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Summary

The reaction of [Mo(rj2 -PhC2 Ph){P(OMe)3 }2 (ri-C5 H5 )][BF4 ] XI with RMgX (R = Et, 

CH2 Ph) gives complexes [Mo(t]2 -PhC2 Ph)(R) {P(OMe)3} (r| -C5 H5)] (R= Et 1, CH2Ph 

2). Compound 1 reacts with CO to form [Mo{r|2 =C(Ph)C(Ph)C(Et)-0}(CO)- 

{P(OMe)3 }(r|-C5 H5)] 3 containing an oxametallacycle. Heating a solution of complex 

2  in presence of diphenylacetylene affords the paramagnetic 17 electron complex 

[Mo(rj6 -C6 Ph6 )(ri-C5 H5 )] 4, wrhose structure was determined by X-ray crystallo

graphy. For the formation of 4 a radical mechanism is proposed.

On addition of allyl magnesium bromide to XI a complex with a a-bonded allyl group 

is formed, which could not be isolated. However, after addition of trimethylphosphite 

to the reaction mixture the complex [Mo{r|2 -C(Ph)=C(Ph)CH2 CH=CH2} {P(OMe)3}2- 

(rj-C5 H5)] 5 is formed, the structure of which was resolved by X-ray diffraction. The 

mechanism of this reaction probably involves a [3,3]-sigmatropic rearrangement.

Unexpectedly, the reaction of XI with CH2 (MgI) 2  affords the zwitterionic complex 

[Mo(r|2 -PhC2 Ph){r|2 -P(OMe)2 OBF2 OP(OMe)2 }(ri-C5 H5 )] 6 . The structure of 6  was 

established by an X-ray diffraction study. Treatment of 6  with K[HBBu3s] yields the 

anionic r|2-vinyl complexes K[Mo(r|2 =C(Ph)C(H)Ph){r|2 -P(OMe)2 OBF2 OP(OMe)2}- 

(Y1-C5 H5 )] 9. Protonation of 9 generates an unsaturated /nms-stilbene complex 

[Mo(/ra«5 -PhHC2 PhH){ri2 -P(OMe)2 OBF2 OP(OMe)2 }(r|-C5 H5 )] A, which was treated 

in situ with CO or trimethylphosphite to give [Mo(L)2 {r|2 -P(OMe)2 OBF2 OP(OMe)2}- 

(r|-C5 H5)] (L= CO 11, P(OMe) 3  12).

Addition of phosphaalkyne to A affords [Mo{r|2 -P(OMe)2 OBF2 OP(OMe)2 }(ri2 -P=
t 2CBu )(n-C 5 H5)] 14, the first complex in which a phosphaalkyne adopts an rj (4e) 

bonding mode. 14 reacts with a second molecule of phosphaalkyne to give the 

diphosphacyclobutadienyl complex [Mo{rj2 -P(OMe)2 OBF2 OP(OMe)2 }{r|4- 

P2 C2 (But)2 }(ri-C5 H5)] 15.



Addition of two equivalents of diphenylphosphine to [Mo(NCMe)(rj2 -PhC2 Ph)2 (ri- 

C5 H5 )][BF4] LXIX gives the complex [Mo(PPh2 H)2 (ri2 -PhC2 Ph)(ri-C5 H 5 )][BF4] 16, 

which can be deprotonated with Li[N(SiMe3)2] or K[BHBus3] to afford the phosphide 

complex [Mo(PPh2 )(PPh2 H)(ri2 -PhC2 Ph)(r|-C5 H5)] 17.

The carbaborane complexes [c/o50-3,3”('n2-PhC2R)2-3-CO-3,l,2-MoC2B9H11] (R= Ph 

18, R= Me 19) were synthesised by protonation of [NEt4 ][c/o5 o-3 ,3 -(CO)2 -3 -(ri3- 

C3 H5 )-3,l,2-MoC2 B9 Hn ] XXXII in the presence of the respective acetylene. Addition 

of trimethylphosphite to 18,19 and [c/o.so-3,3-(r|2 -MeC2 Me)2 -3-CO-3,1,2- 

MoC2 B9 Hn ] XXXIV yields the Zus-phosphite complexes [c/ojo-3-(r)2 -RC2 R,)-3,3- 

{P(OMe)3 }2 -3,l,2-MoC2 B9 Hn ] (R= R’= Ph 22; R= Ph, R’= Me 23; R= R’= Me 24).

Treatment of 24 with but-2-yne at 90°C gives the complex [closo-3,3-(/n -MeC2 Me)2- 

3-{P(OMe)3 }-3,l,2-MoC2 B9 Hn ] 26, while treatment with diphenylacetylene yields 

[c/oso-S-^-M eCzM eJ-S-O ^-PhCjPh^-fPCOM e^-S.U -M oC^Hi,] 27, which is 

also obtained when 22 is treated with but-2-yne. However, under the same conditions, 

22 reacts with diphenylacetylene to give [c/ay0 -3 -(r|2 -PhC2 Ph)-3 ,3 -{P(OMe)3 }2 -8 -{<j- 

/ra7w-C(Ph)=C(H)Ph}-3,l,2-MoC2 B9 HI0] 28, whose structure was confirmed by X- 

ray crystallography. 28 is the product of an exo-polyhedral rearrangement, for which a 

mechanism involving two metal centres is proposed. A similar exo-polyhedral 

rearrangement reaction is observed when 18 is refluxed in acetonitrile yielding [closo- 

3,3-(Ti2 -PhC2 Ph)2 -3-(NCMe)-8-{CT-^^-C(Ph)=C(H)Ph}-3,l,2-MoC2 B9 H10] 30.

Protonation of XXXII followed by addition of P=CBul gives the diphosphacyclo- 

butadienyl complex [c/<?50-3,3-(CO)2-3-{r|4-P2C2(But)2}-3,l,2-MoC2B9H11] 31.
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Me methyl

Et ethyl

Pr propyl

Cy cyclohexyl

Bus secondary-butyl

Bu tertiary-butyl

Ph phenyl

M metal atom

L trimethylphosphite

Rf fr7 -fluoro-methyl

in diagrams:

L P(OMe) 3

O BH

•  CH, unless otherwise

stated

with respect to NMR:

J  coupling constant in Hertz

N  virtual coupling constant I/+

in Hertz 

ppm parts per million

Hz Hertz

s singlet

d doublet

t triplet

q quartet

m multiplet

br broad

v virtual

a apparent
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1.1 Alkynes in Transition Metal Chemistry

The activation of alkynes in the coordination sphere of transition metals has attracted 

considerable interest, both from an industrial and an academic viewpoint. Metal 

alkyne complexes have been studied for polymerisation and metathesis reactions and 

for organic synthesis. Furthermore, rearrangement and coupling reactions have been 

shown to be a versatile field of research . 1

The side-on coordination of alkynes may be conveniently described by the four orbital 

interactions shown in Figure 1. The extent of overlap and the difference in energy 

level between these interacting orbitals are important in determining the nature of the 

bonding. The energy levels are functions of the effective oxidation state of the metal, 

the nature of the auxiliary ligands and the substituents on the alkyne carbons. Calcu

lations for metal-alkyne interactions revealed that cr-donation (a) exhibits the largest 

overlap. The smaller d^-Tt| (b) and d̂ -71-L (c) overlaps are similar, and the db-nx (d) 

is negligible. The interactions (a) and (b) are usually bonding and significant. It is 

important to note that the overlap (c) can be bonding or anti-bonding. In early tran-

Mfdjt)

a  d a t iv e k  r e tr o d a t lv e

M(drc)

k  d a tiv e  a  r e tr o d a t lv e

Figure 1
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sition metal complexes which have vacant dn orbitals, the interaction (c) is bonding.

In later transition metal complexes, especially d 1 0  complexes, the interaction should 

be repulsive.

The availability of, respectively, filled or vacant orbitals and the energy levels of the 

interactions (a) to (c) determine how many electrons an alkyne formally donates to a 

transition metal complex. The bonding of a two-electron donor alkyne may be regar

ded as being analogous to the metal-olefin bonding as explained by the Dewar-Chatt- 

Duncanson model. 3  It is due to %\ donation from the alkyne to a vacant metal a  

acceptor orbital (a) and 7 ij* acceptance from a filled metal dn orbital (b).

Alkynes are considered as being four-electron donors, when there is a donation from 

their filled n± orbital to an empty metal dn orbital (c). Since there is no backbonding 

from the metal db orbital to the alkyne n±* orbital (d), four-electron donor alkynes are 

always net electron donors, whereas two-electron donor alkynes can act as net elec

tron donors or acceptors. 4

This thesis is concerned with the synthesis and reactivity of molybdenum complexes 

containing four-electron donor alkynes. Hence, the spectroscopic and structural 

features of four-electron donor alkyne complexes will be reviewed, in addition to their 

reactivity.

The importance of the involvement of both of the filled alkyne 7i-orbitals in bonding 

to a single group VI metal was first recognised in the late 1960s with the description 

of the complex [W(CO)(r)2 -EtC2 Et)3] by Augl et a t ’ 6  The spectroscopic data indi

cated that the three alkyne ligands were equivalent, but that the two ends of every 

alkyne were situated in different environments. A jasew^o-tetrahedral structure was 

proposed for the molecule, which was later confirmed by X-ray crystallography 

(Figure 2).

3



o
IIIc

Figure 2

The assignment of every ligand as a two electron donor in this d6  tungsten complex 

would give a metal electron count of 14, clearly unlikely for a centrally placed 

transition metal in a low oxidation state. An orbital study by King showed that there 

is no orbital combination available by which the third alkyne can bond with both 71-  

orbitals. It was suggested that the three alkynes are rapidly alternating in their 

bonding mode with two alkynes donating four electrons and one donating two. On 

basis of orbital theory it was also predicted that a rm-alkyne complex [W(r| -RC2 R)3] 

cannot be an eighteen electron complex.

Since then, the idea that an alkyne can act as a four electron donor has been accepted 

and numerous compounds of this type synthesised. Alkynes in complexes where two 

or more alkynes are alternating in their bonding mode are given an effective number 

of donated electrons. This number, equal to the number of donated electrons divided 

by the number of alkynes, need not even be an integer number. Nevertheless, this 

rather formal assignment is helpful when the physical properties of complexes are 

being discussed.

NMR spectroscopy can be used as a diagnostic tool in determining the bonding of an 

alkyne and the effective number of donated electrons. It has been shown that a low 

field shift in the 'h  NMR spectrum for the terminal alkyne protons is dependent upon 

the number of donated electrons. For example, the protons of the two electron alkyne 

in [Mo(rj2 -HC2 H)(r|-C5 H 5 )2 ] resonate at 7.7 ppm , 9  whereas the protons in the four 

electron alkyne in [Mo(CO)(PPh3 )(r|2 -HC2 H)(r)-C5 H5 )]+ resonate at 12.9 and 12.0 

ppm 1 0  respectively. The general utility of this !H NMR probe is, however, decreased 

by the scarcity of terminal alkyne complexes.

