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Abstract

The reduction of { MoCl,(TRI) ], where TRI=PhP(CH.CH,PPh, )., with sodium amalgam in benzene. toluene or anisole resulted in the
formation of the corresponding [ Mo(n"-arene) (TRI) ] 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 Mo(0) to Mo(1+). 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)(q-arene)(TRI) | [CF,COO0} (8(MoH) ~ —6 ppm). In neat CF.COOH or HBF,. evidence of dipro-
tonation of the arene complexes was observed in the 'H NMR spectra. Upon work-up. only the monoprotonated product was isolated.
[Mo(TRI)(P{OMe),) | was formed by the reduction of [ MoCl.(TRI) ] in the presence of a small excess of P(CMe) . Attempts to prepare
[Mo(TRI) (PMe:):] by a similar method resulted in a product that readily absorbed N, to form fac-[Mo(N.) (TRD (PMe:).]. Yellow
[Mo(H)(0*-CsH:) (TRI} ] was formed by (i) the reduction of [ MoCl;(TRD ] with sodium amalgam in the presence of cyclopentadiene. or
(ii) heating fuc-{ Mo(N,) (TRI) (PMe.),} with cyclopentadiene in heptane, or (iii) heating rrans-f Mo(N,),( TRI) (PPh;) ] with cyclopen-
tadiene in THF. © 1998 Elsevier Science S.A. All rights reserved.

Kevwords: Molybdenum complexes: Arene complexes: Phosphite complexes: Hydride complexes

1. Intreduction

Polydentate ligands such as cyclopentadienyl. arenes, che-
lating organophosphines 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 [ 1]. The reduction of [MoCl;(tri) |,
where tri = tridentate organophosphine, under various con-
ditions in the presence of potential ligands represents a useful
method of preparing low-valent molybdenum complexes that
retain the tridentate ligand [2,3]. Thus, the reduction
of [MoCl,(TRI)], where TRI=PhP(CH,CH.PPh,).. in
THF with sodium amalgam produced (i) trans-{Mo(N,) -
(TRI)(PPh;)] with excess N, and 1 equiv. of PR, (PR;
=PPh; and PPh.Me) ({4], (ii) fac-[Mo(N,)(TRI)-
(PMe-Ph).] with 4 equiv. of N, and 2 equiv. of PMe,Ph
[51, Gii) [Mo(N)(TRI)(L,)). where L,=Me,PCH,-
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Pide,, Ph,PCH.PPh., Ph.PCH.CH.PPh,, and 12-C.H,-
(AsMe.)-, with excess N. and 1 equiv. of L, [5], and (iv)
[Mo(n"-ArPAr,) (PAr;);], where Ar=4-MeOC.H;, with
I equiv. of PAr, under argon [6]. Dahlenburg and Pietsch
[3] carried out similar reduction reactions starting with
[MoCl,(TRIP)]. where TRIP=RP(CH.CH,CH.PPh.).
(R =Me, Ph). which led to the isolation and characterization
of complexes such as rrans-] Mo(N,).( TRIP) (PMe; _,Ph, ) ]
(TRIP, R=Ph; n=0, I, 2), cis- and trans-[Mo(N.).-
(TRIP)(PMe;) ] (TRIP,R =Me). [ MoH,(TRIP){PMe;).l.
and {Mo(n°-Ar)(TRIP)}, where Ar=C.H,, C.H;Me and
1,3.5-C H;Me.. Morris and coworkers recognized the value
of the reduction method to prepare a series of n°-arene—
molybdenum complexes especially of the type [Mo(n’-
ArPR.) (PR;);1 [7]. The first complex of this type, [ Mo(0°-
C.H;PMe,)(PMe,Ph),], was prepared by Chatt and Wedd
by reducing a mixture of [ MoCl;(THF);] and PMe.Ph with
magnesium under argon [8.9]. Previously, Green and Sil-
verthomn [10] prepared complexes of the type [Mo(n"-
arene) (PR;);] by the reaction of [Mo(x-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 PR; ligands. We became interested in
the observation of Morris and coworkers that one of the
phosphines in [ Mo(1°®-C,H;PMePh) (PMePh,),] was labile
and could be replaced by CO, t-BuNC, CH,CN, PMe;,
PMe,Ph, and N, [7]. Such mixed-ligand complexes have
been prepared from [Mo(n -arene).], e.g. [Mo(n*-CHs-
Me) ((C,F5),PCH,CH.P(C,F;),) (N2) 1 [111.

