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Abstract

The reactive complex MoyCli(n'-etp)(CHOH)  (etp=Ph,PCH,CH,P(Ph)CH.CH,PPh,) (1) was synthesized by reacting
{NH,)sMo,Cl, with 1 equiv. of etp in CH,OH. Reactions of 1 with PMe, and PEt, in THF gave Mo.Cl(n-etp) (PMe,) (2) and Mo,Cl( 3
etp)(PEGL) () respectively. The complex a-Mo,CL( 7°-etp) s (4) was synthesized by refluxing Mo,Cly (0 -etp) (CH,OH) with 1 equiv. of
etp in CH,OH, where n*-etp is transformed to n>-etp. Complex 4 can also be prepared by reacting (NH,)Mo,Cl, with 2 equiv. of etp in
refluxing CH,OH. Thur UV=Vis and *'P NMR spectra were recorded and the structures of 3 and 4 were determined. Crystal data for 3-C;H,:
space group P2,/n, a=11.846(2), b=29.349(3). ¢ =15.429(3) A, B=112.52(1)°, V=4955(2) A, Z=4, with final residuals R = 0.0797
and R,, = 0.081 1. Crystal data for 4 - 2C,H,: space group P2,/¢.a = 14.555(2) . h = 14.988(2), ¢ = 20.220(3) A.B=10680(1)°V=4222(1)
A%, 2= 2, with tinal residunls R = 0.0882 and R, = 0.0893. The etp ligands in 1-3 are coordinated to the Mo centers in tridentate fashion with
chelating/bridging bonding modes, The etp ligands in 4 are chelated to the Mo centers in bidentate fashion through the central phosphorus
atom and one terminal phosphorus atom. Complex 4 appears 1o be the first binuclear biligate complex chelated by linear tridentate ligands.
Study of the "P{'H] NMR spectrum of 3 leads to the conelusion that the through metal-metal quadruple bonding coupling 1y, mo ¢l i

in the range from 18,18 (0 24.28 Hz for complexes of the type Mo,Clytq*-etp) (L) (L = monodentate ligand).
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1. Introduction

Quadruply bonded, dinuclear complexes containing tri-
dentate or tetradentate phosphine ligands have been exten-
sively studied during the last few years [1-4]. Complexes
that have been structurally characterized include rac-
Mo, X, (tetraphos-1), meso-Mo.X4(tetraphos-1) (X =Cl.
Br; tetraphos-1 = Ph,PCH,CH,P(Ph)CH,CH,P(Ph)CH,-
CH,PPh,) [2] and the mixed-phosphine complex
Mo, Cl,(PEt,) (n*-tetraphos-2) (tetraphos-2 = P(CH,CH,-
PPh,),) [3]. Recently, complexes containing both the bridg-
ing acetate ligand and polydentate phosphine ligand Mo,-
(OAc)Cly(n*etp) (etp=Ph,PCH,CH,P(Ph)CH.CH,PPh,)
and Mo,(OAc)Cl,(n*-tetraphos-2) were reported [4].
While the tetraphos- 1 ligands are coordinated to the Mo 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 *'P-*'P cou-
plings [3.4]. The through metal-metal quadruple bond cou-
pling |y momonl for the complexes Moy(OAc)Cl;-
(n*-etp) and Mo,(OAc)Ch(n'-tetraphos-2) was proposed
tobe 204 1 Hz [4].

To study the potential reactivity of the quadruply bonded
complex containing an m-phosphine hgdnd we have synthe-
sized and studied the complex Mo,Cl,(w *-etp)(CH,OH) in
which the methanol ligand is weakly coordinated. This reac-
tive compound provides a facile route for preparmg several
mixed-phosphine complexes of the type Mo,Cls(w Letp)(L)
(L=PMe, or PEt;) and a new type of binuclear biligate
complex a-Mo,Cl,(m?-etp), 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 'P{'H} NMR
spectra and the through metal-metal quadruple bond cou-
pling constants of complexes of the type Mo,Cly(n*-etp) (L)
are also discussed.