4



13The systematic relationship between the contact carbon chemical shift in the C NMR 

and the effective number of donated electrons was first noted by Templeton and
11 13Ward foraseriesofM o(II)andW (II) complexes. An empirical plot of alkyne C 

chemical shifts, which span over 100 ppm, versus N, the number of electrons donated 

per alkyne, revealed a strong correlation (Figure 3). Signals for two, three and four 

electron donor alkynes fall into distinct regions, between 100 and 130 ppm, 140 and 

190 ppm, and 175 and 230 ppm, respectively . 1 1

N

100 140 180 220

C arbon-13 ppm

FigureJ

Variable temperature NMR spectroscopy has been used to examine alkyne rotation 

barriers. Activation energies for analogous molybdenum and tungsten pairs differ only

slightly. The rationalisation of trends is difficult as both n\* acceptance and n±
•  12 donation, as well as steric factors, influence the size of the barrier. For cyclopenta-

dienyl molybdenum complexes, typical rotation barriers are listed in Table 1.

lablfij

[MoClO^-MeCjMe^ri-CsHs)]

[MoBr0i2 -MeC2 Me)2 (ti-C5 H5)]

[Mo(1 1 2 -MeC2 Me)2 (CO)(i1 -C5 H5 )][PF6]

[Mo(T1 2 -MeC2 Me)(CO)(PEt3 )(r|-C5 H5 )][BF4 ]

Cationic Wr-alkyne complexes [Mo(ri -RC2 R')2 (CO)(r|-C5 H5 )]+ exhibit relatively high 

rotational barriers (67 - 8 8  kJ/mol). Figure 4 shows the three possible isomers when

A Q j/  / kJmof1 ref

38.9 13

60.2 13

81.2 14

62.8 15

5



the two R-groups on the alkyne are different (i.e. R*R'). The substituents on the 

alkyne can have either an adjacent (cis) or an opposite (trans) position. Both standard 

variable temperature NMR-techniques1 6  and two dimensional methods1 7  have been 

used to elucidate isomer interconversion schemes with two asymmetric alkynes in the 

coordination sphere.

R

Mo +

R'

Mo +

cis' cis" trans

F ig u re-4

Infra-red spectroscopy of alkyne complexes can give information about the metal 

alkyne bond. However, the alkyne absorptions u(C=C) ranging from 1550 to 1900 

cm ’ 1 are usually weak and difficult to assign. The expected trend that the number of 

donated electrons weakens the C=C bond has been observed with complexes con

taining M e0 2 CC2 C 02Me (DMAC). This diester alkyne exhibits absorptions which 

can be assigned to the C=C stretching mode. The four-electron donor DMAC gives 

the lowest absorption at 1730 cm’1, with the three-electron donor absorbing at 1790- 

1820 cm ’ 1 and two-electron donor DMAC at 1895 cm ’ 1 . 1 8

Metal-alkyne interactions are reflected in metal-ligand bond lengths, ligand orien

tations, intra-ligand bond lengths and selected angles. Metal-carbon bond lengths are 

particularly useful for assessing the importance of alkyne 7i± donation. More than 

90% of the four-electron donor alkyne ligands in Mo(II) and W(II) monomers exhibit 

metal-carbon bond lengths in the range 2.03 ± 0.03 A . 12 Among the four electron 

donor examples, only [Mo(CO)(SC6 H4 SPh)(r|2 -MeC2 Me)(r|-C 5 H 5 ) ] 1 9  has a metal- 

carbon bond exceeding 2.06A (at 2.03 and 2.09A). This deviation may be accounted 

for by the competition of thiolate 7t-donation with alkyne 7ix donation. Given the 

diversity of alkynes and auxiliary ligands, the consistency of four-electron donor M-C 

distances is noteworthy. These distances can be compared to that of [MoCn2 -PhC2 Ph)

6



20(rj-C5 H5 )2 ] , a standard two electron donor monomer, with a metal-carbon distance of 

2.14A, exceeding the average four electron metal-carbon distance by around 0 .1 0 A.

Only a small difference separates typical metal-carbon distances for N= 4 (2.03 

±0.03A) and N=3 (2.07±0.02A) and the two classes overlap in the long N= 4 and 

short N= 3 region. For example, the four electron donor alkyne complex [Mo(CO) 

(PEt3 )(ri2 -MeC2 Me)(ri5 -C9 H7 )][BF4 ] 1 5  exhibits M-C bond lengths of 2.03 and 2.06A. 

In the three electron donor complex [Mo(NCMe)(rj2 -MeC2 Me)2 (r|-C 5 H 5 )][BF4 ] , 2 1  the 

distances were found to be 2.06 and 2.07A.

Carbon-carbon bond lengths, which generally fall between 1.27 and 1.33 A, are not
22adequate for probing metal-alkyne bonding. Both two- and four-electron donor 

alkynes exhibit C=C bond lengths at the lower end of the range (<1.30 A). Com

plexes containing diamino alkyne ligands2 3  show distances of 1.35 - 1.40 A. These 

longer distances may be accounted for by extensive 7i-delocalisation in the 

R2 NC2 NR2-ligand system.

The structures of [W(CO)(ri2 -HC2 H)(ri2 -S2 CNEt2)2]221 and [W(MA)(ri2 -HC2 Ph)(r|2- 

S2 CNEt2 ) 2 ] 2 4  (MA= maleic anhydride) II reinforce the utility of the four electron 

donor concept (Figure 5). In both complexes, the short W-alkyne carbon bonds (2.03 

and 2 . 0 1  A) indicate multiple bond character. In I, the alignment of the alkyne parallel 

to the W-C=0 axis puts n± in a position to overlap with the lone vacant metal d* 

orbital, thus supporting the hypothesis that 7i | and 7U provide the electron density 

binding the acetylene to tungsten. As a result of the replacement of carbon monoxide 

with the single faced 7i-acid olefin ligand maleic anhydride II, the d* ordering is 

shuffled and the alkyne ligand rotated by 90°. The disparity between average metal- 

carbon bond distances to the alkyne (2 . 0 1  A) and to the olefin (2.25 A) underlines the 

substantial bonding differences between these ligands.

7



Figure 5

Calculations on the octahedral model d4 -olefin-alkyne system [W(r|2 -H2 C2 H2 )(r|2- 

HC2 H)(r| -S2 CNH2)2] showed a one to one match of all of the three metal dw orbitals 

with a ligand 7i-function resulting in three constructive two-centre two-electron metal 

ligand 7 i-bonds. 2 4  Extended Htickel calculations give the dTC level ordering shown in 

Figure 6 . The first HOMO is the olefin stabilised dxz, the second HOMO, dxy, reflects 

alkyne 7i | overlap and the LUMO consists of dyz destabilised by n± donation of the 

four electron donor. Separate rotation of the olefin and alkyne C2  units can be ex

plored theoretically using EHMO methods. Overlap of the filled d^  orbital with 

olefin 7i is eliminated as the olefin rotates 90°, creating a large barrier for olefin 

rotation (75 kcal/mol). On rotation, the alkyne quickly redefines the linear combi

nations of d^  and dyZ which serve as dx donor and dx acceptor orbitals, respectively. 

Thus there should be a small electronic barrier to alkyne rotation (12.5 kcal/mol). 

These theoretical conclusions are consistent with dynamic NMR results.

H2N ^
NC ;S

S— W1— dTt

/  dyZ + 71̂  alkyne

dxz + n* olefin 

M f  dxy + ̂ ,* alkyne

Figure 6

In cyclopentadienyl molybdenum complexes, the alkyne orientation depends on the 

two cw-ligands. A comparative structural study of [Mo(CO)(SC6 F5)(rj -CF3 C2 CF3) 

(1I-C5 H 5 )] III and [Mo(0 )(SC6 F5 )(ti2 -CF3 C2 CF3 )(Ti-C5 H5 )] IV revealed alkyne orien-

8



tations differing by 90° for the d4  and d2  configurations (Figure 7). The rotational
25

preferences of the alkyne in this example are clearly dictated by electronic factors.

Figure,?

The structure of [WC1 (CF3 C2 CF3 )2 (ti-C5 H5 ) ] , 2 6  shown in Figure 8 , exhibits the key 

geometric features assumed to characterise all d4 -^w-alkyne complexes. The two cis- 

alkynes lie approximately parallel to the adjacent M-L axis, here W-Cl. The pseudo- 

tetrahedral description with parallel czs-alkynes accurately describes [Mo(L)(r| - 

MeC2 Me)2 (r|-C5 H5 )] for both L= CO V and L= MeCN VI. However, a significant 

difference is found in the Mo-C(alkyne) distances adjacent to L, which average 2.06 A 

for L= MeCN and 2.13 A for L=C0 . 2 1

Rf

Figure 8

The reactivity of alkyne complexes towards nucleophiles is particularly noteworthy. 

The nucleophilic addition of an H' nucleophile at a two electron donating alkyne in 

the saturated iron-complex [Fe(CO)(PPh3 )(r|2 -MeC2 Me)('n-C5 H 5 )][BF4 ] VII generates 

the compound [Fe(CO)(PPh3 )(CT-CMe=CHMe)(r|-C5 H 5 )] VIII containing an V-vinyl
27group.

9



BF4-

oc- ■Fe
+

Ph3 P
^ M e

Me
VII

NaH

VIII

Scheme 1

Consideration of the electronic configuration around the metal leads one to expect that 

ri1-vinyl complexes could not be the stable product of a similar reaction with a four 

electron donor alkyne. However, the sixteen electron r)1-vinyl species which inevi

tably results can be stabilised by addition of a two electron donor ligand to the metal
2 tcentre. This is illustrated in Scheme 2 by the reaction of [Mo{P(OMe)3 }2 (r| -Bu C2 H) 

(r|5 -C9 H7 )][BF4] IX with NaBH4  in the presence of P(OMe)3. The stable 18 electron 

V-vinyl complex [Mo{P(OMe)3 }3 (a-CH=CHBut)(ri5 -C9 H7)] X can be isolated . 2 8

NaBH4, + L

IX

H
MoL

H
But

Scheme 2. L= P(OMe) 3

More interesting, however, is that the reaction of [Mo(r|2 -RC2 R'){P(OMe)3 }2 (r|- 

C5 H5 )][BF4] (R= R -  Ph) XI with K[HBBus3] produces the stable products 

[Mo(T]2 =CRC(H)R,){P(OMe)3 }2 (Ti-C5 H5 ) ] 2 9 ’ 3 0  XII. The product contains a three 

electron donor unit which may be described as an r| -vinyl ligand, metallocyclo- 

propene or cyclic alkylidene.

10



-M o
/

+

XI

K[HBBus3]
Ph

Ph

/ Ph

.Ph
\

H
XII

Scheme 3. L= P(OMe) 3

Similar metallacyclopropene systems were obtained when the starting complex had 

substituents like Bu, Tol or Ph on the alkyne or when different nucleophiles were
30employed. However, when at least one of the alkyne substituents in the analogous 

complexes [Mo(Ti2 -RC2 R 0 {P(OMe)3 }2 (r|-C5 H5 )][BF4 ] were Me or H, nucleophilic
3 31addition reaction gave r\ -allyl XIII for (R= R -  Me) and carbyne complexes XIV

t 28for (R= B u , R= H). As is shown in Scheme 4, it is believed that the initial product
2

in every case is an rj -vinyl complex, which then rearranges.

XIV

I  R = H

B F4 -

l-—
L R ,

K [H B B u s3 ]

XII

L  Mo'

R

L  M o R'

1R.= Me

L- Mo^/x <-

L ^
R’

XIII

Scheme 4. L= P(OMe) 3

L H \\



2
Isolation and characterisation of r| -vinyl complexes has important mechanistic impli

cations since it infers the possible stabilisation of unsaturated intermediates with vinyl
1 2  2  ligands via T] (le) to r\ (3e) transformation. The salient structural features of r\ -vinyl

complexes of the type [Mo{Ti2 =CRC(H)R'}(L)2 (r|-C 5 H5 )] include the orientation of

the two Cp substituents roughly orthogonal to the MCaCp plane (Figure 9). This is

opposite to the location of Cp substituents of r |!-vinyl ligands which lie in the MCaCp

plane. 3 2  The short M-Ca distances ( 1 .94 - 1.96 A) are appropriate for a molydenum-

carbon double bond and the M-Cp distances (2.25 - 2.30 A) are in the single bond

range whereas the Ca-Cp bond lengths (1.43- 1.46 A) indicate some double bond

character. The Ca-Cp vector lies parallel to one of the Mo-L bonds, a feature remi-

mscent of alkyne complexes of the type [Mo(r| -RC2 R)(L)2 ('n-C5 H 5 )].