In this paper we describe the results of the reduction of
[MoCL(TRI)] in the presence of different substrates.
Included are the synthesis and characterization of (i) a series
of m®-arene complexes of molybdenum containing TRI and
(ii) [MoH(m’-CsHs)(TRI)]. This method was also used
to prepare the mixed phosphine—phosphite complex
[Mo(TRI)(P(OMe)1):]. The results of protonation of the
arene complexes are discussed. Some of this work, which is
summarized in Scheme 1, 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 N.. Solvents were saturated with
N, or Arimmediately prior to use. Chemicals were purchased
from commercial sources and used without further purifica-
tion. [Mo(n°®-MeO-4-C H,)P(C,H,0Me-4),(TRI)] and
[MoCl;(TRI) ], which is a mixture of fac and mer isomers
in solution [ 13], were prepared by published methods [4,6].
Elemental analyses were performed by Galbraith Laborato-
ries, Inc.. Knoxville. TN. Proton, *'P and *C NMR spectra
were recorded on either a Varian VXR-200 spectrometer ('H
200 MHz, *'P 81 MHz), a GE Q-300 ('H 300 MHz, *'P 122
MHz, '*C 76 MHz) or a GE Q-500 ('H 500 MHz, *'P 202
MHz, *C 126 MHz). All *'P and '*C NMR spectra were
proton decoupled. All chemical shifts are referenced to Me,Si

('H and '’C) and PPh; (*'P) —5.8 ppm (versus 85%
H,PO,=0.0 ppm). Phosphorus atom assignments are as fol-
lows: PhP,(CH.CH,P,Ph,),, br broad, qu quintet. FT-IR

spectra were recorded using an Analect RFX-65 FT-IR spec-
trometer. Cyclic voltammetry was performed in 2 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
[Bu,N][PF,] 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].

2.1. Preparation of [Mo(n’-CsH)(TRI)]

Benzene ( 10 ml) and [MoCl;(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 (2X25 ml) and dried in vacuo. The
yield of product was 0.2 g (0.3 mmol, 40%). *'P NMR
(CeDe): 687.21 (d, 2P, *J(P,-P,) =16.6 Hz, P,), 104.2 (t,
1P, P,). '"H NMR (CD,): 6 8.0-6.6 (m, 25H, Ph), 4.07 (q,
6H, *J{(H-P) =2 Hz, CH,), 2.1 (m, 4H, PCH,), 1.7 (m,
4H, PCH,). '*C NMR (toluene): & 74.8 (s, CsHy). Anal.
Calc. for C;,H;yMoPa: C, 67.8; H, 5.55; P, 13.1. Found: C,
65.4; H, 5.49; P, 14.5%.

2.2. Preparation of | M(1{*-C,H,OMe)(TRD)]

This complex was prepared similarly in 52% yield. *'P
NMR (CD,Cl,): § 87.5 (d, 2P, J(P,-P,) =13.9 Hz, P,),
102.6 (t, IP, P,). ‘H NMR (CD,Cl,): 8 8.0-7.0 (m, 25H,
Ph), 3.93 (brs, 2H, C Hs), 3.85 (brs, 1H, CH;), 3.73 (br
s, 2H, C¢Hs), 2.84 (s, 3H, OCHj,), 2.5 (m, 2H, PCH.,), 2.3
(m, 2H, PCH,), 1.7 (m, 2H, PCH,), 1.1 (m, 2H, PCH,).
13C NMR (C(D): 8 114.3, 76.50, 69.31, 63.84 (all s, 0°-
CcHs), 55.30 (s, OCH,), 329 (m, CH,), 31.0 (m, CH,).
Anal. Calc. for C,,H,MoOP;: C, 66.7. H, 5.60; P, 12.6.
Found: C, 66.2; H, 5.55; P, 12.8%.

2.3. Preparation of [Mo(7°-CotisCH )(TRI)]

This complex was prepared similarly in 30% yield. *'P
NMR (THF): & 87.81 (d. 2P, 2J(P,-P,) =154 Hz, P,),
104.81 (t, 1P, P,). '"H NMR (C¢D,): & 7.9-6.8 (m, 25H,
Ph), 4.3 (m. 1H, C4Hs). 4.0 (m, 4H, C¢H,), 2.2 (m, 4H,
PCH,), 1.8 (m, 2H, PCH,), 1.70 (s, 3H, CH,), 0.8 (m, 2H,
PCH.,). *C NMR (THF): 6 109.2, 75.8, 75.7, 71.0 (all s,
1°-CeHs), 20.4 (s, CH,). Anal. Calc. for C,,H,MoP;: C,
68.1; H,5.72; P, 12.9. Found: C, 67.4; H, 5.52; P, 13.6%.

2.4. Preparation of [Mo(7-C ;H)(TRI}]
Naphthalene (0.48 g, 3.74 mmol), [MoCl;(TRI)] (0.5 g,

0.68 mmol) and THF (30 ml) were added to sodium amal-
gam (Na/Hg, 0.48 g/117 g). The reactior. was stirred (1 h)



H.H. Hammud et al. / Inorganica Chimica Acta 281 (1998) 153-159 155

under argon and then under dinitrogen (15 h). The product
was isolated in 40% yield by the method reported above. *'P
NMR (toluene): & 81.02 (d, 2P, 2J(P,-P,) = 13.8 Hz, P,),
112.08 (t, 1P, P,). '"H NMR (C¢D,): 8 8.0~6.5 (m, 29H,
PPh and n°-C,H,C,H,}.4.2 (m, 2H,n°*-C,H,C,H,),3.9 (m,
2H, 7°-CH,C,H,), 2.2-1.6 (m, 8H, PCH,). Anal. Calc. for
C,H,;MoP;: C, 69.7; H, 5.45. Found: C, 64.7; H, 5.22%.

