . 8  ppm (versus 85% 
H3PO4 = 0.0 ppm). Phosphorus atom assignments are as fol- 
lows: PhPb(CH2CH_,P~Ph.,)2, br broad, qu quintet. FT-IR 

spectra were recorded using an Analect RFX-65 FT-IR spec- 
trometer. Cyclic voltammetry was performed in ~ two-com- 
partment three-electrode cell. The working electrode was a 
platinum wire, which was probed by a Luggin capillary con- 
nected to a silver pseudo-reference electrode; a tungsten aux- 
iliary electrode was employed. The electrolyte was 0.2 M 
[Bu4N] [PF6] in dry distilled THF. Potentials quoted are 
referenced to the ferrocenium/ferrocene couple=0.0 V 
(0.535 V versus SCE in this electrolyte) [ 14]. 

2. I. Preparation of IMo( ¢-C6H~)(TRI)I 

Benzene (10ml) and [MoCI~(TRI) ] (0.50g,0.68 mmol) 
were added to sodium amalgam (Na/Hg, 0.6 g/124 g) and 
the mixture stirred ( 18 h) under argon. The brown solution 
was decanted through Celite and reduced to ~ 2 ml. Methanol 
( 15 ml) was added and N_, bubbled through the solution to 
complete precipitation of the yellow product. The solid was 
washed with methanol ( 2 × 25 ml) and dried in vacuo. The 
yield of product was 0.2 g (0.3 mmol, 40%). 3tp NMR 
(C6D6): 6 87.21 (d, 2P, -~J(P,,-Pb) = 16.6 Hz, P~,), 104.2 it, 
IP, Pb). =H NMR (C, D6): 6 8.0--6.6 (m, 25H, Ph), 4.07 (q, 
6I-I, 3 J (H-P)=2  Hz, C6H6), 2.1 (m, 4H, PCH~_), 1.7 (m, 
4H, PCH2). J3C NMR (toluene): 8 74.8 (s, C6H6). Anal. 
Calc. for C4oH.~MoP3: C, 67.8; H, 5.55; P, 13.1. Found: C, 
65.4; H, 5.49; P, 14.5%. 

2.2. Preparation of IM.~(',p-C6HsOMe)(TRI)I 

This complex was prepared similarly in 52% yield. -~P 
NMR (CD2C!2): 8 87.5 (d, 2P, 2J(P:Pb) = 13.9 Hz, P,,), 
102.6 (t, IP, Pb). ~H NMR (CD2C!2): 8 8.0-7.0 (m, 25H, 
Ph), 3.93 (br s, 2H, Cf,Hs), 3.85 (br s, IH, C6H5), 3.73 (br 
s, 2H, C6H5), 2.84 (s, 3H, OCHO, 2.5 (m, 2H, PCH2), 2.3 
(m, 2H, PCH2), 1.7 (m, 2H, PCH2), 1.1 (m, 2H, PCH2). 
13C NMR (C6D6): 8 !14.3, 76.50, 69.31, 63.84 (all s, .q6. 
C6H5), 55.30 (S, OCH3), 32.9 (m, CH2), 31.0 (m, CH~). 
Anal. Caic. for C4~H41MoOP3: C, 66.7; H, 5.60; P, 12.6. 
Found: C, 66.2; H, 5.55; P, 12.8%. 

2.3. Preparation of lMo(~6-C~I(sCH O(TRI)] 

This complex was prepared similarly in 30% yield..~lp 
NMR (THF): 6 87.81 (d, 2P, 2J(P~-Pb)= 15.4 Hz, P,,), 
104.81 (t, IP, Pb). IH NMR (C6D6): 6 7.9-6.8 (m, 25H, 
Ph), 4.3 (m, IH, C6H5), 4.0 (m, 4H, C6Hs), 2.2 (m, 4H, 
PCH2), !.8 (m, 2H, PCH2), 1.70 (s, 3H, CH3), 0.8 (m, 2H, 
PCH2). 13C NMR ('rl-IF): ~ 109.2, 75.8, 75.7, 71.0 (all s, 
"q~-C6Hs), 20.4 is, CH3). Anal. Calc. for C41H41MoP3: C, 
68.1; H, 5.72; P, 12.9. Found: C, 67.4; H, 5.52: P, 13.6%. 