2 13Unambiguous identification of r| -vinyl ligands is often possible based on C NMR 

spectra. The carbenoid character of Ca is reflected in low-field chemical shifts of 230- 

290 ppm, while the Cp signal appears at much higher field, typically near 20-30
30ppm.

* 2The fluxionality of r\ -vinyl ligands, where it can be observed, parallels that of

alkynes. On the basis of orbital calculations it was suggested that a ‘windscreen
# 2

wiper’ motion of 90° occurs, as is shown in Figure 9. A full rotation (180°) of the rj -
• 30moiety would have a far higher barrier to rotation.

90° rotation

Figure 9. L= P(OMe) 3
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The bonding of an r) -vinyl fragment has been extensively studied by Green and co

workers. 3 0  In a fragment molecular orbital analysis, the frontier orbitals of the 

[MoL2 (r|-C 5 H5)]+, HC2H and CHCH2" moieties were calculated (Figure 10). The 

main conclusion was that the rj2-vinyl fragment interacts with the metal via the same 

combination of orbitals as a four electron donor alkyne, leading to electron donation 

from the vinyl ct and n± orbitals and back donation to the 7 1 1 * orbital. The major 

difference between the alkyne and r|2 -C2 H3' frontier orbitals lies in the energy and 

spatial nature of the n± orbital. In the vinyl ligand, this orbital is essentially pure 

Ca(p) in character, and is therefore both asymmetric with respect to the two contact

1 eV

f

S C -
+

+ +

nx +

Figure 10. Frontier molecular orbitals of the fragments r\ -HC2 H, [Mo{P(OH)3 }2 (r|-

CsH5)] and r|2 -C2 H3\
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carbons and at a higher energy than the n± orbital of the alkyne. Hence, on energetic 

grounds, it can be concluded that the t\ -C2 H3" fragment is a better donor than C2 H2, 

and that the M-Ca double bond is localised.

14



1.2 The Stabilisation of Metal Fragments by Cyclopentadienyl Ligands and 

Carbaborane Clusters

The systematic nomenclature of metallacarbaboranes that is applied throughout this 

thesis depends upon the principle that they are hetero-atomic analogues of polyhedral

This analogy becomes apparent when the synthesis of some cyclopentadienyl and 

carbaborane complexes are reviewed. The reaction of the cyclopentadienyl anion 

[C5 H5 ]’ with FeCl3  leading to the discovery of ferrocene is today considered as the 

birthmark of modem organometallic chemistry. The highly thermostable ferrocene 

molecule was the first sandwich complex to be prepared and its structural charac

terisation was a milestone in the development of the concept of metal-carbon n-

boranes . 3 3  However, when parallels between carbaborane- and cyclopentadienyl 

metal chemistry are drawn, it seems useful to view the anion [nido-C2B9 H, {]2' as a 

metal bound r|5 -ligand.

bonds . 3 4

FeCl2

[/1W/0 -C2 B9 H11 ] 2

ic5H5r

[/ud0 -C2B9H n ]2

2-

XV

XVI Scheme 5. O = BH, •  = CH
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Similarly, the reaction of FeCl2 with the dianion [nido-C'2&9\{u ] " gives the sandwich

complex [3,3'-(c/o50-3,l,2-FeC2B9H11)2]2' XV (Scheme 5).35 The mixed sandwich 

complex [c/o5c>-3-(r|-C5H5)-3,l,2-FeC2B9H11)]' XVI was synthesised by reacting

The reaction of [Mo(CO)6] with [C5H5]‘ generates the anionic complex [Mo(CO)3(r|- 

C5H5)]' XVII.37 After methylation with Mel the neutral complex [Mo(Me)(CO)3(r|- 

C5H5)] XVIII can be isolated.38 Similarly, [«z</0 -C2B9H n ]2’ reacts with [Mo(CO)6] to 

yield the dianionic complex [c/os0-3,3,3-(CO)3-3,l,2-MoC2B9H n ]2" XIX, which may 

be isolated as its tetraethylammonium salt. Methylation followed by addition of 

[Et4N]Cl yields the complex pSfEt4][c/oj'o-3-(Me)-3,3,3-(CO)3-3,l,2-MoC2B9H 1I] 

XX.39 As with the cyclopentadienyl ligand, sandwich and half-sandwich complexes 

of [nido-C2B9H n ]2‘ have been prepared with most transition metals.40

FeCl2 with a 1:1 mixture of the [nido-C2B9Hn ]2‘ dianion and the cyclopentadienyl
36anion.

Mo(CO)6
[nufo-C2B9Hn ]2-

2-

2. E^NCl

1. Mel

[NEul

O . j  v lvIe
0 C COCO

[C5h 5]-
XIX XX

•Me

XVII XVIII

Scheme 6,Q  = BH, +  =CH
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The structural characterisation of these metallacarbaboranes added experimental 

support to the theoretical calculations of Lipscomb, who had suggested that the 

bonding orbitals in [nido-C2B9H u ] ’ are similar to those of the cyclopentadienyl 

anion.41 More recent work by Hanusa suggests that a better analogy exists between 

[mc/0 -C2 B9Hn ]2' and the pentamethylcyclopentadienyl anion.42

A cyclopentadienyl ligand has five molecular orbitals available for interaction with 

metal orbitals of suitable symmetry (Figure 11). Similarity, the open pentagonal face 

of [mV/o-C2B9Hj J 2’ exhibits five orbitals which are directed towards the empty 

icosahedral vertex.43

Figure 11. O = BH, •  = CH

Although the electron donating abilities are comparable, differences arise from the 

greater steric requirements of the carbaborane ligand and the fact that analogous 

complexes are differently charged. One example of the increased stability of a 

metallacarbaborane complex is that the formally 15-electron complex [3,3'-(c/<m>-

3,l,2-CrC2B9Hn )2] XXI may be crystallised from water as a caesium salt, and is



stable to molecular oxygen and concentrated sulphuric acid.44 In contrast, the cationic 

[Cr(r)-C5H5)2 ]+ XXII is readily hydrolysed and air sensitive.45 However, metallacar- 

baborane complexes with a half-sandwich structure often show no greater stability 

towards hydrolysis or oxidation than their cyclopentadienyl analogues.42

Another important difference between the cyclopentadienyl ligand and the [nido-
2 ^C2B9H n ] ’ 'ligand’ is observed for transition metals with an electronic connguration

of greater than d6. Viewed as a metallacarbaborane cluster, these complexes contain 

an excess of 26 skeletal electrons. While with d° to d6 metals c/osoicosahedral struc

tures are adopted, higher electron numbers give rise to ‘slip-distorted’ structures. The 

metal atom is laterally shifted (by 0.1 - 0.3 A ) from the centre of the C2B3 bonding 

face of the [C2B9H n ]2' ligand, usually such that the metal-boron distances are shorter 

than the metal-carbon vectors.46

Calculations by Mingos and co-workers show that the distortions are a consequence of 

the interactions between the e-symmetry 7t-bonding molecular orbitals of the [nido- 

C2 B9Hn ]2* ligand and the essentially dxy and d^ metal orbitals.47 Thus, the metalla

carbaborane adopts a more open geometry as the electron configuration number and 

the effective electron density at the metal increases. This is illustrated by the two 

examples shown in Figure 13 and Figure 14. It was shown by Warren and

Hawthorne48 that the d6-nickel complex [3,3'-(c/o50-3,l,2-NiC2B9H 11)2] XXIII has an
8 • 2 -  icosahedral structure, whereas the d -nickel complex [3,3'-(c/o50-3,l,2-NiC2B9H11)2] ’

XXIV s

linkage.

XXIV shows a ‘slip-distortion’ of both cages from an r |5-bonding mode to an r\3-

2 -

X X III XXIV

Figure 13, o  = BH, •  = CH
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Wallbridge et a t 9 illustrated the influence of the electron density for the pair of palla

dium compounds [c/o5o-3-{Me2N(CH2)2NMe2}-3,l,2-PdC2B9H 11] XXV and [c/0 5 0 - 

3, 3-(PMe3)2-3,l,2-PdC2B9H ,1] XXVI with the same electron configuration. The 

degree of ‘slippage’ is greater when the metal is ligated by the a-donor ligand Me2N- 

(CH2)2NMe2 . The metal-cage antibonding interaction is reduced by the delocalisation 

of electron density onto the 7c-acceptor ligand PMe3.

XXV

Figure 14. O

Major contributions to the molybdena- and tungstena-carbaborane chemistry have 

come from Stone and his coworkers.50’51 Because o f the link to the chemistry 

described in this thesis, their work will be briefly discussed. The carbaborane alkyli- 

dyne complexes of molybdenum or tungsten [A][c/o50-3,3-(CO)2-3-(=CR)-3,l,2- 

MC2B9H ,|] {A= NEt4, N(PPh3)2, PPh4} XXVII52’53' 54 are synthesised by reacting the 

respective alkylidyne halide compounds with [raVfo-C2B9Hu ]2’ at - 40°C followed by 

treatment of the mixtures with a salt [A][Cl].

[A]

1. [nido-C2B9Hu ]2- 
[M(CR)Br(CO)4] ----------------------------------------

2. [A] [Cl]

XXVII

Scheme 7. O = BH, •  = CH

M e3P PMe3

XXVI

= BH, •  = CH
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The alkylidyne complexes XXVII were used as building blocks for the synthesis of 

multinuclear metal species and clusters. It was shown that the metal carbon triple 

bond can function like an alkyne, coordinating to metal fragments via its 7r-system. 

For example, the reaction of [AuCl(PPh3)] with one of the complexes [A][c/aso-3,3- 

(CO)2-3-(=CR)-3,l,2-MC2B9H n ] XXVII in thf in the presence of T1PF6, to remove 

chloride as insoluble T1C1, affords the tungsten-gold complex [c/oso-3,3-(CO)2-3- 

{Au(PPh3)-(n-CR)}-3 , l ,2-MC2B9H,|] XXVIII.52

[AuCl(PPh3)J

XXVII

Scheme 8. O = BH, •  = CH

More interesting, however, was the observation that the carbaborane ligand is not 

always a spectator ligand, unlike the cyclopentadienyl ligand. Treatment of 

[A][c/o50-3,3-(CO)2-3-(=CR)-3,l,2-WC2B9H, j] XXVII with [Ru(CO)(NCMe)2(Ti- 

C5H5)][BF4] XXIX in CH2C12 affords the dimetal complex [c/oso-3,3-(CO)2-3-{Ru(p- 

CR)(CO)(ri-C5H5)}-3,l,2-WC2B9H n ] XXX in which the carbaborane moiety forms 

an exo-polyhedral B-H—>Ru bond (Scheme 9).55 Treatment of this dimeric complex 

with a base followed by addition of [N(PPh3)2]Cl yields the species [N(PPh3)2] [closo- 

3,3-(CO)2-3,8-{Ru(p-CR)(CO)(ti-C5H5)}-3,1,2-WC2B9H11] XXXI containing a two 

center B-Ru c  bond.

Stone et al showed that a great number of neutral carbaborane molybdenum or 

tungsten complexes can be prepared via protonation with HBF4.Et20  of the anionic 

complexes [NEt4][c/oTO-3,3-(CO)2-3-(ri3-C3H5)-3,l,2-MC2B9Hll]56' 57 XXXII in the 

presence of donor ligands (Scheme 10). Complexes of the type [c/ojo-3,3-(L)2-3,3- 

(CO)2-3,1,2-MC2B9H ,,] XXXIII with L2= (CO)2, (PPh3)2, or (butadiene), and the bis- 

alkyne complex [c/<m>-3,3-(r|2-MeC2Me)2-3-CO-3,l,2-MoC2B9H n ]56 XXXIV have 

been synthesised.