2.5. Preparation of [Mo(TRI)(P(OMe}.);]

A mixture of THF (20 ml), {MoCl,(TRD} (0.516 g,
0.700 mmol) and P(OMe); (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 ( 1:2 by volume). *'P NMR
(CeDs): 866.5 (m, 2P, P,),92.8 (dt, 1P, *J(P,-P,) =155.8
Hz, J(P,-P.) =28.5Hz, P,), 168.9 (m, 2P, P), 178.1 (dq,
1P, 2J(P-P) =38 Hz, P,).

2.6. Stability of Mo(TRI)(P(OMe););] in solution

A few milligrams of {Mo(TRI)(P(OMe););] in C,D,
were added to an NMR tube and the *'P NMR spectrum
monitored. After 5 days, less thar 5% change was observed
with no free P(OMe) ; detected. The experiment was repeated
with a small quantity of P(OMe), added ( <1 equiv.). After
18 days, complete conversion to a second complex had
occurred. *'P NMR (C,D,): 8 72.0 (apparent dd, 2P,
2J(P-P) =38 Hz, *J(P-P)=76 Hz, P,), 100.1 (dt, 1P,
J(P-P,)=148.9 Hz, “J(P,-P.) =253 Hz, P,), 146.0
(m, 2P, P,), 179.9 (dp, IP, 2J(P-P) =38 Hz, P,).

2.7. Preparation of [Mo(N.)(TRI)(PMe,).]

A mixture of THF (30 ml), [MoCL;(TRD] (0.5 g, 0.7
mmol) and PMe, (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%). *'P NMR
(C¢Dg): 690.2 (dm, 1P, PPh,), 72.6 (dm, IP, PPh), 64.2
(m, 1P, PPh,), — 11.4 (m, 2P, PMe,). '"H NMR (C.D,): &
7.8-6.6 (m, 25H, Ph), 1.71 (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): »(NN) 1963 cm ™!
(vs).

2.8. Preparation of [MoH(1’-CsH)(TRD)]

An excess of freshly distilled cyclopentadiene (0.66 ml)
and THF (25 mi) were added to a mixture of [MoCL,(TRI)}

(0.4 g, 0.5 mmol) 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 N,. The yellow
solution was decanted and filtered through Celite. The solu-
tion volume was reduced to ~ 5 mi and pentane (75 ml) was
added to precipitate a yellow solid. The yield of product was
0.26 g (0.4 mmol, 70%). *'P NMR (CD,Cl,): 8 1104 (d,
2P, “J(P,-P,) =30.2 Hz. P,), 134.4 (¢, IP, P,). ‘H NMR
(CDCl,): 67.8-7.0 (m, 25H, Ph), 3.93 (s, SH, C;H;s), 2.8~
2.4 (m, 2H, CH,), 24-2.0 (m, 2H, CH,), 2.0-1.4 (m, 4H,
CH,), —7.38 (ud, IH, *J(H-P,) =54.6 Hz, *J(H-P,) =9.6
Hz, MoH). IR (KBr): »(MoH) 1828 cm™'. Anal. Calc. for
C,,H3;,MoP;: C, 67.26; H, 5.64. Found: C, 67.26; H, 5.81%.
This complex was also prepared by heating a mixture of trans-
[Mo(N,).(TRI) (PPh,)] and cyclopentadiene (4 equiv.) in
heptane (25 ml) under argon for 5 h.

2.9. Preparation of [MoH{7’-C,HXTRD)J[CF ;,COO]

[Mo(0°-CH,)(TRI)] (0.i% g, 0.27 mmel) was dis-
solved in THF (20 ml) and CF;COOH (0.4 mi, 5.6 mmol)
was added. The mixture changed from brown-yellow tored-
brown. The reaction was stirred for 15 min. The volume of
the solution was reduced to 2 ml. Water (20 m!) was added
and a black residue was obtained. The residue was recrystal-
lized from THF/H,O (5 mi/20 ml), THF/pentane (7 mi/
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 mi.ol, 95%). *'P NMR (acetone-dy): 6 90.22 (d,
2P. 2J(P,-P,)=32.2 Hz, P,), 110.3 (t, IP, P,). 'H NMR
(acetone-d,): 8 7.4 (m, 25H, Ph), 4.82 (s, 6H, n°-CH,),
3.8-1.8 (m, 8H, CH,), —5.94 (d, IH, *J(H-P,) =3.6 Hz,
*J(HP,) =49.0 Hz, MoH). '*C NMR (acetone-d,,): 894.67
(s, 1%Cs,). IR (KBr): »(C=0) 1689 cm ™" (s).