2. Experimental
2.1. General procedures

All manipulations were carried out under dry. oxygen-free
nitrogen using Schlenk techniques or a nitrogen box, unless
otherwise noted. Solvents were dried and deoxygenated by
refluxing over the appropriate reagents before use. Methanol
was purified by distillation from magnesium, n-hexane, THF.,
benzene and toluene from sodium/benzophenone, and di-
chloromethane from P,O,. The visible absorption spectra in
dichloromethane were recorded on a Hitachi U-2000 spectro-
photometer. The *'P{'H} NMR spectra were recorded on a
Bruker 200 MHz NMR spectrometer. The *'P{'H} NMR
chemical shift values were referenced externally and are
reported relative 1o 85% H,PO,. Elemental analyses were
performed with a Perkin-Elmer 2400 elemental analyzer.

2.2. Starting materials

The complex (NH,):Mo,Cl, was prepared according to
u previously published procedure |5]. The reagents bis-
( 2-dipheny iphosphinoethy! )phenylphosphine (etp). PMe,
{1 M in THF) and PE1, (1 M in THF) were purchased from
Strem Chemical Co.

2.3, Preparation of Mo Clin'-en) CH .OH)

(NH;)sMo,Cl, (0.20 g, 0.32 mmol) and etp (0.172 g,
.33 mmol ) were placed in a flusk containing 10 ml CH,OH.
The mixture was then stirred at room temperature for 3 h o
yield a green solution and a green precipitate. The solid was
filtered and washed with CH,OH and then dried undec
reduced pressure. Yield 0,082 g (56%). UV=Vis (CH,OH):
663 nm. Anal. Cale. for CyH1,ClLOP.Mo, (MW =901.89):
C.46.57; H.4.13. Found: C, 46.15; H. 3.95%. "'P{'H} NMR
(CDCIL/CH,CI,): 24,40 (dd). 39.18 (dd), 44.16 (dd) ppm.

2.4. Preparations of Mo;Cl( ' -etp)PMe ) and
Mo,Clin'-etp)PEL,)

Mo.Cly(etp) (CH,OH) (0.10 g. 0.10 mmol) was placed
in a Aask containing 10 ml THF. | M PMe, or PEt, in THF
(0.10 ml, 0.10 mmol) was then added to the flask dropwise.
The mixture was stirred at room temperature for 30 min. The
volume of the solution was then reduced and 20 ml of »-
hexane added to induce precipitation. The green solid was
tiltered and dried under reduced pressure. Results for
Mo,Cly(n*etp)(PMe,). Yield 0.051 g (33%). UV-Vis

(THF): 655, 452 nm. Anal. Calc. for C;H,;Cl.P;Mo,
(MW =94591): C, 46.94; H, 4.47. Found: C, 46.19; H,
4.40%. Results for Mo,Cly(m -etp)(PEL,;). Yield 0.049 g
(52%). UV-Vis (THF): 661, 468 nm. Anal. Calc. for
CoH:ClLP Mo, (MW =987.96): C. 48.59; H, 4.90. Found:
C.48.45: H, 4.75%.

2.5. Preparation of a-Mo,Cl (7’ -etp),

(A) Mo,Cl;(etp) (CH,OH) (0.023 g, 0.025 mmol) was
placed in a flask containing 7 ml CH.OH. The ligand etp
(0.014 g, 0.025 mmol) 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 spectrumin CH,Cl,: 677 am. ''P{'H} NMR
(CDC1/CH,CLy): = 12.55 (d), 44.39 (dd), 49.64 (m)
ppm. Anal. Calc. for CeHeoClPMo; (MW = 1404.05):
C. 58.12: H, 4.74. Found: C, 57.44; H, 4.74%. (B)
(NH,):Mo,Cl, (0.051 g. 0.080 mmol) and etp (0.086 g,
0.16 mmol) were placed in a flask containing 7 ml CH,OH.
The mixture was then refluxed at room temperature for 24 h
1o 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%). UV-Vis and NMR
spectra are the same as those for the compound obtained
in (A),

3. Xeray crystallography
31 Mo Clan'-etpyPEL) - C-H,

The diffraction data of Mo,ClLi(n -etp) (PEL,) were col-
lected on a Siemens P4 diffractometer, which was equipped
with graphite-monochromated Mo Kee (A, =0.71037 A)
radiation. Data reduction was carried out by standard methods
with the use of well established computational procedures
[6]. Crystals of Mo,Cl,(n"-etp)(PEt,) suitable for X-ray
diffraction measurement were obtained by hexane-induced
crystallization from a toluene solution.