2.4. Preparation of [Mo(~-CwHs)(TRl)] 

Naphthalene (0.48 g, 3.74 mmol), [ MoCI3(TRI) ] (0.5 g, 
0.68 mmol) and THF (30 ml) were added to s,x!ium amal- 
gam (Na/Hg, 0.48 g/117 g). The reactior, was stirred ( 1 h) 
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under argon and then under dinitrogen ( 15 h). The product 
was isolated in 40% yield by the method reported above. 3~p 
NMR (toluene): 6 81.02 (d, 2P, 2J(P~-Pb) = 13.8 Hz, PD, 
112.08 (t, IP, Pb). ~H NMR (C6D~,): 6 8.0-6.5 (m, 29H, 
PPh and TI6-C¢,H4C4H4 ), 4.2 ( m, 2H, "lq6-C6H4C4H4), 3.9 ( m, 
2H, "q6-C~H4C4H4), 2.2-1.6 (m, 8H, PCH2). Anal. Calc. for 
C44H4~MoP3: C, 69.7; H, 5.45. Found: C, 64.7; H, 5.22%. 

2.5. Preparation of lMo(TRl)(P(OMe).dd 

A mixture of THF (20 ml), [MoCI3(TRI)] (0.516 g, 
0.700 mmol) and P(OMe)3 (0.284 ml, 2.29 mmol) was 
added to sodium amalgam (Na/Hg, 0.156 g/20 g). The 
reaction was stirred (18 h) under dinitrogen before the 
yellow-brown solution was decanted through Celite. The 
volume of solution was reduced to ~ 8 ml and pentane ( 30 
ml) was added to precipitate a yellow solid. The yield was 
0.323 g (0.322 mmol, 46%). Frequently there is a small 
amount of the other isomer present. The product can be 
recrystallized from THF:MeOH ( !:2 by volume). 3~p NMR 
(C6D6): 666.5 (m, 2P, P,,), 92.8 (dt, IP, 2J(Ph-Pd) = 155.8 
Hz, 2J(Pb-P~) =28.5 Hz, Ph), 168.9 (m, 2P, PC), 178.1 (dq, 
IP, 2j(p_p) =38 Hz, PaL 

2.6. Stability of Mo(TRl)(P(OMe) O.d in solution 

A few milligrams of [Mo(TRI)(P(OMe)03] in C~,D~ 
were added to an NMR tube and the 3~p NMR spectrum 
monitored. After 5 days, less than 5% change was observed 
with no free P(OMe) 3 detected. The experiment was repeated 
with a small quantity of P(OMe)3 added ( < ! equiv.). After 
18 days, complete conversion to a second complex had 
occurred. ~P NMR (C~D~): 8 72.0 (apparent dd, 2P, 
- ' J (P-P)=38 Hz, - ' J (P-P)=76 Hz, P~), 100.1 (dr, IP, 
aJ(Pb--Pd)=148.9 HZ, -'J(Pb-P¢)=25.3 Hz, P~), 146.0 
(m, 2P, P~), 179.9 (dp, IP, :J(P-P) = 38 Hz, PaL 

2. Z Preparation of [Mo(N2)(TRI)(PMe O,_I 

A mixture of THF (30 ml), [MoCI3(TRI)] (0.5 g, 0.7 
retool) and PMe3 (0.14 ml, 1.3 mmol) was added to sodium 
amalgam (Na/Hg, 0.4 g/115 g). The reaction was stirred 
(24 h) under dinitrogen. The orange solution was decanted 
through Celite and the solvent was removed in vacuo. After 
drying (24 h) in vacuo, the orange-brown solid was placed 
in the dry box. The solid turned orange-red over 24 h (under 
N:). The yield was 0.4 g (0.4 mmol, 60%). 3~p NMR 
(C6D6): 690.2 (dm, IP, PPh:L 72.6 (din, IP, PPh), 64.2 
(m, lP, PPh.,), - ! 1.4 (m, 2P, PMe3). IH NMR (C6D6): 8 
7.8-6.6 ( m, 25H, Ph ), 1.7 ! (d, 9H, :J(H-P) -- 4.4 Hz, PMe), 
0.78 (d, 9H, :J(H-P) =5.1 Hz, PMe), series of broad sin- 
glets 3.5-1.0 due to PCH_,. IR (KBr): v(NN) 1963 cm -~ 
(vs). 