A u(PPh3)

XXVIII

2 0



[A]

oc CR

xxvn

(i)

XXX

(i) = + [Ru(CO)(NCMe)2(T| -C5 Hs)] [B F4 ] 
XXIX

I . base
2. [N((PPh3)2]

XXXI

Scheme 9. O = BH, •  = CH 

HBF4.El20 /  + L

x x x i i

HBF4.Et20/ 
+ MeC2Me

XXXIII

XXXIV
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On protonation of the anionic allyl complex (N(PPh3)2][c/os0-l,2-Me2-3,3-(CO)2_3- 

(t|3-C3H5)-3,l,2-MoC2B9H9] XXXV with HI in presence of CO the I" acts as nucleo

phile and the anionic /m-carbonyl(iodo)complex [N(PPh3)2][c/o50-l,2-Me2-3-I-3,3,3- 

(CO)3-3,1,2-MC2B9H9] XXXVI is obtained.58

[N(PPh3)2]

H I/C O  
 ►
#  = CMe

XXXV XXXVI

L, O = BH, •  = CMe

This introduction can only give a short overview and specific examples will be 

discussed together with the results when appropriate.

2 2



2. Results and Discussion
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2.1. Reaction of [Mo(Ti2-PhC2Ph){P(OMe)3}2(ri-C5 Hs)][BF4 ] XI with RMgBr 

(R= Et, CH2Ph).

2
Earlier work in our group has shown that the reaction of the cationic complex [Mo(r] - 

PhC2Ph){P(OMe)3}2(ri-C5 H5 )][BF4 ] XI with nucleophiles can result in two different 

types of products. The first possible product is a complex containing an r| -vinyl 

group, as was shown in the introduction. Thus, when complex XI is treated with 

K[HBBus3] the product [Mo{r|2=CPhC(H)Ph} {P(OMe)3}2(r)-C5H5 )] XII is formed.29,
30 The second type of product can be obtained from the reaction of compound XI 

with the Grignard reagent MeMgl. In this reaction, one phosphite molecule has been 

replaced by the nucleophilic methyl group to give the complex [Mo(r| -PhC2Ph) 

(Me){P(OMe)3}(Ti-C5H5)]59 XXXVTI. However, the reaction of compound XI with 

methyl lithium cuprate yields both types of product. It is also important to note that 

the addition of trimethylphosphite to XXXVII does not give XXXVIII. These 

findings are illustrated in Scheme 12.

Mo-
Ph

Ph

K[HBBuS3]

XI

Ph
Mo:L

XII

MeMgl Li[Cu(Me)2]

L i
Me \

+ L
f

+ XXXVIIMo:

Me

XXXVII XXXVIII

Scheme 12. L= P(OMe)3
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Only a few compounds of the second type had been prepared before this work and 

their reactivity displayed a great degree of variety. These results encouraged us to 

investigate further reactions of cationic complexes of the type [Mo(r| -RC2R')- 

{P(OMe)3}2(r|-C5H5)]+ towards Grignard reagents and possible rearrangement 

reactions of the products.

A suspension of the violet complex [Mo(rj2-PhC2Ph){P(OMe)3}2 (ri-C5 H5 )][BF4 ] XI 

in thf was reacted with EtMgBr at 0°C. The colour changed immediately to dark 

green. Column chromatography on alumina with CH2Cl2/hexane gave a green 

fraction, which after recrystallisation from hexane afforded green needles of the 

neutral complex [Mo(r| 2-PhC2Ph)(Et) {P(OMe)3 } (r|-C5H5)] 1. In an analogous way, 

complex XI was treated with PhCH2MgBr to yield the benzyl substituted complex 

[Mo(ti2-PhC2Ph)(CH2Ph){P(OMe)3}(ri-C5H5)]2.

RMgBr

XI RCH2CH3 1

CH2Ph 2

Scheme 13. L= P(OMe)3

Both compounds I and 2 are very soluble in the common polar and nonpolar solvents 

and quite air sensitive. This corresponds with observations made earlier that the com

plex [Mo(r|2-PhC2Ph)(Me){P(OMe)3}(r|-C5 H5 )] XXXVII reacts with air resulting in 

replacement of the phosphite ligand by an oxygen atom to give the molydenum(IV) 

complex [Mo(0)(ti2-PhC2Ph)(Me)(r|-C5H5) ] 30

In the proton NMR spectrum of 2, the two diastereotopic benzyl protons show chemi

cal shifts of 2.92 and 2.53 ppm, respectively, with a geminal coupling of 11.4 Hz and 

a coupling to the phosphorus nucleus of 6.6 and 6.0 Hz. However, the couplings of 

the methylene protons in complex 1 are obscured, because all five protons of the ethyl

25



group appear as one multiplet between 1.52 - 1.73 ppm. The contact carbon atoms of 

the acetylene ligand in complex 1 show a singlet at 202.8 ppm and a doublet at 201.3 

ppm [./(PC) 10.6 Hz]. From the two different shifts it can be concluded that the 

alkyne is not fluxional. The singlet can be assigned to the carbon cisoid to the phos

phorus, and the doublet to the transoid bonded carbon. The acetylene ligand in 2 

exhibits very similar data with a singlet at 204.1 and a doublet at 201.1 ppm [./(PC) 

10.8 Hz]. Hence, in both complexes, the alkyne acts as a four electron donor.
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2 .2 . Reactivity o f the  Com plexes [M o(ti2-P hC 2Ph)(R){P(O M e)3}(ri-C5H5)] (R= 

E t 1, C H 2Ph 2).

As discussed in the previous chapter, one reason for investigating compounds of the 

type [Mo(rj2-PhC2Ph)(R){P(OMe)3}(r|-C5 H5 )] is their ability to rearrange and their 

involvement in coupling reactions. The earlier mentioned complex [Mo(r| -PhC2Ph)- 

(Me){P(OMe)3 }(r)-C5H5)]59 X X X V II showed an interesting rearrangement reaction, 

which is illustrated in Scheme 14. On heating complex XXXVII for 12 hours with an 

excess of diphenylacetylene, the new complex [Mo(H){P(OMe)3 }(r|4-C5Ph4 H2)(rj- 

C5H5)] XXXIX is obtained, which contains an r|4-tetraphenylcyclopentadiene ligand. 

The mechanism is believed to involve an a-hydrogen elimination from the a-bonded 

methyl group.

Mo

Me

XXXVII

exc. PhC2Ph

Ph 78°C, 12 hrs
  M o^

Ph

H
Ph

Ph

H
Ph

XXXIX

Scheme 14, L= P(OMe)3

The reaction of the cation [Mo(r| -PhC2Ph){P(OMe)3}2(r|-C 5 H5 )][BF4 ] XI with the 

vinyl Grignard reagent CH2=CHMgBr probably initially leads to the expected com

pound with a a-bonded vinyl group A (Scheme 15). However, this intermediate then

n
H2C=CHMgBr

MoL
+ L P h

MoL

Me

XI XL

Scheme 15. L= P(OMe)3
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rearranges via migration of the a-hydrogen and coupling with the alkyne, so that the
3 3complex [Mo(r| -C3 (Me)Ph2 ){P(OMe)3 }2 (r|-C5 H 5 )] XL containing an r\ -cyclopro- 

penyl ligand is isolated . 5 9

The reactivity of the compounds 1 and 2 was, therefore, thoroughly investigated. CO 

was bubbled through a solution of complex 1  in toluene resulting in an immediate 

colour change from green to red. After removing the solvent and recrystallisation 

from toluene/hexane, the compound [Mo{ri2 =C(Ph)C(Ph)C(Et)-0}(CO){P(OMe)3} 

(Y1-C5 H 5 )] 3 was obtained in the form of a red powder. Treatment of complex 2 with 

CO, however, did not lead to a product that could be isolated.

CO
Mo>j  Ph toluene

Ph

Ph

PhOC

Scheme 16. L= P(OMe) 3

Compound 3 is soluble in aromatic and polar solvents, but not in aliphatic hydro

carbons. The NMR spectra exhibit one set of signals indicating that only one isomer 

is formed. The NMR spectrum shows the presence of two phenyl groups (m, 7.44-

6.95 ppm), one cyclopentadienyl ligand (s, 5.07 ppm), one phosphite moiety [d, 3.54 

ppm, /(PH) 13.0 Hz], and an ethyl group [m, 2.84-2.73 ppm, 2 H and t, 1.23 ppm,

/ ( PH) 7 Hz, 3 H]. It is the carbon NMR spectrum, however, that reveals the structure 

of the ring system, with a chemical shift of 250.6 ppm for the molybdenum bonded 

carbon Ca, 196.3 ppm [/(PC) 8.1 Hz] for the carbon bonded to the oxygen atom and a 

singlet at 156.3 ppm for the p-carbon of the metallacycle. The relatively large coup

ling constant [/(PC) 25 Hz] for Ca suggests that the phosphite moiety is situated in a 

£raj?.y-position as illustrated in Scheme 16. The 3 1 P-{1 H} NMR spectrum of 3 shows 

one signal at 194.7 ppm and in the IR spectrum one prominent carbonyl absorption at 

1859 cm" 1 was found.
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Consideration of the two canonical forms A and B, as shown in Figure 15, explains 

the quality of bonding within the five-membered metallacycle. The form A can be 

described as an oxametallacyclopentadiene, whereas in form B a propenonyl ligand is 

found.

Mo:

A

Mo

B

Figure.! 5.

13The C NMR shifts of 3 are very similar to those found earlier for the compound 

[Mo {T|2=C(Me)C(Me)C(CH=CH2)-0} (CO)2(t| -C5H5)]60 XLI or more recently, for the 

analogous metallacycle in the tantalum complex [Ta{rj =C(Ph)C(Ph)C(Me)- 

O} (Me) {r\-C5(Me)5}]61 XLII. However, these two compounds have been structurally 

characterised and they show distinct differences, as shown in Figure 16. While the 

oxametallacyclic fragments in both compounds exhibit a pronounced single-double- 

single bond alternation, the molybdenum system is best represented as a propenone 

complex and the tantalum complex as a cyclopentadiene. As a result the tantalacycle 

is folded (124° along the Cj-0 axis), whereas the molybdenacycle is nearly planar. 

Detailed orbital considerations revealed that electron rich metals donate into the n3*- 

orbital of the butadiene-like C30  unit, while the Cr C2 and the C3-0  bonds display 

single bond character.61 However, the carbon NMR data of these compounds do not 

seem to reflect these differences (C^ 261.8 ppm, molybdenum

Me

MeMe

PhMe4

Me'

Me

XLII

Me

MeOC
oc

XLI

Figure 16
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complex; 224.5 ppm, tantalum complex) and, therefore, the secondary structural 

features of compound 3 remain unknown.

It can be assumed that the first step of the reaction of 1 with CO involves an addition 

of CO to the complex 1 via a switch of the bonding mode of the alkyne from a four 

electron donor to a two electron donor in A (Scheme 17). The next step would be the 

insertion of CO into the metal carbon bond to give B. After addition of a second 

molecule of CO leading to the formation of C, coupling between the propionyl moiety 

and the two electron donor acetylene ligand follows to yield 3.

yMo- 4e +CO
^ Ph

Ph

Ph
OC....

/ \
Ph

’ < 5 2 ;
1 2e 

L .......M o^ . -------- ► L-----Mo^
4e

/ \ ^ ph 
CO \ h Et

^ ph

Ph

B
+CO

L Mo
OC'

Ph

Scheme 17. L= P(OMe)3

Solutions of complexes 1 and 2 in toluene were heated in the presence of diphenyl- 

acetylene at different temperatures. Up to 70°C compound 1 appears to be stable, 

above that temperature only decomposition was observed. However, on heating to 

100°C with an excess of diphenylacetylene, complex 2 reacts cleanly to give the 

yellow 17-electron complex [Mo(r(6-C6Ph6)(ri-C5 H 5 )] 4 (Scheme 18).