2.10. Preparation of [MoH(7’-C,HMe)(TRI)J[CF,COO]

To [Mo(n*-C,H;Me)(TRD] (0.2 g, 0.3 mmol) was
added CF;COOH (2 m}) in toluene (20 ml). Following the
immediate reaction, H,O (25 m!) 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 mi/30 ml) to give
a red-tan powder which was dried in vacuo. The yield was
0.2 g (0.3 mmol, 90%). *'P NMR (THF): § 90.72 (d, 2P,
2J(P,-P,) =32.1 Hz, P,), 109.97 (¢, IP, P,). 'HNMR (ace-
tone-d,): §7.9-7.2 (m, 25H,Ph),4.93 (1,2H,*J(P-H) =5.8
Hz). 4.71 (d, 2H, *J(P-H) =5.5 Hz), 4.17 (1, 1H, *J(P-
H) =5.8 Hz) (n°-C¢Hs), 3.1 (m, 2H, PCH,), 2.8 (m, iH,
PCH,), 2.3 (m, 2H, PCH,). 1.81 (s, 3H, CH;), —5.95 (¢,
IH, *J(P,-H) =51.5Hz, MoH). “"C NMR (THF: n°*-CH;):
886.12 (s), 90.67 (s), 92.72 (s), 103.17 (s).

2.11. Preparation of [MoH(7*-C,H:OMe}{TRI)]J[BF,]

To [Mo(n®*-C,HsOCH,)(TRI)] (0.15 g. 0.20 mmol) in
anisole (10 ml) was added HBF, - Et,O (1.0 ml, 8.2 mmuol).
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The mixture was stirred for 15 min. Water (50 m!) 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,): 8 90.42 (d, 2P, “J(P~
P,) =31.7 Hz, P,). 109.10 (. IP. P,). '"H NMR (acetone-
d,): 8 8.0-7.0 (m, 25H, Ph), 4.84 (1. 2H. “J(P-H) =56
Hz). 4.52 (d. 2H. “J(P-H) =5.5 Hz), 4.34 (1, 1H, "J(P-
H) =5.6 Hz) (n"-C,Hs). 3.15 (s, 3H, OCHy), 3.1 (m, 2H,
PCH-). 2.7 (m,2H,PCH,), 2.3 (m, 2H, PCH.). 1.8 (m, 2H,
PCH,). —6.18 (td. 1H, “J(H-P,)=52.7 Hz, “J(H-
P,,) =6.72 Hz, MoH). (Minor component ( see text): —5.93
(d. *J(H-P,) =49 Hz, *J(H-P,) =4.0 Hz. MoH).) "C
NMR (acetone-d,): & 101.8, 88.5, 76.3, 67.8 (all s, 7"
C.Hs).56.1 (OCH.). Anal. Calc. for C,;H,,P.BF,OMo: C,
59.6: H, 5.12; P, 11.2. Found: C, 56.7; H, 5.15: P, 13.0%.

2.12. Preparation of [MoH(7"-MeO—4-C,H,P(C ,H,OMe-
4). M TRI{CF .CO0]

To 0.1 g (0.10 mmol) of [Mo(n*-RPR:}(TRI)]
(R=C,H,OMe-4) in THF (5 ml) was added CF,CO-H
(0.03 ml, 0.4 mmol) at —78°C. After 1 h, volatiles were
removed, while the solution was warmed to room tempera-
ture, leaving an oily residue. The residue was washed with
pentane (30 mD) 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,): &
83.62 (d. 2P. “J(P,-P,) =28.7 Hz, P,). 101.73 (1. IP, P,)).
13.12 (s. 1P, P,). '"H NMR (acctone-d,): 6 8.0-6.6 (m, Ph,
C.H,OMe).4.7 (brs, 2H, 7°-C.H,OMe), 4.5 (brs, 2H, n’-
C.H,0Me). 3.7 (s, 6H, OCH,). 3.25 (s, 3H. OCH;). 3.5-
1.8 (series of multiplets, PCH,), —6.6 (tt. IH, “J(H-
P.) =55.4 Hz, *J(H-P,)) = “J(H-P,) = 10 Hz, MoH).

2.13. Reaction of [Mo(0"-C,H.J(TRD)] with CF.COOH

A few milligrams of [Mo{n"-C.H,)(TRI)] were added
to an NMR tube containing CF,COOH. Within 15 min, the
“'P and 'H NMR spectra indicated a single new species
believed tobe [ Mo(H)-(0"*-C.H,)(TRI)]* *. The same spe-
cies was formed in HBF, - etherate. *'PNMR: §66.11 (d. 2P,
“JHP-P,)=4.02Hz,P,).88.55 (1, IP,P,). 'HNMR: §7.8-
7.0 (m, Ph). 5.29 (s, 6H.1"-C,H,). 3.0 (m. PCH,). 2.2 (m,
PCH.). —4.43 (ud, 2H, “J(H-P,) =42.7, *J(H-P,) =228
Hz, MoH,). After several hours, resonances due to new phos-
phorus-containing species began to appear in the *'P NMR
spectrum.