2.8. 5 Preparation of [MoH( ~ -CsH~)(TRI) ] 

An excess of freshly distilled cyclopentadiene (0.66 ml) 
and THF (25 mi) were added to a mixture of [ MoCh (TRI) ] 
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(0.4 g, 0.5 retool) and sodium amalgam (Na/Hg, 0.3 g/70 
g) cooled to 0°C. The reaction mixture was stirred (2 h at 
0°C, and 4 h at room temperature) under N2. The yelk~w 
solution was decanted and filtered through Celite. The solu- 
tion volume was reduced to ~ 5 ml and penmae (75 ml) was 
added to precipitate a yellow solid. The yield of product was 
0.26 g (0.4 mmol, 70%). 3~P NMR {CD.,C1,): 8 110.4 (d, 
2P, 2 j (p_pb)=30.2  Hz, PD, 134.4 (t, IP, Ph)- :H NMR 
(CD:CI_,): 8 7.8--7.0 ( m, 25H, Ph), 3.93 (s, 5H, CsHs), 2.8- 
2.4 (m, 2H, CH,), 2.4-2.0 (m, 2H, CH,_), 2.0-1.4 (m, 4H, 
CH_,), -7 .38  (td, IH, :Jr H-PD =54.6 Hz, 2J(H-Pb) =9.6 
Hz, Moll ). IR (KBr): .v(Moll) ! 828 cm - ~. Anal. Calc. for 
C3oH3~MoP3: C, 67.26; H, 5.64. Found: C, 67.26; H, 5.81%. 
This complex was also prepared by heating a mixture oftrans- 
[ Mo ( N_, ) 2 (TR I ) ( PPh3 ) ] and cyclopentadiene (4 equiv. ) in 
beptane ( 25 ml) under argon for 5 h. 

2.9. Preparation of [ Moll( 71 ~-Cr, H¢,)(TRI) ][ CF3CO0 ] 

[Mo('q~-C6H~)(TRI)] (0.i ° g, 0.27 retool) was dis- 
solved in THF (20 ml) and CF3COOH (0.44 ml, 5.6 mmol) 
was added. The mixture changed from brown-yellow to red- 
brown. The reaction was stirred for 15 mix. The volume of 
the solution was reduced to 2 ml. Water (20 ml) was added 
and a black residue was obtained. The residue was recrystal- 
lized from THF/H20 (5 ml/20 ml), THF/pentane (7 nail 
40 ml), and then acetone/H_,O (5 ml/50 ml) to afford a pink- 
tan powder. The tan powder was dried in vacuo to yield 0.21 
g (0.26 mh.ol, 95%). 31p NMR (acetone-d~): 8 90.22 (d, 
2P, -~J(P~-Pb) =32.2 Hz, P~), 110.3 (t, IP, Pb)- JH NMR 
(acetone-d6): ~5 7.4 (m, 25H, ph)... , -,.o-, ~ "~ (s, 6H, ~1°-C61-I6), 
3.8-1.8 (m, 8H, CH_~), -5 .94  etd, IH, "-J(H-Pb) =3.6 Hz, 
-'J(HP~) = 49.0 Hz, Moll ). '~C NMR (acetoue-d~): ~5 94.67 
( s, "q6-C~H,). IR ( KBr ): v(C=O) i 689 cm- I (s). 

2.10. Preparation of [MoH( rI6-Ce, HsMe)(TRI)][CF3CO0] 

To [Mo(~I6-C6HsMe)(TRI)] (0.2 g, 0.3 retool) was 
added CF3COOH (2 ml) in toluene (20 ml). Following the 
immediate reaction, H_,O (25 ml) was added. Volatiles were 
removed in vacuo to give a brown residue. The residue was 
washed with pentane ( 20 ml) and dried in vacuo. The product 
was recrystallized from acetone/H,_O (5 ml/30 ml) to give 
a red-tan powder which was dried in vacuo. The yield was 
0.2 g (0.3 mmol, 90%). 3'P NMR (THF): ~5 90.72 (d, 2P, 
-'J(P~-Pb) =32.1 Hz, PD, 109.97 (t, IF, Pb)- IHNMR (ace- 
toue-d6 ): 6 7.9-7.2 ( m, 25H, Ph), 4.93 (t, 2H, -'J( P-H ) = 5.8 
Hz), 4.71 (d, 2H, -'J(P-H) =5.5 Hz), 4.17 (t, IH, -'J(P- 
H) =5.8 Hz) (qq6-C6Hs), 3.1 (m, 2H, PCH_~), 2.8 (m, ~H, 
PCH,), 2.3 (m, 2H, PCHz), 1.81 (s, 3H, CH3), -5 .95  (L 
! H, -'J(P~-H ) = 51.5 Hz, Moll ). '3C NMR (THF; ~6-C~H~): 
686.12 (s), 90.67 (s), 92.72 (s), 103.17 (s). 