The paramagnetism of 4 causes the proton and carbon NMR spectra to show broad 

signals, which were not sufficient to identify the product. Hence, the molecular 

structure has been determined by X-ray crystallography, which unveiled an unit cell
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PhC2Ph
L Ph toluene, 100°C

Ph Ph

2 4

Scheme 18. L= P(OMe)3

with two independent molecules having essentially the same geometry. The diffrac

tion study also showed that 4 crystallises with toluene in a one to one ratio. Two 

ORTEP drawings of 4 are shown in Figure 17. In a) one molecule of 4 is plotted with 

the phenyl ring atoms and in b) 4 these are omitted for clarity .The bond lengths 

between molybdenum and the ring carbon atoms for one of the molecules in the unit 

cell are listed in Table 2.

C(l)-Mo 2.326(6) C(2)-Mo 2.321(6) C(3)-Mo 2.316(7) C(4)-Mo 2.318(7)

C(5)-Mo 2.323(7) C(6)-Mo 2.252(8) C(7)-Mo 2.247(7) C(8)-Mo 2.246(7)

C(9)-Mo 2.230(8) C(10)-Mo 2.249(8) C(1 l)-Mo 2.246(8)

As expected in this sandwich complex the two planes created by the cyclopentadienyl 

ligand and hexaphenylbenzene ligand are parallel. The carbon atoms of the benzene 

ligand are closer to the central metal (average distance 2.249 A) than the carbon atoms 

of the cyclopentadienyl ligand (average distance 2.320 A) The phenyl moieties are 

fixed in a staggered position, which they presumably also adopt in solution.

In this reaction molybdenum is converted from the formal oxidation state +11 in 2 to 

+1 in 4. This one electron reduction step clearly suggests that a radical mechanism is 

involved in the transformation. The initial step could be the homolytic cleavage of the 

metal benzyl bond leading to the formation of the relatively stable benzyl radical and 

an unsaturated 17 electron molybdenum species A (Scheme 19). This species could

Table 2: Selected bond lengths (A) of 4.



Figure 17. ORTEP drawing of 4.
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incorporate a diphenylacetylene unit to give B. The two coordinated alkynes then 

couple to form the metallacyclopentadiene in C. After coordination of a third 

diphenylacetylene molecule to yield D and coupling to the molybdenacyclohepta- 

triene complex E, the phosphite moiety is expelled and complex 4 formed. It is 

interesting to note that the 18 electron fr/.s-alkyne(phosphite)carbaborane complexes 

26 and 27 (section 2.12), which are reminiscent o f intermediate B, are stable under the 

conditions employed in the generation of 4.

 Mo
/

PhCĤ

Ph

Ph

Mo‘

Ph
E

Mo

Ph

A

+ PhC2Ph

Ph
PhMo'

PhPh Ph
Ph

D

+ PhC2Ph

L

Ph

B

Ph

C

Scheme 19. L= P(OMe)3

The transition metal catalysed trimerisation of acetylenes has long been known.
62Nickel in particular has been shown to be a very active catalyst, while palladium

63complexes have been used to study the mechanism of this type of coupling reaction. 

The mechanism suggested all involve the formation of metallacyclopentadiene and 

metallacycloheptatriene as intermediates. Although the trimerisation of diphenyl

acetylene to hexaphenyl benzene has been observed, no hexaphenyl arene metal 

complex has been isolated. For example, the reaction of PdCl2  with an excess di

phenylacetylene yielded hexaphenylbenzene, but the palladium complex which was 

isolated was the cyclobutadienyl compound [PdCl2(r|4-C4 Ph4 )]64 XLIII (Scheme 20).
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PdCl2
exc. PhC2 Ph Ck/y

c f

Scheme 20

Ph .Ph
Pd- O

Ph Ph 
XLIII

It seemed feasible that the 17 electron complex 4 could be reduced and then reacted 

with an electrophile to yield an 18 electron complex. On treatment of a solution of 4 

in thf with one equivalent of sodium naphthalide at -78°C the colour changed immedi

ately from yellow to red indicating a reaction. However, addition of methyl iodide did 

not lead to the desired product [Mo(Me)(r|6-C6Ph6)(r|-C5 H5 )], but regenerated the 

starting material 4, which was quantitatively recovered.

Mo

Ph

Ph

Na+

NaCipHg

Mel
ph M°  Ph

Scheme 21.

Presumably, the reduction with sodium occurs generating the 18 electron anion A 

(Scheme 21), as indicated by the colour change, but the hexaphenylbenzene ligand is 

sterically too demanding to allow the methyl iodide to react with the molybdenum 

centre.
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2.3. Reaction of [Mo(ti2-PhC2Ph){P(OMe)3}2(ii-C5 H5)] [BF4] XI with Allyl 

Magnesium Bromide

It was expected that the reaction of [Mo(q2-PhC2Ph){P(OMe)3}2(q-C5H5 )][BF4 ] XI 

with allyl magnesium bromide would cause the replacement of a phosphite ligand and 

lead to a complex containing a metal bonded q 1-allyl ligand A (Scheme 22). Indeed, 

after addition of the Grignard reagent at low temperature the colour of the reaction 

mixture turned green, which is indicative for this type of compound, e.g. 1 and 2. 

However, at room temperature the colour changed to orange before a dark colour 

indicated decomposition of the product. Hence, the apparent rearrangement of the 

initial product A seems to generate an unsaturated species.

The reaction was repeated and after the colour had turned to green one equivalent of 

trimethylphosphite was added. On warming to room temperature a yellow reaction 

mixture was obtained. Column chromatography with Et20/hexane (1:1) using A120 3 

as solid support yielded [Mo{r|2-C(Ph)=C(Ph)CH2CH=CH2}{P(OMe)3 }2(ti-C5H 5 )] 5 

in moderate yield.

MoPh

Ph

Ph
Ph

Scheme 22. L= P(OMe)3

The *H NMR spectrum of 5 shows a multiplet for the ten phenyl protons between 7.31 

and 6.96 ppm and a doublet for the five cyclopentadienyl protons at 5.03 ppm [./(PH) 

3.1 Hz]. Two doublets, at 3.29 ppm [./(PH) 10.3 Hz] and 3.24 ppm [./(PH) 9.5 Hz], 

were assigned to the phosphite moieties. The methylene resonances appeared as a 

multiplet between 2.49 and 2.19 ppm. The signals for the CH=CH2 group were
31 1obscured by other signals and therefore could not be assigned. The P-{ H} NMR 

spectrum displays an AB system for the two non-equivalent phosphorus nuclei with 

shifts of 194.3 and 183.3 ppm, respectively, and a coupling constant of 70.5 Hz. Due 

to the thermal instability of 5 in solution no 13C NMR spectrum could be obtained.

35



Because only incomplete NMR data were obtained an X-ray diffraction study was 

performed on single crystals of 5 which were obtained by slowly cooling a saturated 

solution of 5 in Et20/hexane. The established structure (Figure 18) displays a mole

cule with a four-legged piano-stool geometry, the molybdenum being bonded to two 

trimethylphosphite ligands, an r|5-C5H5 ligand and, via one a- and one 7i-bond, to a 

pentadienyl ligand. This pentadienyl ligand exhibits pronounced single and double 

bonds. The Mo-C(l 1) distance of 2.319(4) A is in the dimension of a single bond 

while the C(10)-C(l 1) distance of 1.338(5) A is characteristic for carbon-carbon 

double bonds.63 The coordinated olefin C(7)-C(8) lies parallel to the Mo-P(2) vector,
31a feature which has been observed for 7t-ligands in fo’s-phosphite complexes.

Table 3: Selected bond lengths (A) and angles (°) of 5

Mo-P(l) 2.437(2) 

Mo-C(ll) 2.319(4) 

C(10)-C(ll) 1.338(5)

Mo-P(2) 2.422(1) 

C(7)-C(8) 1.410(7) 

C(10)-C(21) 1.503(6)

Mo-C(7) 2.286(5) 

C(8)-C(9) 1.502(7) 

C(11 )-C(31) 1.500(6)

Mo-C(8) 2.235(4) 

C(9)-C(10) 1.515(7)

P(l)-Mo-P(2) 88.3(1) 

P(l)-Mo-C(8) 85.9(1) 

Mo-C(7)-C(8) 69.9(3) 

P(l)-Mo-C(l 1) 149.4(1) 

C(8)-Mo-C(l 1) 73.4(2)

P(l)-Mo-C(7) 74.6(1) 

P(2)-Mo-C(8) 121.0(1) 

Mo-C(l 1)-C(10) 115.0(3) 

P(2)-Mo-C(l 1) 83.5(1)

P(2)-Mo-C(7) 85.9(1) 

C(7)-Mo-C(8) 36.3(2) 

Mo-C(ll)-C(31) 126.8(3) 

C(7)-Mo-C(l 1) 75.4(2)

It was mentioned in section 2.1 that addition of trimethylphoshite to the complex 

[Mo(r|2-PhC2Ph)(Me){P(OMe)3}(r|-C5 H5 )] XXXVII does not initiate a migration of 

the a-bonded methyl group onto the coordinated alkyne to yield the stable r| -vinyl 

complex [Mo{Ti2=CPhC(Me)Ph}{P(OMe)3}2Cn-C5 H5)] XXXVIII, which was syn- 

thesised by a different method. It is, therefore, unlikely that a simple migration of the 

allyl group is involved in the formation of 5. A radical mechanism, as described in 

section 2.2, does not seem feasible since the rearrangement of the a-bonded allyl 

group occurs at ambient temperatures.

The initial step of the reaction presumably is the addition of a phosphite unit to the 

intermediate A to give a species B (Scheme 23). On the basis of the isolobal con

cept,66 which relates transition metal complexes to organic molecules, it can be
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Figure 18: ORTEP drawing of 5
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shown that a d6ML5 fragment like [Mo{P(OMe)3}2(ri-C5 H5)] is isolobal to CH and the 

species B can, therefore, be viewed as a 1,5-diene system.

It is well know that organic 1,5-diene systems can undergo [3,3]-sigmatropic re

arrangement reactions facilated by an aromatic 3 electron pair transition state. As a 

consequence of orbital symmetry relationships a chair like transition state is favoured
67for this type of reaction. However, 1,2-divinylcyclopropanes, which can react only

in the boat form, give this rearrangement so rapidly that they generally cannot be iso-
68lated at room temperature. Thus, the species B could adopt a boat configuration and 

undergo a [3,3]-sigmatropic rearrangement to generate C containing an r| -vinyl 

ligand. This metallacyclopropene could irreversibly open to an rj1-vinyl system for 

the metal in the final product 5 to accommodate the olefin function.

(t1-C5H5)MoL2 -*j j CH

MoL
+ L -Ph [3,3] •Ph

B

5

Scheme 23. L= P(OMe)3

The r|2(4e)-niobium complex [Tp*NbCl2(r|2-PhC2Ph)] {Tp*= hydridotris(3,5- 

dimethylpyrazolyl)borate} XLIV reacts with one equivalent of allyl magnesium 

chloride to initially form [Tp*NbCl(q1-CH2CH=CH2)(r|2-PhC2Ph)] A containing a ct- 

bonded allyl group.69 Here, the alkyne and the allyl moieties couple to form the q4- 

butadienyl ligand present in [Tp*NbCl(q4-CPh=CPhCH=CHMe)] XLV (Scheme 24). 

The mechanism is believed to involve the migration of the allyl group onto the alkyne. 

In this context it is interesting to note that, unlike the cyclopentadienyl molybdenum 

system discussed in this section, on heating to 100°C the complex [Tp*NbCl(Et)(q -
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PrC2Ph)] XLVI undergoes a reversible rearrangement reaction, exchanging the propyl 

and the ethyl group to yield [Tp*NbCl(Pr)(r|2-EtC2 Ph)]70 XLVII.

M  ' T O
/ \ z MsCI

XLIV

Me'

XLV

H

Nb.