A green crystal of Mo,Cly(n'-etp) (PEL;) was mounted
on the top of a glass fiber with epoxy cement. The unit cell
constunts were determined from 25 reflections with 20in the
range from 12 to 25° These were consistent with the mono-
clinic crystal system, and the space group was subsequently
determined to be £2,/n. Routine w data collection was used
10 scan the data points in the range 3° < 26 < 50°. The structure
factors were obtained after Lorentz and polarization correc-
tions. Empirical absorptions based on azimuthal ( ¥) scans
of reflections of Eulerian angles y 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-



C.-T. Lee et ul. # organica Chimiva Acta 274 1 1998) 7- 14

Table 1
Crystal data for 3-C,H, and 4 2C,H,

Complex 3-C:H, 4-2C.H,
Formula Mo.P,CL,C, H.. Mo.P, Cl,C.H..
FW 1078.55 1587.4
Spuace group P2, /n P2,/
¢ (A) 11.846(2) 14.555(2)
b(A) 29.349(3) 14.988(2)
< (A) 15.429¢3) 20.220( 3)
B (“ﬁ) 11252 ¢1) 106.80( 1)
V{AY 4935(2) 4222(1)
7z 4 2
doge (gem™ Yy 1.446 1.248
Crystal size (mm) 0.3x0.2x0.1 0.2xX0.2x0.1
(Mo Ka) (mm™ ") 0.882 0.576
Data collection instrament Siemens P4 Siemens P4
Radiation monochromated in incident beam (Mo Ka) (A) 0.71073 0.71073
No. orientation reflections: range 260 (") 25 12<20< 28 5. 18.5< 8220
Temperawre (°C) 25 5
Scan method w w
Data collection range (26) () 31<20<50 3<29<50
No. unique data 8688 7424
No. observed data 3587 1278
Criterion for observed data F>dea(F) F>5a0F)
No. parameters refined 480 222
R 0.0797 0.0882
R." 0.0811 0.0893
Quality-of-fit indicator * 1.34 1.47
Largest shift/e.s.d.. final cyvele 0.002 0.000
Largestpeak (e A Y 0.92 0.79
CReLWF)-F LI
PR ELEWUE T = 1F DR E ) S owe= Vo Ry +gF ).
* Quality-ot-fit= | Twt = TF I N asea = Npssamenr ) 17

Table 2

square refinements, The C(S) atom was found to be disor-
dered and the occupancies of the two carbon atoms were set
10 be 0.5. The tinal residuals of the refinement were
R=0,0797 and R, = 0.0811. Basic information pertaining to
crystal parameters and struciure refinement is summarized in
Table 1. Tables 2 and 3list positional purameters and selected
hond distances and angles respectively.

3.2 a-Mn;CM ﬂ:“("]”; : 2C=;I“’,q

The crystallographic procedures for determining the strue-
ture of ®-Mo,Cl,(n -etp), were similar to those for complex
3. Crystals of a-Mo,Cly(m-etp). suitable for X-ray diffrac-
tion measurement were obtained by hexane-induced crystal-
lization from a toluene-benzene solution. The crystals
conformed to the space group P2,/c. The final residuals of
the refinement were R=0.0882 and R, =0.0893, Basic
information pertaining to crystal parameters and structure
refinement is summarized in Table 1. Tables 4 and 5 list posi-
tional parameters and selected bond distances and angles
respectively.

4. Results and discussion

4.1. Syntheses and absorption spectra

The reactive complex Mo,Cl,(%*-etp) (CH,OH) (1) was
synthesized by reacting (NH;) sMo,Cl, with | equiv. of etp