2.14. Reaction of [Mo(7\'-C ,H-OMe)(TRI}] with
CF.COOH

This reaction was carried out as described above with the
same result. *'P NMR: 8 68.05 (br s, 2P, P,), 87.35 (brs,
1P, P.). 'H NMR: 8 7.9-6.7 (m, Ph), 5.5 (t, 1H, J(H-
H) =7.2 Hz, C,H.OMe). 4.98 (d, 2H, C,H;OMe), 4.6 (br
s, 2H, C,H:OMe), 3.8 (s, 3H, OCH,), 3.1 (m, PCH.), 2.8

(m, PCH.,), 2.2 (m,PCH,), —4.38 (td, 2H.2J(H-P,) =42.4
Hz. 2J(H-P,) =25.0 Hz, MoH.).

2.15. Reaction of [Mo(n-C,HsMe }(TRI)] with CF ,COOH

This reaction was carried out as described above with the
same resuit. *'P NMR: 6 68.44 (brs, 2P, P,), 88.68 (brs,
1P, P,). 'H NMR: 6 7.9-6.8 (m, Ph), 5.2 (brs), 5.0 (m),
4.9 (5).4.76 (brs), (5H,n*-C.Hs), 3.92 (m. 2H), 2.88 (m,
4H),2.16 (m,2H). (4CH., TRI). 2.24 (s, 3H,CH;), —4.3/
(td, 2H, *J(H-P,)=4273 Hz, J(H-P,)=2198 Hz,
MoHa-).

2.16. Reaction of [MoH(%’-C:HJ(TRI)] with CDCI,

To 0.15 g (0.22 mmol} of [MoH(nw*-CsH:)(TRD)] in
~0.5 ml of CD,Cl, in an NMR tube was added 0.052 ml
(0.64 mmol) of CDCI,. The reaction was monitored by *'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,ClL,): & 13L.7 (1, IP, *J(P-P,) =27 Hz, P,),
85.2 (d, 2P, P,). FAB mass spectrum, m/z=732.1 (M * ,calc.
for [MoCl(n*-CsHs) (TRI} |, CioH;*CIP, Mo =732.1).
The product [MoCl(n*-CsH<)(TRI) ] has been character-
ized completely by Cole et al. [ 13].

3. Results and discussion

3.1. Preparation and characterization of
[Mo(n-arene)(TRI)]

The synthesis of the arene complexes was straightforward
using the aromatic ligand as solvent. except in the case of
naphthalene and PAr, [2.5.15] 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 *'P NMR spectrum indi-
cated the presence of a single diamagnetic phosphine-con-
taining complex. The *'P NMR spectra of all four complexes
displayed a doublet and triplet with J» ~ 15 Hz. The ~resence
of the n°-arene group was clearly evident in the 'rt und '*C
NMR spectra which were as expected compared with
published data, for example, (i) 'H NMR, [(CH,_,)-
(Me),IMo(CO), [16], [(C.H,-,)(OMe),]Mo(CO),
(n=0-3) [17] and [1,4-(C,H,XY)Mo(CO);] [18]. and
(ii) "C NMR, [(CeH,_,) (Me),]1-Mo(CO), (n=3.4 and
6) [19] and 63 [(arene)Cr(CO);] complexes [20]. The
ring protons were shifted ~ 3 ppm upfield and in the case of
the CH,, 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 n®-arene carbon
atoms were shifted upfield by ~ 52 ppm; C-1 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 electronrichness
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Table 1
Electrochemical data for [ Mo(n"-arene)(TRE) | complexes *

Complex E s [~ AE, E"
(mV)
[Mo(n"-C H, s (TRD} ] -090 10 100 -0.27
[Mo(n"-C,H:CH) (TRI)] -0.93 1.0 84 -0.29
[Mo(n"-C,,H\) (TR} ] -0.92 1.1 100 -0.20
[Mo(n*-C, H.OCH:)(TRD) | - 1.00 1.1 100 -0.25

* Potentials are quoted vs. the ferrocenium/ ferrocene couple 0.0 V (0.533
V vs. SCE) and were measured by cyclic voltammetry in 02 M
[NBu, ] [PF,]~THF at a Pt electrode using a scan rate of S0 mVs .