XLVI

65°C
Ph

A \  

Q n V NU
\ l /

-Nb
/Pr

XLVII

Scheme 24



2.4. Reaction of |Mo(Ti2-RC2R'){P(OMe)3}2(ri-C5 H5)][BF4 ] with CH2(MgI)2.

It was expected that in analogy to the aforementioned reactions with Grignard rea

gents, the reaction of [Mo(ii2-PhC2Ph){P(OMe)3}2(r|-C 5 H5)][BF4 ] XI with 1,1-di- 

Grignard reagents would result in replacement of one phosphite ligand to give either 

carbene complexes or dimeric complexes.

71We chose CH2(MgI)2 for our reaction, as it is the only readily available 1,1-di-
72Grignard reagent. Surprisingly, addition of CH2(MgI)2 to a suspension of complex 

XI does not result in an immediate colour change, but a white precipitate is formed. 

After stirring the reaction mixture overnight, a green solution was observed. Workup, 

involving column chromatography and recrystallisation from dichloromethane and 

hexane, afforded the blue zwitterionic complex [Mo(ri2-PhC2Ph){r|2-P(OMe)2OBF20 - 

P(OMe)2}(ri-C5H5 )] 6 in a good yield. The molecular structure has been confirmed 

by X-ray diffraction and will be discussed later in this section. In order to generalise 

this synthesis of the anionic phosphite ligand the two complexes [Mo(rj -RC2R')- 

{P(OMe)3}2(r)-C5H5 )][BF4] (R, R -  Ph, Me) were reacted with CH2(MgI)2. The 

analogous compounds [Mo(r|2-PhC2Me){ri2-P(OMe)2OBF2OP(OMe)2}(r|-C5H 5 )] 7 

and [Mo(r|2-MeC2Me){r|2-P(OMe)2OBF2OP(OMe)2}(r|-C5 H 5 )] 8 were obtained.

Compounds 6 - 8 are soluble in polar solvents such as thf and CH2C12 and insoluble in 

hexane. The solubility in toluene decreases depending on the substituents, from 6 to 

8. While 6 is quite soluble, 8 is almost insoluble in toluene.

CH2(MgI)2

yMo" l T
P(OMe)2 R'

(MeO)2p

F2B— o

R= R -  Ph 6 
R= Ph, R — Me 7 
R= R -  Me 8

Scheme 25. L= P(OMe)3



The !H NMR spectrum of 6 shows (apart from the signals for the phenyl and the

cyclopentadienyl ligand) two virtual triplets at 3.54 and 2.93 ppm [jV(PH) 11.0, 12.6 

Hz, respectively], which integrate to six protons each. These two signals were 

assigned to the methoxy groups on the fo's-phosphite ligand with the two exo-groups 

being equivalent as well as the two endo-groups. Virtual couplings can be observed 

j  in AXX’ systems, when the coupling constant J(X X ’) is greater than ./(AX’). The 

j  virtual coupling constant N{AX) is defined as the sum of J(AX) and J(AX’).73 In 

complex 6 the two phosphorus atoms are magnetically equivalent (one singlet at 158.0
31 1ppm was observed in the P-{ H} NMR spectrum), nevertheless their coupling 

I constant J(PP’) is greater than the proton phosphorus coupling ./(PH). In this case 

N(PH) equals the separation of the outer lines of the virtual triplet.

19The F NMR spectrum consists of two multiplets between -135.93 to -135.54 ppm 

and -140.96 to -140.71 ppm and the n B NMR spectrum shows one broad singlet at
13 11.95 ppm. In the C-{ H} NMR spectrum it can be seen that the diphenylacetylene 

acts as a four electron donor, as the quartemary carbon atoms resonate at 214.4 ppm. 

The NMR data for the compounds 7 and 8 are very similar to those of 6 and are listed 

in the experimental section.

Using a different route this anionic BF2-bridged phosphite ligand has previously been 

prepared with nickel as the coordination sphere. Werner and coworkers reacted the 

cationic complex [Ni{P(0H)(0Me)2}{P(0)(0Me)2}(r|-C5H5)] XLVIII with 

HBF4.Et20  and obtained the compound [Ni{-n2-P(OMe)2OBF2OP(OMe)2}(rj-C5H5 )] 

XLIX containing the boron-bridged dipod ligand (Scheme 26).74 The analogous 

palladium compound [Pd{r|2-P(OMe)2OBF2OP(OMe)2}(r|-C5 H 5 )] L was prepared by

Ni
(MeO^P^ X P(OMe) 2  

OH O

HBF4

P(OMe),

O
\  - /

o

XLVIII XLIX

Scheme 26
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75 •the same route. These compounds were fully characterised spectroscopically, but no 

molecular structure has been confirmed.

Since there were no crystal data known on metal complexes with this type of bis- 

phosphite ligand, an X-ray diffraction study of 6 was undertaken. Suitable crystals for 

the analysis were obtained by slowly cooling a solution of 6 in thf. Selected bond 

lengths and angles are listed in Table 4. An ORTEP drawing of 6 is shown in Figure 

19.

The structure shows that the molybdenum, two P-O units, and a boron atom are con

nected in a six membered ring, which in the solid state takes a chair-like conforma

tion. The zwitterionic character of 6 can be deduced from the tetrahedral coordination 

of four substituents around a negatively charged boron atom. However, since 6 is a 

neutral and diamagnetic complex, simple electron count reveals the necessity of a 

positive charge at the molybdenum atom. The P-0 distances in the ring system [P( 1 )- 

0(4) 1.539(2) and P(2)-0(l) 1.553(2) A] are considerably shorter than the exo-cyclic 

P-0 distances with an average length of 1.585 A. This suggests that there is partial 

conjugation throughout the ring system.

Table 4: Selected bond lengths (A) and angles (°) for 6

Mo-P(l) 2.397(1) Mo-P(2) 2.375(1) Mo-C(l) 2.325(3) Mo-C(2) 2.341(3)

Mo-C(3) 2.326(3) Mo-C(4) 2.304(3) Mo-C(5) 2.297(3) Mo-C(6) 2.013(2)

Mo-C(7) 2.050(3) P(l)-0(4) 1.539(2) P(l)-0(5) 1.581(3) P(l)-0(6) 1.590(2)

P(2)-0(l) 1.553(2) P(2)-0(2) 1.587(2) P(2)-0(3) 1.592(2) 0(1 )-B 1.471(4)

0(4)-B 1.471(3) 0(2)-C(21) 1.412(3) O(3)-C(20) 1.421(3) 0(5)-C(23 1.443(5)

0(6)-C(22) 1.419(4) C(6)-C(7) 1.310(3) C(7)-C(14) 1.458(4)

P(l)-Mo-P(2) 83.5(1) P(l)-Mo-C(6) 101.6(1) P(l)-Mo-C(7) 88.9(1)

P(2)-Mo-C(6) 118.4(1) P(2)-Mo-C(7) 82.0(1) Mo-P(l)-0(4) 119.2(1)

Mo-P(2)-0(l) 121.5(1) Mo-P(l)-0(4) 119.2(1) P(2)-0(l)-B 129.5(2)

Mo-C(7)-C(14) 155.3(2) C(14)-C(7)-C(6) 135.0(2) 0(1)-B-F(2) 109.9(2)

Mo-C(6)-C(8) 148.0(2) 0(1)-B-F(1) 107.7(3) 0(2)-P(2)-0(3) 104.1(1)

F(l)-B-F(2) 111.0(2) C(6)-Mo-C(7) 37.6(1) P(l)-0(4)-B 132.2(2)

Mo-C(7)-C(6) 69.7(2) C(7)-C(6)-C(8) 139.3(2) 0(l)-B-0(4) 111.2(2)

Mo-C(6)-C(7) 72.7(1) 0(4)-B-F(l) 106.8(2) 0(4)-B-F(2) 110.2(3)
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Figure 19: ORTEP drawing of 6
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2.5. Preparation of the ti2-VinyI Complexes K[Mo(rj2 =C(R)C(H)Ph){r|2- 

P(OMe)2 OBF2 OP(OMe)2 }(Ti-C5 H5)] (R= Ph 9, Me 10)

As discussed in the introduction treatment of alkyne complexes with nucleophiles can
2 2 lead to the formation of r| -vinyl complexes. Studies carried out on the neutral r| -

vinyl complexes [Mo{Ti2 =C(Me)CR'R){P(OMe)3 }2 (r|-C 5 H5 )] (R, R’= Ph, Me) also

showed that the metallacyclopropene initially formed can rearrange to give the corres-
3 31ponding q -allyl system.

Solutions of the complexes [Mo(rj2 -PhC2 R){ri2 -P(OMe)2 0 BF2 0 P(OMe)2 }(r|-C5 H5)] 

(R= Ph 6 , Me 7) in thf were reacted with K[HBBus3] and after recrystallisation from 

thf/toluene/hexane green-yellow powders were isolated. The products were 

characterised, using multinuclear NMR techniques, as the q -vinyl complexes 

K[Mo(ri2 =C(R)C(H)Ph){r|2 -P(OMe)2 OBF2 OP(OMe)2 }(ri-C5 H5 )] (R= Ph 9, Me 10). 

However, as a result of the extreme air sensitivity of 9 and 10, exact microanalyses 

could not be obtained.

+
(Meo y - J /lo' - y ^ — R

y °  yP(OMe)2 Ph 
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K[HBBus3]
(MeO)2p* 
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R= Me 7  10

Scheme 27

The complexes 9 and 1 0  are soluble in thf and CH2 C12, but in the later solvent they

slowly decompose. Both are moderately soluble in toluene, but insoluble in alkanes.

The proton NMR spectrum of 9 shows four doublets between 3.44 and 3.30 ppm for
2 •the phosphorus bound methoxy groups and the proton on the q -vinyl ligand resonates 

as a multiplet at 3.42-3.35 ppm. In the spectrum of 10 these signals are indistinguish

able and appear as one multiplet between 3.55 and 3.27 ppm. The carbon NMR 

spectrum reveals the carbenoid character of the a-carbon of the r| -vinyl group with
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resonances at 240.8 ppm (9) and 242.3 ppm (10). The inequivalence of the phos

phorus nuclei in 9 and 10 give rise to an AB pattern in the 3 1 P-{1 H} NMR spectrum.

The reaction of the di-methyl substituted complex 8  with K[HBBus3] also affords a 

yellow powder. On account of its very poor solubility in other solvents, NMR spectra 

had to be run in CD2 C12, in which the compound evidently decomposes. Hence, only 

proton and phosphorus NMR experiments were carried out. These suggest that the
3 2product is an anionic allyl complex, presumably K[Mo{q -C(Me)C(H)CH2} {r| - 

P(OMe)2 OBF2 OP(OMe)2 }(t|-C5 H5)]. The formation of an r|3 -allyl-ligand parallels 

the reactivity of the analogous Zu's-phosphite but-2-yne complex [Mo(r| -MeC2 Me)- 

{P(OMe)3 }2 (r)-C5 H5 )][BF4], which was discussed in the introduction ( 1 . 1 ).

K[HBBus3]

y °  / P(OMe)2 M<

(MeO)2p

P(OMe).

8

Scheme 28

The proton and phosphorus NMR spectra of this product show significant differences 

to those of 9 and 10, indicating that there is no r| -vinyl ligand present. Two virtual 

triplets for the methoxy groups are found in the *H NMR spectrum, which are similar 

to those observed for symmetrically substituted complexes such as the starting 

complex 6 . Also, only one broad signal at 201 ppm is found in the 3 1 P-{1 H} NMR 

spectrum. Broad multiplets between 1.35-1.50 ppm and 2.05-2.16 ppm in the proton 

NMR spectrum show a typical pattern for allyl systems. However, since low tempera-
13 1ture NMR experiments did not give better resolved signals and C-{ H} NMR 

experiments could not be carried out, the description of this product must remain 

uncertain.
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2.6. Reactivity of the r)2-Vinyl Complexes K[Mo{r|2 =C(R)C(H)Ph}{Ti2-

P(OMe)2 OBF2 OP(OMe)2 }(Ti-C5 H5)] (R= Ph 9, Me 10)

2

Protonation of rj -vinyl metal complexes could in principle occur at all three atoms of
76 2the metallacyclopropene. Templeton and co-worker showed that the rj -vinyl group 

in [Tp*W{r|2 =C(Ph)C(H)Me}(CO)2] {Tp*=hydridotris(3,5-dimethylpyrazolyl)- 

borate} LI is protonated at the formally sp hybridised carbon. They isolated the 

cationic 16 electron carbene complex [Tp*W{=C(Ph)C(H)2 Me}(CO)2]+ LII which is 

stabilised by an agostic interaction between the metal and a hydrogen on the P-carbon 

of the carbene ligand.