Atomiy conrdinates and eguivalent isotropie displacement cocflicients (A
for 3

it v 2 L.,
Mati b 0.5507¢ 1) [INERLIN D] 0.4406¢ 1 0039 1)
Mot (L5RA3( 1) 02100 1) 039881 XX ETRT
Cieh 1L580314) 008382y (L3435 3) 00612
Cie2) 0.3313¢4) 0134412y 03611 04613
Cleh 0412404 0.2379¢2) 0,276 %) 0.067(2)
Cled) 0.7868(4) 0.2373¢2) 0.4878( 1) 1068
Pt 0.5214¢4) 0.2675(2y 0.4992( 1) 0.0449(2)
P() (1,546644) 018772 0.6027(3) 004402y
Pcd) 0.7628(4) 0.1209¢2) (155033 00442y
P(d) 0.6490(7) 0.1982¢2) 0.2612¢4) L.089¢ 3)
Gy 0.803(1) 0.15601) 0.655(1) 0041
Cidy 0.705(1) 0.152¢1) 06931 0051
Cith) 0.502¢ 1) 0212t 0.640¢1) 0.05¢1)
Cidi 0,567y 0288 0.622¢1) 0.0601)
CL5A) (.479(6) 01612y 016014 0083
Cisp (1L590¢ 5) 0.185¢ 017203 0.1003)
C(o) 0.49304) 0.158¢1) 0.094¢ 1) 0220
C(h 0.646(2) 0.247¢1) 0.198¢2) 011
Ci¥) 07300 2) 02861 1) 0.261(2) 013¢
o 0.804(2) 0.4730 1 0.296(2) 0.15¢2)
Cel10) 0.870(2) 0.173 1 0.233(2) 0.16¢2
Cielly (0.893(2) 0118 h 0.517¢1) 0051
Ctiy 0.900(2) Q.08 0.461( 1) 0.08( 1)
Ci13) 0.997(3) 0.078¢1) 0.433(2) 0112y
Coldy 1.087¢2) 01 0.457(2) 0422

(continied )
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Table 4
Atornic coordinates and equivalent isotropic displacement coefficienis { A7)
for 4

Table 2 (continuvd)
X ¥ < ch

C18) 1.082(2) 0.146(1) 0.514(2) 0.09(1)
C{16) 0.988(2) 0.149(1) 0.543(1) 0.07(H
Cehy 0.763(2) 0.063(1) 0.600( 1) 0.05(1H
Ci2Y) 0.877(2) 0.046( 1) 0.664(1) 0.08(1)
c2) 0.882(3) 0.005(1) 0.709(2) 0.1
C(24 0.780(3) -~0.019(1) 0.691(2) 0.10(2)
Ci(2%) 0.669(2) ~0.004(1) 0.624(1) 0.09(1)
C(26) 0.665(2) 0.038(2) 0.579(1) 0.06¢(1)
C3n 0.459(2) (INRVIR )] 0.640( 1) 0.05(1)
C(3) 0.457(2) 0.119(1) 0.727() 0.10(1)
(SRR 0.390(3}) 0.089(1) 0.757(2) 0.14(2)
C 0.328(3) 0.056(1) 0.701(2) 0.13(2)
€35 0.332(2) 0.051(1) 0.615(2) 0.09(1)
C136) 0.393(2) 0.083(1) 0.582(2) 0.09(1)
Ci4l) 0.360(1) 0.280(1) 0.465( 1) 0.05(1
C(42) 0.274(2) 0.245(1) 0.432(D 0.06(1
C(43) 0.150(2) 0.255¢(1) 0411 0.08(1)
Ci44) 0.100(2) 0.296(1) 0.422(2) 0.09(1)
Ci4%) 0.196(2) 0.330(1) 0.456(2) 0.08(1)
C(46) 0.320¢2) 0.324(1) 0471 0.06(1)
C(s1H 0.589(2) 0.324(1) 0.497(1) 005(1
C(52) 0.566{2) 0.343( 0.414(2) 0.09(1)
C(3Y 0.613(3) 0.386(1) 0.409¢2) 0.14(2)
C(34) 0.680(3) 0.409(1) 0.490(2) 0.12(2)
C(8%8) 0.708(2) 0.389(1) 0.573(2) 0.10( )
C(56) 0.A59(2) 0.347(1) 0.580( 1) 0.08( )

Equivalent isotropic U defined as one-third of the trace of the orthogonatized
U/, tensor,

Table 3

Selected bond distances (A) and angles (°) for 3

Distances

Ma(1)=Ma(2) 213y Moch=Chi by 3483
Moi 1)=Ci(3) 2420 Mo =P 2.838(5)
Mot 1)=-P(3) 25284) Mo )-Cli y 374y
Mo{ )=Cl(4y LW Moh-Pi 387H(H)
Mo(2)=P(d) 2.33608)