" 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 1. 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(1+). The trend in E, . values was as expected with the
benzene complex being the most difficult to oxidize. The
anisole complex was oxidized more easily than the other
complexes, reflecting the importance of the w-donation of the
OCH; substitutent. The E,,» value for [ Mo(n°*-C,H:;PPh.)-
(TRI) |, recorded at a vitreous carbon electrode under similar
conditions, was —0.83 V [2]. A similar series of arene—
molybdenum complexes prepared by Cotton et al. [ 7c] with
n°-CeHsPR. (PR.=PMePh or PMe.) and monodentate
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 of [Mo(7-arene)(TRI)] complexes

Protonation of the arene complexes with (i) CF,COOH or
HBF, - Et,0 in solution resulted in the formation of a mono-
hydride complex (arene = C H,, C,H;CH;, C,H;OCH, and
4-CH,0CH,P(C,H:—4-OCH,)-) and (ii) neat CF,COQH
or HBF,-OEt, resulted in a dihydride complex (arene=
C.H,. C(HsCH,, C;H;OCH;). 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(n°-
CH,) (TRD 1 with excess CF;COOH in THF produced the
monohydride [MoH(n*-C.H,)(TRD)1{CF.COO] which
was isolated as a pink-tan solid in 95% yield. In the IR (KBr)
spectrum an absorption due to »(C=0) of CF.COO~
appeared at 1689 cm ™' but there was no absorption observed
for »(MoH). The hydride resonance appeared as a triplet of
doublets at —35.94 ppm (J(P,...,.,—H) =3.6,J(P.,.~H) =49.0
Hz) in the 'H NMR spectrum. In the monohydride derived
from the C,H;CH; complex the hydride resonance appeared
as a tripletat —5.95 ppm (J(P . —H) =515 Hzand J(P,,,,.,—
H) =0 Hz). Monoprotonation of the C,H;OCH; complex
with HBF, - OEt, 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
(8= —5.9 ppm) of the minor product is essentially identical
with those for the hydrides derived from the C,H, and
C.H.CH; complexes whereas the hydride chemical shift and
coupling constants due to the major product are slightly dif-
ferent: = —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(9"-RC H,)P(CH,R).(TRI)] (R=4-MeO)
reacicd with 4 equiv. of CF;COOH in THF. The reaction was
run at — 78°C for 1 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(n"-arene) bond occurred in the n°-C.HsPR,
ligand when complexes such as [Mo(n®-CH,PPh.)-
( Ph,PCH,CH-PPh.) (PPh:) ]| were treated with strong acids
like HBF, - OEt, and CF.SO;H. On the basis of the crystal
structures of similar { MoH(m"-arene) (PR;);] * complexes
(7d.21-23]., whici, 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 monoprotona-
tion of [Mo(n -arenc)(TRIPOD)], where TRIPOD=
CH.C(CH,PPh,) . to yield the metal hydride invelves 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 be operating with the
similar TRI ligand complexes.

Diprotonation of molybdenum was observed to eccur
when the arene complex was dissolved in CF;COOH or
HBF, - OEt,. Attempts to isolate the dihydrides were unsuc-
cessful and resulted in recovery of the corresponding mono-
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 for P,),
diprotonation resulted in a large upfield shift ( ~21 for P,
and ~ 16 ppm for P,,). The hydride ligands appeared as a
triplet of doublets at ~ —4.4 ppm with J(P,,, .—H} .ignifi-
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
half-height of ~550 Hz at —77°C. The '"H NMR spectra of
analogous dihydrides prepared by Green etal. [ 221 withthree
PMe;, 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(n®-
C.H:CH:)(PMe;),H.] [PF,].. However, space-filling mod-
els and the P-W-P angles suggested that the two hydrides fit
trans to the arene-ring ;entroid and rrans to one of the PMe;
ligands [22]. A similar structure is possible for [ MoH.(7"-
arene) (TR ]°*.
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3.3. Preparation and characterization of [Mo(TRI)L,]

The reduction of a mixture of [MoCl;(TRI)], which is
composed of fac and merisomers in solution | 13], andexcess
P(OMe), in THF (18 h) under dinitrogen (or argon) pro-
duced [Mo(TRI)(P(OMe);):] (Ia) as a yellow solid in
62% yield. Complex Ia was stable in benzene solution upon
irradiation (366 nm, 24 h) and when heated at 100°C (sealed
tube, 6 h). but converted slowly completely to a second
complex Ib over ~ 18 days at room temperature in the pres-
ence of ~1 equiv. of P(OMe), (Fig. 1). 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, 81,
121 and 202 MHz. We were unable to simulate all sections
of the *'P 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 as fac-[Mo( CO) .( TRI) |

Day 17

Day 14

ia b

owiz | 5
SN, i
M

Day ! 1

1

180 160 140 120 100 80 ppm
Fig. 1. Change in "'P NMR spectrum of [ Mo(TRD(P(OMe) ).} in C,D,,
with time at room temperature. Approximately ! mol of P(OMe),
(8= 142.51) was added after the spectrum of day 1 was recorded.