2.11. Preparation of [Moil( 716-Ce, H:OMeXTRI)][BF4I 

To [Mo('q~-C6HsOCI-I3)(TRI)] (0.15 g, 0.20 retool) in 
anisole ( 10 ml) was added HBF4-Et_,O ( !.0 ml, 8.2 retool). 
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The mixture was stirred for 15 min. Water ( 50 ml ) was added 
to precipitate a tan residue. The residue was washed with 
Et ,O ( 60 ml ) to give 0.10 g of a yellow powder ( 0.12 mmol, 
60%).  ~ P  NMR (acetone-d,,): 6 90.42 (d, 2P, -'J(P,,- 
P , )  = 3 1 . 7  Hz, P,) ,  109.10 (t, IP, Pb)- ~H NMR (acetone- 
d , ) :  ~5 8.0-7.0 (m, 25H, Ph) ,  4.84 (t, 2H, - ' J ( P - H ) = 5 . 6  
Hz) ,  4.52 (d, 2H, - ' J (P-H)  =5 .5  Hz),  4.34 (t, 1H, - ' J (P-  
H) = 5 . 6  Hz) (vI"-C~,Hs), 3.15 (s, 3H, OCH3), 3.1 (m, 2H, 
PCH_, ), 2.7 ( m, 2H, PCH_, ), 2.3 ( m, 2H, PCH, ), 1.8 ( m, 2H, 
PCH,) ,  - 6 . 1 8  (td. 1H, ZJ(H-P,~)=52.7 Hz, - ' J (H-  
Pb ) = 6.72 HZ, Mol l  ). ( Minor component  ( see text ): - 5.93 
(td, "-J(H-P,,)=49 Hz, - ' J ( H - P b ) = 4 . 0  Hz, Mo l l ) . )  ~C 
NMR (acetone-de,): 15 101.8, 88.5, 76.3, 67.8 (all s, x('- 
C~,H~), 56.1 (OCH3~. Anal Calc. for C~H~_,P3BF4OMo: C, 
59.6; H, 5.12; P, 11.2. Found: C, 56.7; H, 5.15: P, 13.0%. 

2.12. Preparation of [ MoHOI~'-MeO--4-C~,H aP( C~,H ~OMe - 
4),)( TRI) IICF,CO01 

To 0.1 ,' (0.10 mmol)  of [Mo(xI¢'-RPR~)(TRI)] 
( R = C , H 4 O M e - 4 )  in THF (5 ml)  was added CF~CO_,H 
(0.03 ml, 0.4 mmol)  at - 7 8 ° C .  After I h, volatiles were 
removed, while the solution was warmed to room tempera- 
ture, leaving an oily residue. The residue was washed with 
pentane (30 ml ) and water ( 30 ml ) to give a yellow powder. 
The powder was collected and dried in vacuo to give 0.05 g 
(0.05 mmol, 50%) of product. ~ P  NMR (acetone-d~,): 6 
83.62 (d, 2P, - 'J(P,-P~) =28 .7  Hz, P,) ,  101.73 (t, IP, P~), 
13.12 (s, IP, P , ) .  ~H NMR (acetone-t/D: 6 8.0-6.6 (m, Ph, 
C,H~OMe ), 4.7 ( br  s, 2H, xI~'-C,H4OMe ), 4.5 ( br s, 2H, xl ~'- 
C~,H4OMe), 3.7 (s, 6H, OCH~), 3.25 is,  3H, O C H 0 ,  3 .5-  
1.8 (series of  multiplets, PCH_,), - 6.6 (tt, I H, - ' J (H-  
P~, ) = 55.4 Hz. - ' J(H-Ph) = -'J( H-P ,  ) = 10 Hz, Mol l  ). 

2.13. Reaction of [Mot ~"-C~HJ(TRI)] with CF~COOH 

A few milligrams of  [ Mo( "q"-Cf,H~, ) ( TRI ) l were added 
to an NMR tube containing CF,COOH. Within 15 min, the 
~tp and IH NMR spectra indicated a single new species 
believed to be [ M o ( H )  z("q~'-C,.H~,) (TRI)  ]-~ ' .The samespe-  
cies was formed in HBF4. etherate. ' P  NMR: t566. I I ( d. 2P, 
"-J(P,-P~) = 4.02 Hz, P,) ,  88.55 (t, I P, Pt,)- I H NMR: 8 7 .8-  
7.0 ( m, Ph ), 5.29 (s, 6H, xI~'-C,,H¢,), 3.0 (m, PCH, ), 2.2 (m, 
PCH.,), - 4.43 (td, 2H, - ' J (H-P, )  = 42.7, -~J(H-P,) = 22.8 
Hz, Mol l ,  ). After several hours, resonances due to new phos- 
phorus-containing species began to appear in the -~P NMR 
spectrum. 