Angles

Mo(2)=Mo(D)=Cl{1)  NAN2Y Mo(2)=Moi )=Cl() 1W03.71)
CitHh=Ma( H=-Cl Yy B Mo(2)=Mo(1)-P(2)  1028¢1)
Cli H)=Moi 1)=P(2) 141.6(2) CH2)=Mo(1)=P(2) 95.4(2)
Mo(2)=Mo{1)=P(3)  10LI(1)  ClH=Mot )=P(}) 83.0(2)
ClL)=Mo( 1)=P(3) 135.142)  P(2)=Mo{ 1)=P(}) 76.8()
Mol D=Ma(2)=Cli})  1089(1) Mot H=Mo(2)=Cltd)  112.5(1)
Clt =Moot 2)=Clid) 1386(2)  Mot)=Mo(2)-P(1)  106.1(1)
CliH=-Mo(2)=-P( 1) RLUD  Cltd)-Mo()=-P(1) BLA(2)
Mo(D=Mo()=P(4)  103.(2) QU H)-Mo(2)-P(4) B2
Clid)=Mo(2)=P(4) B0y  P(1)=Mo(2)=P(d) 150.0(2)

in CH,OH ut room temperature. Reactions of 1 with PMe,
and PEt, in THF gave the complexes Mo,Cl (n'etp)-
(PMe,) (2) and Mo,Cly(n*etp) (PEL) (3) respectively.
On the basis of the results of elemental analyses, UV-Visand
*'P{'H} NMR spectra, the structures of 1 and 2 are presum-
ably similar to that of 3 discussed below. It is clearly shown
that complex 1 is a convenient starting material for making
mixed-ligund complexes of the type Mo,Cly(n'-etp)(L)
(L =monodentate ligand). The absorption spectra for 1-3

X v : Uy
Mo( 1) 0.0070(2) 0.5085(2) 0.054(1) 0.042¢1)
cyh 0.0950¢7) 0.3877(6) 0.1235(5) 0.064(5)
CI(2) 0.1406(7) 0.6061(7) 0.1105(5) 0.072(5)
P(D) =0.1134(7) 0.6323(6) 0.0439(5) 0.049(5)
P(2) ~Q.1434(7) 0.4302(6) 0.0625(5)  0.052(5)
P(3) —-0.2781(8) 0.1621(7) 0.0007(6)  0.081(6)
C(H ~0.232(2) (.588(2) —-0.001(2) 0.06(1)
C( -0.251(2) 0.487(2) 0.009( 1) 0.05(1)
C(3) -0.160(2) 0.310(2) 0.039(2) 0.06(1)
Ci4) -0.269(3) 0.281(2) 0.027(2) 0.09(1)
C(1 -0.110(3) 0.743(2) 0.002(2) 0.07(1)
C(12) =0.186(3) 0.782(3) =0.044(2) 001
(g K} =0,164(3) 0.862(3) =0,074(2) 0.09(1)
C(14) -0.079(3) 0.901(3) -0.052(2) 0.08( 1
C(15) =0.009(3) 0.867(2) - 0.007(2) 0.08(1)
C(16) -Q.017¢3) 0.784(3) 0.028(2) 0.09(1)
c@2h ~0.121(2) 0.666(2) 0.129¢2) 0.05(1)
C(22) -0.202(3) 0.716(2) 0.131(2) 0.10¢1)
C(23) =0.203(3) 0.743(}) 0.200(2) 0.102)
C(24) =0 138(3) 0.714(2) 0.256(2) 0.07¢1)
C(25) =0.061(3) 0.660(2) 0.255(2) 0.07¢1)
Ci26) = (0.053(3) 0.631(2) 0.191(2) 0.07()
T -0.156(2) 0.427(2) 0.148(2) 0.04(1)
Ci3y =0.226(2) 0.473(2) 0.169(2) 0.06(1)
Ciin =0.233(3) 0.469(2) 0.235¢2) 0.0
C{34) ~0.170¢3) 0417¢2) 0.281(2) 0.08¢1)
C(3%) =0.104¢3) 0.366(2) 0.265(2) 0.07(1)
C36) = 0,100 3) 0.376(2) 0.199¢2) 007¢1)
Ci41) ={.223(2) 0,102(2) 00832 0081
C4dy =0.222(% 0.0127( 0.149(2) (INBIR D]
Ciy =0.181(}) 0.067( 1 0.208(2) 0.1
Cidd) =) 148( }) =001 3) 190¢2) (INRTQD]
C(d%) =, 141 =038 1) ARINR] 00
Cdh) =0 181{2) 0.016¢0) 0.077¢2) 0080 1)
Cish =0.412(4) LNEETRO = (LRI 3) (INRIg)!
i3y = 04601 6) 01234 ~0.075(5) 0.29(4)
€3y =0.8677) 01215 =(L083(5) 0.30(5)
C(584) 0.585(5) 0.114(4) = (L039(4) 0.18(3)
Ci(8%) =0.567($) 014004 0.022¢4) 0.22(3)
0.149(4) 0.038(3) 0.21(3)