Scheme 29

The r|2-vinyl complex K[Mo{T]2 =C(R)C(H)Ph}{r|2 -P(OMe)2 OBF2 OP(OMe)2 }(Ti- 

C5 H5)] 9 was treated with one equivalent of HBF4  whereupon the colour immediately 

changed from yellow to red. The reaction mixture was filtered through alumina and a 

red solution of A (Scheme 30) was obtained. The proton NMR spectrum showed 

several singlets with different intensities in the region in which the resonance of the 

cyclopentadienyl protons is expected (4.5-6.0ppm). Since a separation of so many 

different products or isomers did not seem feasible, CO was bubbled through the 

NMR sample resulting in a colour change to yellow. The NMR spectrum of the reac

tion mixture revealed that all products or isomers A from the protonation reaction 

react with CO to give one metal complex, as there was only one signal found in the 

proton NMR spectrum which could be assigned to cyclopentadienyl protons. The 

molybdenum complex was precipitated and characterised as the 6 /s-carbonyl complex 

[Mo(CO) 2  {r|2 -P(OMe)2 OBF2 OP(OMe)2} (rj-C5 H5)] 11. The supernatant solution was
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analysed; exclusively /nmy-stilbene and no c/5 -stilbene, was identified. The reaction 

of 10 with HBF4, followed by treatment with CO is very similar and also gives com

plex 11. However, here no organic by-product was identified. Addition of 

diphenylacetylene to the intermediate A gave the complex 6 .

(J
R

(MeO)2p " /Mo\ ( / Ph 

n  • H

f 2b — o
9
10 A

+CO

(MeO^p— Mo^-CO
/  /  ^C O

.y° >P(OMe)2
f 2b — o

11

+

H R

Ph H

Scheme 30

The red complex 11 is soluble in the common aromatic and chlorinated solvents, but 

not in alkanes. The proton NMR spectrum shows a singlet for the cyclopentadienyl 

ligand at 5.00 ppm and two virtual triplets, characteristic for the 6 /5 -phosphite ligand, 

at 3.48 and 3.46 ppm. The carbonyl ligands are identified by two strong infra red 

absorption bands at 1992 and 1923 cm* 1 and a resonance at 237.5 ppm in the carbon 

NMR spectrum.
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It can be assumed that the product A is a mixture of different isomers of a formally 16 

electron stilbene complex, possible bonding modes of which are shown in Figure 20. 

The isomer A may be stabilised by an agostic interaction (B) or by bonding of one 

arene double bond to the metal, forming a butadienyl ligand (C). Attempts to obtain 

single crystals of A for X-ray diffraction have not been successful.

Ph

Hi H

Mo y -H Mo"
\
H.

B

Figure 20. Possible bonding modes for /ra/w-stilbene in A
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2.7 Attempts to Synthesise Complexes with /r/-Hapto and tetra-Hapto Boron- 

Bridged Phosphite Ligands

Recently, there has been considerable interest in new tripodal ligands for transition 

metal complexes, in particular in hard ligand systems such as the hydridotris(3,5- 

dimethylpyrazolyl)borato anion or tris-amido ligands. 7 7  Last year Klauli et al 

published a synthesis for an anionic phosphite ligand, which was generated within the 

coordination sphere of ruthenium. The complex pRu{P(OH)(OMe)2 }2 {P(0)(OMe)2}- 

(ri-CsMes)] LIII was reacted with PhBCl2  in presence of a base to yield [Ru{r|3- 

(P(0 Me)2 0 }3 BPh}(r|-C5 Me)5 ] LIV, the structure of which was characterised by X-
78ray analysis.

(MeO)7P
Ru— -P(OMe)0 

II 2
I °

OH P(OMe)_ 

OH

LIII

PhBCl2
base (MeOLP

2' P(OMe)2
(OMeL

LIV

Scheme 31

In section 2.3 it was shown that the reagent CH2 (MgI) 2  promotes a linkage of two 

adjacent phosphite moieties with a boron atom. It was therefore feasible that three 

phosphite ligands could also be linked together with the same reagent, if a starting 

complex is used which has more than two phosphite molecules on a cyclopentadienyl 

molybdenum fragment. Therefore, suitable starting complexes were synthesised.

Firstly, the same method as used for the synthesis of the di-carbonyl complex 10 

in section 2.6 was applied. Protonation of the anionic r\ -vinyl complexes 

K[Mo{ri2 =C(R)C(H)Ph}{ri2 -P(OMe)2 OBF2 OP(OMe)2 }(ri-C5 H 5 )] 9 or 10 in the 

presence of two equivalents of trimethylphosphite gave the bright yellow compound 

[Mo{P(OMe)3 }2 {rj2 -P(OMe)2 OBF2 OP(OMe)2 }(r|-C5 H5 )] 12 in good yield (Scheme 

32).
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Scheme 32

The proton NMR shows three virtual triplets at 3.74, 3.70, and 3.42 ppm with relative 

intensities 1:1:3. The first two resonances can be assigned to the chelating bis-
31 1phosphite ligand and the last to the two phosphite ligands. In the P-{ H} NMR 

spectrum, the expected AA'XX' pattern appears between 196.5-195.0 and 173.9-172.7 

ppm. However, due to broadening of the XX' part of the spectrum, not all of the 

signals necessary to determine the underlying coupling constants could be found.

Secondly, in order to obtain a cationic starting material, the 6 /5 -phosphite 7 1 -allyl com

plex [Mo(r)3 -C3 H4 Me) {P(OMe) 3  }2 (ri-C5 H5 ) ] 3 1 XIII was protonated with HBF4  in the 

presence of trimethylphosphite and the cationic te/raAiy-phosphite compound 

[Mo{P(OMe)3 }4 (r|-C5 H5 )][BF4 ] 13 was obtained.

MoL

XIII

Scheme 33. L= P(OMe) 3

The bright yellow highly air sensitive complex 13 is soluble in chlorinated solvents 

and thf, while almost insoluble in less polar solvents. The *H NMR spectrum of 13 

shows a singlet for the cyclopentadienyl ligand and one virtual quintet for all phos-
31phite protons. The equivalence of the phosphite moieties is also reflected in the P- 

^H} NMR featuring one singlet at 190.9 ppm. The 1 3 C-{!H} NMR spectrum exhibits



a resonance at 84.7 ppm for the r)-C5 H 5  ligand and a singlet for the phosphite carbons 

at 52.7 ppm.

Both compounds 12 and 13 were reacted with CH2 (MgI)2, but no reaction was 

observed.

12 or 13   CH2(MgI)2----- jj_

Scheme 34

CH?(MgI)7, //  ̂ no
reaction

2

This could indicate that the alkyne ligand in the compound [Mo(r| -PhC2 Ph)- 

{P(OMe)3 }2 (r|-C5 H 5 )][BF4 ] XI plays an important role in the reaction with 

CH2 (MgI)2. Presumably it opens a reaction site at the metal by switching from a four 

electron donor to a two electron donor. Steric reasons might also be responsible for 

the decreased reactivity of 12 and 13 compared to complex XI.
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2.8 Synthesis of the First Mononuclear q(4e)-Bonded Phosphaalkyne 

Complex

79Since the first preparation of stable phosphaalkynes in 1981 there has been consi

derable interest in its coordination chemistry. Several transition metal complexes
80 81 82containing phosphaalkynes have been prepared, ’ ’ but so far no stable mono- 

nuclear complex containing an r| (4e)-phosphaalkyne ligand has been synthesised. It 

is interesting to note, however, that it has been reported that treatment of the complex 

[Ti(PMe3 )(r|2 -ButCP)(ri-C5 H 5 )2 ] LVI with BEt3  leads to loss of PMe3  as the adduct 

Me3 PBEt3  and formation of an equilibrium mixture, which is thought to contain
2  t[Ti(rj -Bu CP)(t]-C5 H 5 )2 ] LVII and the corresponding phosphorus-bridged dimer

83LVIII. However, from this mixture, only the dimeric complex LVIII was isolated.

Ti P-----

LVIII

PMe.
TiTi: -►

LVI

Scheme 35

As was shown in section 2.6, the protonation of the anionic complexes 9 or 10 in the 

presence of donor ligands yields neutral zwitterionic complexes. In particular, it was 

shown that this reactivity can be used to introduce 4(e)-donor alkynes into the 

complex. It therefore, seemed feasible that phosphaalkyne could be coordinated to 

this metal fragment and thus be forced into an 4(e)-donating bonding mode.

Complex 9 was treated with one equivalent of HBF4 .Et20  to generate the intermediate 

[Mo(/ra«.s-PhHC=CHPh){r|2 -P(OMe)2 OBF2 OP(OMe)2 }(Ti-C5 H5)] A in situ, as was 

shown in the previous chapter. When the yellow reaction mixture was cooled to 

-78°C, and one molar equivalent of BuC=P was added, there was an immediate 

change of colour to deep green. Workup by removal of the solvent in vacuo, extrac

tion with toluene, followed by addition of hexane and cooling (-20°C) afforded a low 

melting complex [Mo{q2 -P(OMe)2 OBF2 OP(OMe)2 }(r|2 -P=CButXr|-C5 H5 )] 14 

(Scheme 36). The highly air sensitive green complex 14 consists of the zwitterionic
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metal fragment [Mo{r|2 -P(OMe)2 OBF2 OP(OMe)2 }(r|-C5 H 5 )] and one phosphaalkyne 

moiety, which - as has been deduced from electron count and NMR evidence - acts as 

a four electron donor.

Ph
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o' / H Ph
H
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ButC=P
(MeO)2p ,

A  /
. /

A /i +  /✓ --''B u tm°—nr
p

f 2 b — o
°  ^P(OMe)2

14

Scheme 36

Compound 14 was fully characterised by its analytical and spectroscopic data. The 

NMR spectra show the features expected for the metal fragment [Mo{r| -P(0Me)2 0- 

BF2 OP(OMe)2 }(rj-C5 H 5 )], which was discussed in detail in 2.4. Hence, in the lH 

NMR spectrum, a triplet at 5.43 ppm [/(PH) 1.4 Hz] was attributed to the cyclo

pentadienyl ligand and two virtual triplets at 3.52 [//(PH) 11.2 Hz] and 3.31 ppm 

[JV(PH) 11.5 Hz] were assigned to the methoxy groups on the phosphite ligand.
13 1Correspondingly, in the C-{ H} NMR spectrum two virtual triplets were seen for 

these methoxy groups and a singlet at 93.8 ppm which is attributable to the cyclo-
31 1pentadienyl ligand. The appearance in the P-{ H} NMR spectrum of a singlet reso

nance at 157.3 ppm due to the bidentate ligand [(MeO)2 POBF2 OP(OMe)2], confirms 

that in solution on the NMR timescale the phosphaalkyne, in a similar way to alkynes, 

undergoes a facile windscreen wiper motion (Scheme 37). The 3 1 P-{!H} NMR 

spectrum is invariant in the temperature range +25°-> -80°C.

p^—OMe

B ^F

>^-OMe

MeO
B—F

MeO

Scheme 37
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More interesting are the features displayed by the phosphaalkyne ligand. The inte

gration of the singlet for the ter/-butyl group at 1.52 ppm clearly shows that only one 

alkyne molecule has been incorporated into the complex. In the 3 ,P-{1H} NMR 

spectrum, a low field signal at 467.8 ppm is assigned to the phosphorus of the rj (4e)- 

bonded BulC=P. This resonance is highly deshielded compared to the shifts exhibited
2  t  2by the r\ (2e)-bonded Bu C=P ligands present in the platinum complexes [Pt(r] - 

Bu‘CP)(PPh3)2] (84.1 ppm ) , 8 4  [PtO^-Bu'CPXdiphos)] (87.7 ppm) 8 5  and [Pt(r|2- 

Bu‘CP)(r|2 -Ph2 PCH2 CMe(CH2 PPh2 )CH2 PPh2] (82.3 ppm) . 8 6  Interestingly, the 

aforementioned mixture containing [Ti(r| -Bu'CP)(t|-C5 H5)2] LVII shows a low 

field signal at 431.6 ppm in the 3 lP-{rH} NMR spectrum (d8 -thf, -40°C). This signal, 

however, was very broad (h1/2« 970 Hz).