2.14. Reaction of/Mot tf'-C,,H~OMe)(TRI)I with 
CF,COOH 

This reaction was carried out as described above with the 
same result. ~ P  NMR: ~ 68.05 (br  s, 2P, P,0, 87.35 (br  s, 
IP, P~,). ~H NMR: 6 7.9-6.7 (m, Ph) ,  5.5 (t, IH, J ( H -  
H)  =7 .2  Hz, CeJ/.~OMe), 4.98 (d, 2H, C~,HsOMe), 4.6 (br  
s, 2H, C~,HsOMe), 3.8 (s, 3H, O C H d ,  3.1 (m, PCH_~), 2.8 

( m, PCH_,), 2.2 ( m, PCH2 ), - 4.38 ( td, 2H, -'J(l-I-P,,) = 42.4 
Hz, - 'J(H-Pb) = 25.0 Hz, Moll_,). 

2.15. Reaction of [Mo(~qr'- C,,HsMe)(TRI) I with CF~COOH 

This reaction was carried out as described above with the 
same result..~lp NMR: 8 68.44 (br  s, 2P, P,) ,  88.68 (br  s, 
IP, Pb). IH NMR: ~5 7.9-6.8 (m, Ph) ,  5.2 (br  s),  5.0 (m) ,  
4.9 ( s ), 4.76 ( br s ), ( 5H, xI~'-C,H5 ), 3.92 ( m. 2H ), 2.88 ( m, 
4H) ,  2.16 (m, 2H),  (4CH2, TRI) ,  2.24 (s, 3H, CH3), - 4 . 3 i  
(td. 2H, 2 J ( H - P , ) = 4 2 . 7 3  Hz, -'J( H-Ph) = 21.98 Hz, 
MoHz).  

2.16. Reaction of [MoH(~:-CsH:)(TRI)] with CDCI: 

To 0.15 g (0.22 mmol'~ of  [MoH(r l s -CsHs) (TRI ) ]  in 
~ 0.5 ml of CD_,CI_, in an NMR tube was added 0.052 ml 
(0.64 mmol)  of CDCI~. The reaction was monitored by q P  
NMR spectroscopy. After 114 h, the ratio of reactant to prod- 
uct was 8:92. Pentane was added to precipate a red solid. ~ P  
NMR (CH,CI , ) :  15 131.7 (t, IP, - ' J ( P , - P b ) = 2 7  Hz, Pb), 
85.2 ( d, 2P, P~,). FAB mass spectrum, m/z = 732. I ( M ~ , calc. 
for [ MoCI( "q.S-C~H5 ) ( TRI ) l, C~,~H ~sCIP~"SMo = 732.1 ). 
The product [ MoCI('qS-CsH s ) (TRI)  I has been character- 
ized completely by Cole et al. [ 131. 

3. Results  and discuss ion 

3.1. Preparation and chara¢ wrization ¢?f 
[lifo( r f  -arene )( TRl ) ] 

The synthesis of  the arene complexes was straightforward 
using the aromatic ligand as solvent, except in the case of  
naphthalene and PAr~ [2,5,151 where THF was used as sol- 
vent. Generally, the elemental analyses of  arene complexes 
and their derivatives were low in carbon. Purification of  all 
complexes was continued until the 31P NMR spectrum indi- 
cated the presence of a single diamagnetic phosphine-con- 
taining complex. The q P NMR spectra of all four complexes 
displayed a doublet and triplet with Jr:, ~ ! 5 Hz. The-,resence 
of the "q~'-arene group was clearly evident in the Irt aad t~C 
NMR spectra which were as expected compared with 
published data, tbr example, ( i )  IH NMR, [(C~,H~, , ) -  
(Me),,1Mo(CO):~ [161, [(C,H,_,,)(OMe),,]Mo(CO).~ 
( n = 0 - 3 )  [ 171 and [ 1,4-(C6H4XY)Mo(CO)31 [ 181, and 
( ii ) 13 C NMR, [ (C,H~, ,,) ( Me),, l - M o  (CO)  3 (n = 3, 4 and 
6) 1191 and 63 [ (a rene)Cr(CO)31  complexes I201. The 
ring protons were shifted ~ 3 ppm upfield and in the case of 
the C,,H~, complex the single resonance appeared as an appar- 
ent quartet owing to coupling to the three phosphorus atoms 
of TRI. Likewise the resonances due to the "q"-arene carbon 
atoms were shifted upfield by ~ 52 ppm; C-I  of the anisole 
complex was shifted 46 ppm. 