Ci56) =0453(5)

Equit sivnt sotropic U defined as one-third of the tracs of the orthogonalized
U, temsor,

Tabie §
Selected bond distances (A) and angles (°) for 4

Bond distances

Mo 1)=Cl( 1) 2409 Mo 1)=Ci2) 243810

Mot Pl 25090100 Mo 1-P(2) 283310
Mot D-Mo(1A) 20 6)

Bund angles

CleH=-Mo( H-Cl(2) 711D ClehH-Mot 1)=P(1) 146.9(4)
Cli2)-Moi 1)-P(1) 92.2¢3) Cleh)-Mo( 1)-P(2) 86.4(3)
Cl2)-Moi )-P(2) 146.5(4)  P(H-Mot N-P(2) 7513

Clh-Moth-Mog1A) 112.3(3)  Cl2)-Mo( 1)-Mo(1A) 112.1(3)
P(-MotD)-Mo(1A)  98.4(3) P(O-Mot11-Mot 1A} 100.6(3)
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Mo:CL(n’-etp)PMes) PMe

[
(NH,)sMo:Cls + . Mo,CL(n’-etp)}(CH;OH)

CH;0H
room T

,__l’itz__. Mo;CL(n>-etpXPEt;)

MoCL(n -etp)
?

H;OH

reflux

CH,OH , reflux

Scheme 1. Formation scheme for complexes 1-4.

are typical for complexes containing metal-metal quadruple
bonds. The lowest energy bands which appear at 663
(CH;0H), 655 (THF) and 661 ( THF) nm can be assigned
to 6-» 8+ transitions |1] for complexes 1, 2 and 3
respectively.

The reaction of Mo,Cl,(w'-etp) (CH;OH) with 1 equiv.
of etp in refluxing CH,;OH produced the complex a-
Mo.Cl(n’-etp), (4). Clearly. n'-etp in 1 is transformed to
n*-etp by breaking one of the Mo-P bonds. Complex 4 can
also be prepared by reacting (NH, ) sMo,Cl, 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,Cl.) can be assigned
to &= &+ transitions. This value is similar to those of struc-
rally characterized chelating complexes, i.e. 677 nm for
@-Mo.Cl;(dppe), |7]. 675 nm for anti-a-Mo.Cl,(dpdt),
{ 8], und 669 nm for anri-a-Mo,Cl,(dpdbp), [9]. The for-
mation pathways for complexes 1-4 are shown in Scheme 1.

4.2. Molecular structure of Mo CLIW'-eip(PEL) 3

Green erystals of X conforni to the space group P2,/n with
four molecules in a unit ¢ell. Fig. 1 shows the ORTEP dia-
gram of 3, The etp ligand coordinates to the molybdenum
atoms in a tridentate fashion and forms one chelating ring and
one bridging ring with the Mo atoms, which are five- 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 c¢is to each other owing to ligand constraints. This
1" bonding mode of the etp ligand was seen in the quadruply
bonded complex Mo,(OAc)Cl (n™*etp) [4]. 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 formed by the four
smallest torsional angles (average 12.2°) is found for 3. Since
the complex crystallized in the centrosymmetric space group
P2,/n. it should have two molecules with A /R configuration
and the other two with A/ configuration in a unit cell. The
internal rotation angles of complexes 3, Mo,Cl,(PEL,) (n'-
tetraphos-2) {3], Mo.(OAc)Cla(etp) [4] and Mo.(OAc)-
Cli(tetraphos-2) [ 4] 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-Cl or O-Mo-Mo-0
angles. The twist angle of Cl--Mo-Mo-P in 3 is even smaller
than those of O-Mo~Mo-G in Mo,(OAc)Cli(etp) [4] and
Mo,(OAc)Cly(tetraphos-2) [4]. It is clearly shown again
that the non-bonded steric repulsions resulting form the che-
lating /bridging bonding mode play a major role in determin-
ing the twist angle [4].

cizsl Cin P

C (ba)

*""'/ (48)
¢ (a4) &

Fig. 1. ORTEP drawing of ¥ in its entirety,

Fig. 2. View looking down the Mo-Mo bond for 3.