PPh, Pn L
Ph %
l:p b \\\L EP gl o PPR2
/ 7
s |L L P I L
L

L= P{OMe),
Fig. 2. Fac and mer isomers of [Mo(TRI) (P(OMe).),].

[26], fac-{MoBr(TRI)(Me,PCH,PMe.)] [27] and fac-
[Mo(CO)(TRI)(Ph,PCH,PPh,)] [28]. The *'P NMR
spectrum of fac-[Mo(TRI)(P(OMe););] (Fig. 2) is
expected to exhibit four sets of resonances whereas mer-
[Mo(TRI) (P(OMe););] (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 *'P NMR data support the
assignment of 1a as the fac isomer. According to the *'P
NMR spectrur, 1b 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 Ib at this time.

Reduction of [ MoCl;( TRI) ] conducted in the presence of
P(OEt); produced [Mo(TRI)(P(OE1),);] which changes
similarly although more slowly than the corresponding
P(OMe); complex, and with some decomposition.

Attempts to prepare [Mo(TRI)(PMe,);] were unsuc-
cessful. The reduction of a mixture of [ MoCl;(TRI)] and
PMe; under argon produced a complex which rapidly formed
the mono(dinitrogen) complex fuc-[Mo(N,)(TRI)-
(PMe,).] (II) when the mixture was worked up under di-
nitrogen. The *'P NMR spectrum of the reaction mixture
under argon suggested that a complex containing one TRI
and two PMe; per molybdenum was the major species preseni
in solution. The *'P NMR spectrum of II 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 is fac with one terminal phosphorus trans to N,
and the other trans to a PMe, ligand.

Complex II was formed directly in 64% yield when the
reduction reaction was carried out under dinitrogen. Similar
mono(diritrogen) complexes have been prepared previously
by this method [4]. No evidence was found for a
bis( dinitrogen) complex. This contrasted with the interesting
results reported by Dahlenburg and Pietsch [3] in which
the reduction of mer-[ MoCl;[RP(CH,CH,CH,PR,).}]
(R =Me or Ph), under dinitrogen and in the presence of a
monodentate phosphine, formed not only mono- and
bis(dinitrogen) complexes but also ciy and trans, and mer
and fac isomers.

3.4. Preparation and characterization of
[MoH(w'-C:H )(TRD)]

The reduction of [MoCI;(TRI)] together with excess
cyclopentadiene in THF produced yellow [ MoH(%*-CsHs)-
(TRD) ] (III) in 68% yield. Complex Il can also be prepared
by heating a mixture of (i) cyclopentadiene and fac-
[Mo(N,) (TRI)(PMe,).] in heptane at 75°C under argon
for S hor (ii) trans-[Mo(N,).(TRI) (PPh;) ] and cyclopen-
tadiene in THF under argon. In the '"H NMR spectrum of HI
the hydride appeared as a triplet of doublets at —7.38 ppm.
Green and coworkers [31] prepared [MoH(n"-CsHs)-
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(PMe,),] by the reaction of [ Mc(PMe;),] with cyclopen-
tadiene in petroleum at 80°C. The slow reaction of 11T with
CDCl; (3 equiv.) in CD,Cl, was monitored by observing the
*'P NMR spectrum. As resonances due to HI decreased in
intensity, corresponding resonances assigned to [ MoCl(n’-
CsH;) (TRI) ] appeared, a complex that has been character-
ized recently by Poli et al.. including a crystal structure { 13].

Acknowledgements

W thank the National Institutes of Health (Grant GM-
38612). the National Science Foundation EPSCoR Grant,
and the University of Nebraska-Lincoln Research Council
for support of this research. H.H.H. thanks the Hariri Foun-
dation of Beirut for fellowship support. We thank Jeanenne
Dean for help with the NMR work.

References

{11 -a) F.A. Couon, G. Wilkinson. Advanced Inorganic Chemistry,
Wiley-Interscierce. New York, 5th edn.. 1988: (b) G. Wilkinson,
R.D. Gillard, LA, McCleverty {eds.), Comprehensive Coordination
Chemistry, Pergamon, Oxford, 1987; (¢) G. Wilkinson, F.G.A. Stone,
E.W. Abel (eds.), Comprehensive Organometallic Chemistry, Per-
gamon, Oxford. 1982,
J. Talarmin, T.I. Al-Salih, C.J. Pickett, G.E. Bossard, T.A. George,
C.M. Duff-Spence, J. Chem. Soc., Dalton Trans. ( 1992) 2263,
(a) L. Dahlenburg, B. Pietsch, J. Organomet. Chem. 376 (1989) 199;
(b) L. Dahlenburg, B. Pietsch, Chem. Ber. 122 (1989) 2085: (¢) B.
Pietsch, L. Dahlenburg, Inorg. Chim. Acta 145 (1988) 195: (d) L.
Dahlenburg, B. Pietsch, Acta Crystallogr., Sect. C 42 (1986) 995.
[4] LA, Baumann, G.E. Bossard, T.A. George. D.B. Howell, LM.
Koezon, R.K. Lester, C.M. Noddings, Inorg. Chem. 24 ( 1985) 3568.
[5]1 T.A. George, R.C. Tisdale, Inorg. Chem. 27 (1988) 2902.
{6} M.C. Davies, T.A. George. J. Organomet. Chem. 224 (1982) C25.
[71 (a) H. Azizian, R.L. Luck. R.H. Morris, H. Wong, J. Organomet.
Chem. 238 (1982) C24: (b) N.J. Lazarowych, R.H. Morris, J.M.
Ressner, Inorg. Chem. 25 (1986) 3926: (¢) F.A. Cotton, R.L. Luck,