The oxidation potential is related directly to the HOMO 
energy and hence is a measure of  the relative electron richness 
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Table 1 
Electrochemical data for [ Mo( rl"-arene } t TRI } 1 complexes" 

Complex E, 2 i~..,li,~ AE~ E e ~ 
(mV} 

[ Mo( ~q"-C,,H,,~ (TRI) ] - 0 . 9 0  1.0 100 -0 .27  
[ Mo(~q%C,HsCH ~} (TRI) l -0 .93  1.0 84 -I) .29 
[Mo('q%CmH~ ) (TRI) I - 0 .92  I.I 100 -0 .20  
[ Mo(-q%C,,H~OCHo (TRI i I - I . 0 0  I.I 100 -0 .25  

:' Potentials are quoted vs, the ferrocenium/ferrocene couple 0.0 V 10.535 
V vs. SCE) and were measured by cyclic voltammetry in 0.2 M 
[ NBm 1 [ PF,,1-THF at a Pt electrode using a scan rate of 50 mV s 
~' E e is the peak potential of irreversible oxidation. 

of the arene complexes, The results obtained from a cyclic 
voltammogram study of the arene complexes are listed in 
Table I. Each complex displayed a reversible one-electron 
oxidation ~ - 1 V versus the ferrocenium/ferrocene couple 
at 0.0 V, corresponding to the oxidation of Mo(0)  to 
Mo( I + ). The trend in E~ .,_, values was as expected with the 
benzene comolex being the most difficult to oxidize. The 
anisole complex was oxidized more easily than the other 
complexes, reflecting the importance of the "rr-donation of the 
OCH~ substitutent. The E~ ,  value tbr [Mo('q~'-C,HsPPh, }- 
(TRI } ], recorded at a vitrcous carbon electrode under similar 
conditions, was - 0 . 8 3  V [21. A similar series of arene- 
molybdenum complexes prepared by Cotton et al. [ 7c 1 with 
-qr-C~,H~PR_, (PR,=PMePh  or PMe,) and monodemate 
phosphine ligands gave analogous results. Each complex in 
the TRI series displayed a second pseudo-reversible oxidation 
(Ep) at ~0.7  V more positive. No reduction wave was 
observed in THF for any of the complexes studied. 

3.2. Protonation o f  l Mot  ~fl-arene )( TRl  ) ] complexes 

Protonation of the arene complexes with (i)  CF~COOH or 
HBF~. Et,O in solution resulted in the formation of a mono- 
hydride complex (arene = C~,H~,, C,H~CH~, C~,HsOCH~ and 
4-CH~OCrHqP{C~,H~--4-OCH3)_~) and (ii) neat CF~COOH 
or HBF.~. OEt, resulted in a dihydride complex (arene= 
C~,H,, C~,H~CH3, CrHsOCH~). These results were similar to 
those reported earlier by Green et al. [ 10c] and Morris et al. 
[ 7d] although with different acids. Protonation of [ Mo('o ~'- 
C~,H,} (TRI)1 with excess CF~COOH in THF produced the 
monohydride [MoH(-q~'-C~,Hr)tTRI)I[CF~COO] which 
was isolated as a pink-tan solid in 95% yield. In the IR (KBr) 
spectrum an absorption due to v(C=O) of CF3COO 
appeared at 1689 cm-  ~ but there was no absorption observed 
for v(MoH). The hydride resonance appeared as a triplet of 
doublets at - 5.94 ppm (J(P,~,,,,,-H) = 3.6, J(P, . , -H) = 49.0 
Hz) in the ~H NMR spectrum. In the monohydride derived 
from the CrHsCH3 complex the hydride resonance appeared 
as a triplet at - 5.95 ppm (J(P,.,~-H) = 51.5 Hz and J( P,~,,,,~- 
H) = 0  Hz). Monoprotonation of the C~,H~OCH~ complex 
with HBF.c OEt2 in anisole solution resulted in the formation 
of a monohydride. However, close inspection of the hydride 

region of the ~H NMR spectrum revealed two sets of triplets 
of doublets in the ratio of 10:1. The hydride chemical shift 
t ~5 = - 5.9 ppm ) of the minor product is essentially identical 
with those for the hydrides derived from the C r H 6  and 
C~,H~CH3 complexes whereas the hydride chemical shift and 
coupling constants due to the major product are slightly dif- 
ferent: ~5 = - 6.18 ( J ( P - H )  = 52.7 and 6.7 Hz }. Without fur- 
ther information, it is assumed that these two hydrides are 
isomers. Monoprotonation of molybdenum also occurred 
when [Mo(q%RCt, Hq)P(C~,H4R}2(TRI)] (R=4-MeO} 
reac~ed with 4 equiv, of CF~COOH in THF. The reaction was 
run at - 78°C for I h before solvent and unreacted CF~COOH 
were removed in vacuo. This procedure avoided the type of 
reaction reported by Morris et al. ]7d] in which cleavage 
of the P--C{lq"-arene) bond occurred in the xI%Ce.H~PR_, 
ligand when complexes such as [MoOq~-C~,HsPPh_,)- 