12 C.-T. Lee et al. / Incpaniva Chimica Acta 274 (1998) 7-14

Table 6

Comparison of the internal rotation angles for compounds with 1*-phosphine ligands

Complex Mo-Mo (A) P-Mo-Mo-P Cl-Mo-Mo-Cl Cl-Mo-Mo-P P{0)-Mo-Mo-Cl(O) Average
3 2150 20.7 98 8.8 1.7 12.2
s 2126(3) 22.1 1.0 139 6.2 13.2
6a 2121(3) 18.7 88 112 70 114
6b 2134¢3) -190 -9.8 -10.1 -6.7 -4
7 2.132(3) 19.4 12.5 10.0 47 1.7

Complex 5 =Mo,Cl,( OAc) (n'-tetraphos-2 ). Complex 6=Mo,Cl,(OAc) (n'-etp). Complex 7 =Mo,Cl,( PEt;}(n -tetraphos-2).

4.3. Molecular structure of a-MosCl{-eip), 4

The crystal of 4 conforms to the space group P2,/c with
twe molecules in aunit cell. Fig, 3 shows the ORTEP diagram
of 4. The molecule is located in a crystallographically
imposed 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

-

c 5 (@

¢l

Cla)

W
crg ALY

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 a-Mo,-
Cly(dppe): (2.140(2) A) [7]. anti-a-Mo,Cl,(dpdt),
(2.147(1) A) [8]. and anri-a-Mo,Cl,(dpdbp), (2.149(1)
A) [9]. Fig. 4 shows a view of the inner part of 1 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¢io owing to symmetry requirement.
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Fig. 3. ORTEP drawing of 4 in its entirety,



C.-T. Lee et al. 7 norganica Chimiva Acta 274 (1998) 7- 4 I3

ClUA

P(2a)

Cl{en)
Cl{1)

P{1a)
Fig. 1. View looking down the Mo—Mo bond for 4.

A number of coordination modes is possible for a given
polydentate phosphine ligand, but in practice only some are
observed [ 10,11]. For the dinuclear complexes containing
linear tridentate phosphine ligands, only two types of bonding
modes were observed | 10]. In the first type, the tridentate
phosphine ligand acts as both a chelating and bridging ligand.
as seen in the singly bonded complex Rh;[(p-dmmm).-
(CO),1* (dmmm=MeP(CH,PMe;),) [12]. the triply
bonded complex |Re:Cli(dpmp).}* (dpmp=PhP(CH,-
PPh;);) [13], and the quadruply bonded complexes
Mo.(OAc)Cl(q'-etp) [4] and complexes 1-3. Complexes
without metal-metal bonds, such as Pd;Cl,(NCMe) (dpmp).
have also been prepared | 12]. The other type of complex is
| (etp)Fe(-SH) Fe(etp) | (ClO,), 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 tridentate fashion and can be classified as binuclear
triligate complexes | 10). Complex 4 is thus the tirst binuclear
biligate complex chelated by linear tridentate ligands [ 10].

4.4. NMR spectra of 1-3

The “P{'H} NMR spectra of ~omplexes 2 and 3
(Fig. 5(b) and (d)) display four multiplets, 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
multiplet of 2 at —2.00 ppm and that of 3 at 16.59 ppm are
dependent on the natures of the monodentate phosphine
ligands, PMe, and PEt, respectively. These two multiplets
can thus be assigned to PMe, und PEt, 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 coupling constamts  (i.e. 12y mo-Mo.pear |l and
|3y -Mo-Mo-pear | ) Should be similar. Referring to the three
coupling constants associated with atoms P(4). the peaks at
23.28 ppm for 2 and 23.99 ppm for 3 are assigned to atoms
P(1) since *p, 1 -mo-pear 18 147.22 Hz for 2 and 136.10 Hz
for 3 respectively, an.i are much larger than |Jp 2, mo-Mo-pen |
and 1 pc3) -Mo-Mo-pay |- This assignment is consistent with
the prediction that the coupling between the rrans phosphorus

atoms on the same metal center will give the largest Jp .