1~

13

R.H. Morris, Organometallics 8 (1989) 1282; (d) R.H. Morns, J.F.
Sawyei, C.T. Schweiter, A. Sella, Organometallics 8 (1989) 2099,
[8] J. Chatt, A.G. Wedd, J. Organomet. Chem. 27 (1971) C15.
191 R. Mason, K.M. Thomas, G.A. Heath, J. Organomet. Chem. 90
(1975) 193,

[10] (a) M.L.H. Green, J. Organomet. Chem. 200 (1980) 1192:¢(b) M.LH.
Green, W.E. Silverthor, J. Chem. Soc.. Dalton Trans. (1973) 301
(¢) M.L.H. Green, L.C. Mitchard, W.E. Silverthom, J. Chem. Soc.,
Dalton Trans. (1974) 1361.

{11] M.F. Emst. D.M. Roddick, Organometallics 9 (1990) 1586.

[12] T.A. George, H.H. Hammud, J. Organomet. Chem. 503 (1995) C1.

{13] AA. Cole, S.P. Mattantana, R. Poli, Polyhedron 15 (1996) 2351.

[14] T.L Al-Salih, C.J. Pickett. J. Chem. Scc.. Dalton Traas. ( 1985) 1255,

1'15] H.H. Hammud, unpublished results, 1997.

[16] 1.T. Price, T.S. Sorensen, Can. J. Chem. 46 (1968) 515.

[17] W. McFarlane, S.0. Grim, J. Organomet. Chent. 5 {19663 147.

[ 18] H.P. Fritz, C.G. Kreiter. J. Organomet. Chem. 7 (1967) 427.

[19] B.E. Mann. ). Chem. Soc.. Dalton Trans. (1973) 2012,

[20] A.D. Hunter. V. Mozoi. $.D. Tsai. Organometaliics 11 (1992) 2251
and Refs. therein.

{21} N.P.D. Thi. S. Spichiger. P. Paglia, G. Bernardinelli, E.P. Kundig,
P.L. Timms, Helv. Chim. Acta 75 (1992) 2593.

{22] M.L.H. Green. A K. Hughes, P. Lincoln, 1.J. Martin-Polo, P. Mount-
ford. A. Sella, L.-L. Wong, L.A. Bandy. T.W. Banks. K. Prout, D.J.
Watkins, J. Chem. Soc.. Dalton Trans. (1992) 2063.

{237 AS. Kowalski, M.T. Ashby, J. Am. Chem. Soc. 117 (1995) 12639.

[24] V.W. Day. I. Tavanaiepour, S.S. Abdei-Meguid. J.F. Kirner, L.-Y.
Goh, E.L. Muetterties, Irorg. Chem. 21 (1982) 657.

[25] (a) L. Stahl, R.D. Emst, J. Am. Chem. Soc. 109 (1987) 5673; (b}
L. Stahl, W._ Trakarnpruk. J.W. Freeman, A.M. Arif, R.D. Emst, Inorg.
Chem. 34 (1995) 1810 and Refs. therein.

[26] M.C. Favas, D.L. Kepert, B.W. Skelton, A.H. White, J. Chem. Soc.,
Dalton Trans. ( 1980) 447,

{27] T.A. George. L. Ma, S.N. Shaikh, R.C. Tisdale, J. Zubieta, Inorg.
Chem. 29 ( 1990) 4789.

[28] T.A. George. J.R.D. DeBord, K. Heier, R.C. Tisdale, M.C. Davies,
E.J. Haas, C.R. Ross IL. 1.}. Stezowski, Acta Crystallogr., Sect. C 53
(1997) 1251,

129} 1.B.Lens, T.J. Mazanec. D.W. Meek, J. Am. Chem. Soc. (04 (1982)
3898.

{30] T.A. George. L.M. Koczon. R.C. Tisdale, K. Gebreyes, L. Ma, S.N.
Shaikh, J. Zubieta, Polyhedron 9 (1990) 545.

[31] M. Brookhart, K. Cox. F.G.N. Cloke, J.C. Green, M.L.H. Green, P.M.
Hare, J. Baskin, A.E. Derome. P.D. Grebenik. J. Chem. Soc., Dalton
Trans. (1985) 423