Ph:PCH_,CH2PPh, } { PPh~ } ] were treated with strong acids 
like HBF4.OEt_, and CF:SO3H. On the basis of the crystal 
structures of similar [ Moll (-q~-arene) (PR~ } ~] * complexes 
[7d,21-231, whicl, have been shown to have a pseudo- 
square-based pyramidal geometry, we propose that the 
hydride ligand occupies a pseudo-equatorial position 
between the two terminal phosphorus atoms of the TRI 
ligand. Kowalski and Ashby have shown that monoprolona- 
tion of [Mo(rl%arene)(TRIPOD)],  where TRIPOD= 
CH~C(CH,PPh_, } ~, to yield the metal hydride involves initial 
exo protonation of the arene ligand to give an arenium ion 
complex followed by protonation of the metal by the endo 
hydrogen. Such a mechanism may he operating with the 
similar TRI ligand complexes. 

Diprotonation of molybdenum was observed to occur 
when the arene complex was dissolved in CF3COOH or 
HBF4" OEt2. Attempts to isolate the dihydrides were unsuc- 
cessful and resulted in recovery of the corresponding monc~ 
hydride. Whereas monoprotonation of the neutral arene com- 
plexes resulted in a small downfield shift of the two phos- 
phorus chemical shifts ( ~ 3 for P,, and ~ 6 ppm tbr Pb}, 
diprotonation resulted in a large upfield shift I ~ 21 for P~ 
and ~ 16 ppm for PO. The hydride ligands appeared as a 
triplet of doublets at ~ - 4 . 4  ppm with J{ P,~,,,,~-H,' Jgnifi- 
cantly larger than for the monohydrides. In solution at room 
temperature the two hydride ligands were equivalent. As the 
temperature was lowered, the triplet of doublets coalesced 
gradually to a single broad resonance with a peak width at 
ha l f  height of ~ 550 Hz at -77°C.  The 'H NMR spectra of 
analogous dihydrides prepared by Green et al. [ 22 ] with three 
PMe3 ligands in place of TRI showed equivalent hydride 
ligands. At low temperature, however, the two hydrides 
became inequivalent. The positions of the two hydride 
ligands were not found in the crystal structure of [W{~% 
CrH~CH~ } ( PMe~ ).~H_, ] [ PF6 ] _,. However, space-filling mod- 
els and the P -W-P  angles suggested that the two hydrides fit 
trans to the arene-ring .:entroid and trans to one of the PMe3 
ligands [221. A similar structure is possible for [MoH-(rl 6- 
arene) (TRI) ] -" ÷ 
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3.3. Preparation and characterization of [Mo(TRI)L3] 

The reduction of a mixture of [MoCh(TR1)], which is 
composed offac and mer isomers in solution [ 13 ], and excess 
P(OMe)3 in THF ( 18 h) under dinitrogen (or argon) pro- 
duced [Mo(TRI)(P(OMe)3)~] ( la)  as a yellow solid in 
62% yield. Complex la was stable in benzene solution upon 
irradiation ( 366 nm, 24 h) and when heated at 100°C ( sealed 
tube, 6 h), but converted slowly coplpletely to a second 
complex Ib over ~ 18 days at room temperature in the pres- 
ence of ~ I equiv, of P(OMe)3 (Fig. I). The ~P NMR 
spectra of both complexes exhibited four sets of resonances 
assigned to the six-phosphorus atom assembly. The spectra 
do not change when recorded at different magnetic fields, 8 I, 
121 and 202 MHz. We were unable to simulate all sections 
of the ~tp NMR spectra. This may be because each complex 
may exist in more than one conformation owing to anticipated 
steric crowding around molybdenum [ 24 ]. Phosphite ligands 
are known to adopt different conformations [25 ]. 

Each possible isomer (fac or mer, Fig. 2) has C, symmetry, 
although distortion from idealized geometry has been found 
in the solid state of complexes such asfac-[ Mo(CO) ~( TR1 ) ] 

Day 17 l!i 

jt 
Day 14 i~ 

-..LJL 
Day 12 

. x_J 
Day 7 

~' . . . . .  

-: L L " : :  2 ;~ 2- --:~7_.;7~ 
180 160 140 120 100 80 ppm 

Fig. I.  Change  in a tp N M R  spectrum o f  [ M o ( T R I  ) ( P( O M e  ) ~) ~ I in C~,D,, 

wi th  t ime at room temperature.  Approximate ly  I tool o f  P I O M e ) ~  

( fi = 1.12.51 ) was  added after  the spectrum o f  day I was recorded. 