L . .
coupling constant, which has also been suggested for the

complex Mo,Cl,( PEt;) (n’-tetraphos-2) [3]. We are now
left with two peaks at 31.87 and 45.65 ppm in 2 and 30.62
and 44.78 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
metal-metal quadruple bonds. The coupling constant
I*Jpc1)-to-Mo-p3,| should be similar to |*Jpc2,-mo-Mo-pea) |
and [*Jp 1,-Mo-Mo_p(s, |- 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 (¢) for 2 and 3
respectively.

i
A .

o v
by " 3

PPN
Fig. 5. (a) Simulation spectrumof 2. (b) *'P{'H} MR spectraof 2in CDCL.
{¢) Simulation spectrum of 3. (&) 'P{'H} NMR spectriof 3 in CDCL..

Table 7
“PIHYNMR data for Mo,Clon etp) (PMes)
Nuclear & Coupling Experimental
(ppm) value
{Hz)
Pl 2328 P =-Pe) 51.24
P2) 387 P(1)-P(3) 19.29
Pi3) 45.65 PH-Ped) 147.22
P4y -~ 200 P21-Pe3) 7.73
P(2)~-P(4) 24.70
Peh-Pidy 19.15
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Table 8
YP('H} NMR data for Mo,Clm-etp) (PEL)
Nuclear ] Coupling Experimental
tppm} value
(Hz)
LR} 2399 Pt 1)-P(2) 52.05
P2) 30.62 P(1)-P(3) 18.44
Py 44.78 P(1)-P(4) i36.10
P(4) 16.59 P(2)-P(3) 8.25
P(2)-P(4) 23.76
P(3)-P($) 18.20

Complex 3 provides a good opportunity to study the rela-

tionship between the through metal-metal quadruple bonding
coupling | Vp_so-mos! and the twistangle P-Mo-Mo-P. The
assignments of the NMR spectrum for 3 yield three coupling
constants, |3p 1 momo-pcny | = 1844 Hz, [Vp2) Mo-Mopias |
=23,76 Hz and |*Jp3,-mo-Mo-1sy | = 18.20 Hz, which cou-
ple only through metal-metal quadruple bonds. The twist
angles of P(1)=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 quadrupie bond-
ing coupling 1 "/p_so-mo-p! is dependent on the twist angle of
P-Mo-Mo-P, although the variation is not much, Assuming
the stereochemical dependence is of Karplus-like form | 15],
e Upmomepr=A+Bcos 0+Ccos20 (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 couplings | Vo mumopls 18 Hz (8=93,3°), 18
Hz (6=189.0°) and 24 Hz (9=162.9°) reported for the com-
plex Mo:Cl,( PEt,) (m tetruphos-2) | 3], are consistent with
the culculuted values which are 18.24, 18.19 and 23.77 Hz
respectively, We are prepuring  complexes such as
Mo,Cly(n’*-dmmm) (L) and Mo,Cl,(n*-dpmp)(L) which
may have different twist angles, to verify further the equation
mentioned above,

Itis noted that the coupling constants of the two phospho-
rus atoms that form the bridge, i.e. P(1) and P(2), are 51.24
and 52.05 Hz for 2 and 3 respectively, and those of the two
phosphorus atoms that form the chelating ring are 7.73 and
8.25 Hz for 2 and 3 respectively. If the observed couplings
cun be divided into metal, 2p_yop 08 Jp_aa sop and back-
bone, Jp - - contributions, where the latter is assumed to
be similur to the coupling in the free ligand | 16], the mag-
nitudes of the observed coupling constants would require the

contributions from “Jp s, mop(3, and backbone coupling
*Jp_c-c_p 10 be of the opposite sign, while the contributions
from *Jp_po-mo-p and Yp_c_cp 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 1°Jp_p,-p! 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
[ Ph,P(CH,),PR'R"IMo(CQ), system whichis 28 Hz [ 16].
The results also suggest that the bridging ring makes a larger
contribution to the coupling constant than the chelating ring.

§. Supplementary material

Complete tables of anisotropic thermal parameters, bond
distances, and bond angles tor complexes 3 and 4 (6 pages),
and wwo listings of observed and calculated structures (37
pages) are available from author J.D.C. upon request.
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