~ P P h ; ~  Ph L 
~ - -  % . . . / - -  - - . ~  

I~P ....OOJlo ......... L l I P  ..,W, IMo,,,,..PPh2 

L L 

L = P(OMe) 3 
Fig. 2. Fat" and mer isomers of [ Mo(TRi) ( P(OMe ) ~) ~ l, 

[ 26 ], fac- [ MoBr(TRI) (Me2PCH2PMe2) ] [ 271 and fac- 
[Mo(CO)(TRI)(Ph~PCH2PPh2)] [28]. The 3]P NMR 
spectrum of fac-[Mo(TRI)(P(OMe)3)J (Fig. 2) is 
expected to exhibit four sets of resonances whereas mer- 
[Mo(TRI) (P(OMe)3) 31 ( Fig. 2) is expected to exhibit five 
because of the positional differences of the two mutually trans 
phosphite ligands due to the fixed orientation of the unique 
phenyl group [29,30]. Thus the 3~p NMR data support the 
assignment of la  as the fac isomer. According to the 31p 
NMR spectrunt, lb  has the same symmetry as la  although 
there are significant changes in chemical shifts, particularly 
the 20 ppm upfield shift of the pair of phosphite ligands. With 
the data available it is not possible to identify lb  at this time. 

Reduction of [ MoCI3 (TRI) ] conducted in the presence of 
P(OEt)~ produced [Mo(TRI)(P(OEt)0~]  which changes 
similarly although more slowly than the corresponding 
P( OMe )~ complex, and with some decomposition. 

Attempts to prepare [Mo(TRI)(PMe3)d were unsuc- 
cessful. The reduction of a mixture of [MoCIdTRI)]  and 
PMe3 under argon produced a complex which rapidly formed 
the mono(dinitrogen) complex fiw-[Mo(N_,)(TRl)- 
(PMe3),,] (II)  when the mixture was worked up under di- 
nitrogen. The 31p NMR spectrum of the reaction mixture 
under argon suggested that a complex containing one TRI 
and two PMe3 per molybdenum was the major species present 
in solution. The ~]P NMR spectrum of 11 displayed three 
separate resonances for TRI: a multiplet at 64.2 ppm and two 
doublets of multiplets at 72.6 and 90.2 ppm respectively. The 
two PMe.~ ligands were part of an ABMQX spin system and 
appeared as a broad multiplet. These data best fit a structure 
in which TRI isfac with one terminal phosphorus trans to N, 
and the other trans to a PMe3 ligand. 

Complex !I was formed directly in 64% yield when the 
reduction reaction was carried out under dinitrogen. Similar 
mono(dinitrogen) complexes have been prepared previously 
by this method [41. No evidence was found for a 
bis(dinitrogen) complex. This contrasted with the interesting 
results reported by Dahlenburg and Pietsch [31 in which 
the reduction of mer-IMoCI3[RP(CH2CH,CH,PR2)2]] 
( R =  Me or Ph), under dinitrogen and in the presence of a 
monodentate phosphine, formed not only mono- and 
bis(dinitrogen) complexes but also cis and trans, and mer 
and fa t  isomers. 

3.4. Preparation and characterization of 
[ MoH( z)s-C~H O( TRI) ] 

The reduction of [MoCi3(TRI)] together with excess 
cyclopentadiene in THF produced yellow [ Moll ( "qS-CsH5 )- 
(TRI) ] (111) in 68% yield. Complex 111 can also be prepared 
by heating a mixture of (i) cyclopentadiene and fac- 
[ Mo (N_,) (TRI) ( PMe3)_, l in heptane at 75°C under argon 
for 5 h or (it) trans- [ Mo (N_,) 2 (TRI) ( PPh~ ) ] and cyclopen- 
tadiene in THF under argon. In the tH NMR spectrum of 111 
the hydride appeared as a triplet of doublets at - 7.38 ppm. 
Green and coworkers [311 prepared [MoH(-qS-CsHs)- 
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(PMe3)3]  by  the reac t ion  of  [Mo(PMeO¢, ]  wi th  cyc lopen-  

t ad iene  in pe t ro l eum at 80°C. The  s l o w  react ion o f  111 w i t h  

CDCI3 (3 equiv .  ) in CD,CI_, was  mon i to red  by  o b s e r v i n g  the 

3~p N M R  spec t rum.  As  re sonances  due  to I I I  dec reased  in 

in tens i ty ,  co r r e spond ing  resonances  a s s igned  to [ MoCI(  xl 5- 

CsHs)  ( T R I )  ] appeared ,  a c o m p l e x  that  has  been character -  

ized recent ly  by  Poti  et al., i nc lud ing  a c rys ta l  s t ructure  [ 13].  
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