Support for the assignment of the low field 31P NMR shift is also provided by the 

recent8 7  report that the 3 1 P-{1 H} NMR spectrum of the aromatic phosphirenylium 

cation [PhCC(But)P][B(0S0 2 CF3)4] LIX shows a resonance at 309.7 ppm deshielded 

by 313 ppm from PhC=C(But)P 0S 0 2 CF3  LX. Thus, on account of the isolobal 

relationship between MoL2 (r|-C 5 H 5 ) and CR (Figure 21), a similar low field resonance 

would be expected in the 3 1 P-{ lH} NMR spectrum of 14 and it is reasonable to
2  31assume that the signature of a r\ (4e)-bonded phosphaalkyne is a P NMR resonance 

in the region of 450 ppm.
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The 1 3 C-{!H} NMR spectrum of 14 shows a doublet of triplets as low field as 328.5
1 3ppm [V(PC) 114.4 Hz, V(PC) 6 . 6  Hz]. As mentioned earlier, with mononuclear

* • 13transition metal alkyne complexes, there is a correlation between the contact C 

chemical shifts and the effective number of electrons donated to the metal, and it is 

clearly important to consider whether a similar correlation exists for phosphaalkyne 

complexes. On comparison with the 13C shifts observed for uncoordinated Bu*C=P 

[184.3 ppm, d, ./(PC) 38.6 Hz], and for the presumed rj2 (2e)-bonded phosphaalkyne 

complex [Pt(T|2 -ButCP)(PPh3 )2 ] [242.0 - 239.5 ppm, m] the corresponding shift of 14 

appears at very low field, suggesting that such a correlation does indeed exist. In this 

context it is interesting to note that the complex [WCl(r| -MeCN)(PMe3 )2 (bipy)]
88 2 13[PF6], which contains a r| (4e)-bonded nitrile, shows a low field contact C 

resonance at 235 ppm [t, ./(PC) 52.8 Hz], which is shifted 135 ppm to low field of 

uncoordinated methylcyanide.

However, it has been reported that the r|2 (2e)-complex [Ti(r|2 -ButCP)(PMe3 )(r|-
83c 5 h 5)2] LVI-j shows a phosphaalkyne contact carbon resonance at 298.6 ppm,

• 1 3  * 2suggesting that although the C shift observed for 14 is consistent with an r\ (4e)-
2 2bonding mode, the distinction between r\ (4e)- and r\ (2e)-bonding for a phospha

alkyne as observed by contact carbon shifts is less pronounced than with alkynes.

Thus, to summarise the NMR data, it is the 31P chemical shift which clearly suggests 

that the phosphaalkyne ligand present in 14 acts as a four electron donor and is there

fore able to act simultaneously as a single-faced 7i-acid (through n f  ) and as a single

faced 7i-base (through 7i±).
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2.9 Reactivity of 14 - Transformation into a 1,3-Diphosphacyclobutadiene 

Complex

Complexes containing rj (4e)-bonded phosphaalkyne ligands are also interesting in 

the context of reactivity. Treatment of a toluene solution of 14 with one molar equi

valent of BulC=P resulted in a colour change over a period of three days from green to 

yellow. Column chromatography of the reaction mixture on alumina and elution with 

dichloromethane afforded a single yellow band, which on recrystallisation from 

CH2 Cl2/hexane produced yellow crystals (48% yield) of the 1,3-diphosphacyclobuta- 

diene complex [Mo{rj2 -P(OMe)2 OBF2 OP(OMe)2 }{q4 -P2 C2 (But)2 }(ri-C5 H 5 )] 15.

(MeO)2p(MeO)2p

P(OMe).P(OMe).

14 15

Scheme 38

• • 1 1 3  31The characterisation of compound 15 was accomplished by H, C, and P NMR
1 2  spectroscopy. In the H NMR spectrum the signals for the metal fragment [Mo{r| -

P(OMe)2 OBF2 OP(OMe)2 }(rj-C5 H5)] in compounds 15 and 14 are very similar. The

important difference is, however, that in the spectrum of 15 the integration of the

singlet at 0.90 ppm, which is attributable to tert-butyl groups, represents 18 protons.

The 3 ,P-{1 H} NMR spectrum shows two singlets for the diphosphacyclobutadiene

ligand at 56.5 and 51.1 ppm and a singlet for the two phosphite phosphorus nuclei at

151.7 ppm. The NMR data, two magnetically equivalent /er/-butyl groups and two

different phosphorus nuclei in the cyclobutadienyl ligand, suggest that the four

membered ring is not rotating and that the two carbon atom in the ring together with

the two phosphite phosphorus span a plane.

The stepwise nature of the formation of r\4-1,3 -diphosphacyclobutadienes has, prior to

this work, not been demonstrated, despite frequent reports of the formation of this
80 82ligand on reaction of metal complexes with phosphaalkynes. ’ However, Binger
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89and coworkers have reported that the dimeric cobalt compound [Co2 (p-Me3 Si- 

C2 SiMe3 )(r|-C 5 H 5 )2 ] LXI reacts with a mixture of BulC=P and Me3 SiC2 SiMe3  to give 

the monomeric Tj4-cyclobutadienyl complexes LXII - LXIV, as is shown in Scheme 

39.
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2 2It is suggested that the transformation 14—» 15 involves a switch [r| (4e)—> r| (2e)] in 

the bonding mode of the coordinated BulC=P ligand, which is present in 14, so as to 

accommodate a second r| (2 e)-bonded phosphaalkyne prior to its head to tail coupling 

to form the possible precursors A and B (Figure 22) of the 1,3-diphosphacyclo- 

butadiene ring.
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2.10. Investigation of Phosphide Alkyne Complexes [Mo(PPh2 H)(PPh 2 )(t|2- 

RC 2 R)(ti-C 5 H5)]

The elements comprising an alkyne transition metal bond have been discussed in 

detail in the introduction (1.1). In particular, this focused on the ability of alkynes to 

act as two or as four electron donor ligands. Their reactivity towards nucleophiles 

was another characteristic mentioned therein.

Similarly, the phosphide ligand (PR2) can coordinate to a transition metal with two 

different bonding modes, as illustrated in Figure 23. Firstly, it can act as a one elec

tron donor with a a-bond between the phosphorus and the metal. The phosphorus in 

this so-called phosphido-group is sp3-hybridised and a pseudo-tetrahedral confor

mation is found. The lone pair of the phosphorus is localised and does not contribute 

to the M-P bond . 4

Secondly, the phosphide ligand can donate three electrons to the metal, an arrange- 

ment which is also called a phosphenium complex. Here the phosphorus is sp - 

hybridised and its three substituents are in one plane. Between metal and phosphorus 

there is a double bond, which can formally be described as one a- and one dative bond 

stemming from the free electron pair at the phosphorus. 4

m = p < r

phosphenium

Figure 23

Examples of complexes with one electron donor phosphide ligands are [Mo(CO)2- 

(PMe3 )(PPh2 )(Ti-C5 H5)] LXV9 0  and [Re(NO)(PPh3 XPPh2 )(ri-C5 H 5 )] LXVI . 9 1  X-ray 

diffraction studies on the rhenium complex showed that the sum of the three bond 

angles about the phosphorus is 323.0° and, therefore, close to 328.5° for an idealised 

tetrahedral atom.

When two phosphide ligands contribute a total number of four electrons to the metal 

complex they can donate one and three electrons respectively, as was found for the

M— p '
I R
R

phosphido
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Figure 24

92metallocene hafnium complex [Hf(PEt2 )2 ('n-C5 H 5 )2 ] LXVII. Here one phosphorus 

is in a /wew^o-tetrahedral, and the other in a planar, coordination sphere. Alterna

tively, both phosphide ligands donate two electrons each resulting in a P-M bond 

order of 1 .5. This was observed in the tungsten complex [W(H)(PMe3 )(PPh2 )2 (r|-
93C5 H5)] LXVIII where the two transoid phosphide ligands together with the metal 

adopt a /?sew<sfo-allylic bond. However, for both complexes only one resonance in
31their P NMR spectra was found indicating that in solution they are fluxional.

Hf= W-
Ph ̂  
Ph

Me3P
H *Vph 

Ph

LXVII LXVIII

Figure 25

Three reaction types, which have been used to synthesise neutral transition metal 

phosphide complexes, are shown in Figure 26. These are: transmetallation with 

sodium phosphide and a transition metal halide (A), the HX elimination from 

halogeno secondary phosphine metal complexes (B) and the HX elimination from 

cationic secondary phosphine metal complexes (C). It is noteworthy that for 18 

electron complexes the paths A and C lead to one electron donor phosphides, whereas 

path B leads to three electron donor phosphides . 9 4
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It seemed interesting to synthesise model complexes containing two ambivalent 

ligands, an alkyne and a phosphide. With these complexes it should be possible to 

quantify the relative donor ability of alkynes versus phosphides.

Since the complexes with tertiary phosphines [Mo(PR3 )2 (Ti2 -R'C2 R'Xr|-C5 H5 )][BF4] 

(R= Me, Et, Ph; R -  Me, Ph, 4-tolyl) 1 5  are readily accessible, it was anticipated that 

the analogous complexes with secondary phosphines [Mo(PR2 H)2 (ti2 -R'C2 R')(ti- 

C5 H5 )][BF4] can be prepared by the same route. Abstraction of HBF4  (path C) would 

generate a compound [Mo(PR2 )(PR2 H)(r|2 -R'C2 R')(r|-C5 H5 )] accommodating a phos

phide and an alkyne ligand. An electron count reveals that the alkyne and the phos

phide ligand together have to deliver five electrons to the metal in order to fulfil the 

18 electron rule. Thus, it was anticipated that there would be the desired competition 

between the two ligands.

As expected, addition of two equivalents of diphenylphosphine to the Zu's-alkyne 

acetonitrile complex [Mo(NCMe)('n2 -PhC2 Ph)2 ('q-C5 H5 )][BF4] LXIX 1 5  gives the bis- 

phosphine complex [Mo(PPh2 H)2 (r|2 -PhC2 Ph)(r|-C5 H5 )][BF4] 16. This cationic 

complex was purified by repeated recrystallisation from CH2 Cl2/hexane until it was 

obtained in the form of a green powder (Scheme 40).

The proton NMR spectrum of 16 shows a triplet at 5.44 ppm for the cyclopentadienyl 

ligand with a phosphorus coupling of 1.4 Hz and the 30 phenyl protons can be seen as 

a multiplet between 7.51 and 6.91 ppm. The two protons bonded to the phosphorus 

are detected as a doublet centred at 7.15 ppm with a phosphorus coupling of 379 Hz. 

This coupling is also found in the proton coupled 31P NMR spectrum which shows a
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doublet at 39.1 ppm. The I3 C-{!H} NMR spectrum of 16 displays, in addition to a 

signal for the r|-C 5 H5  ligand at 96.5 ppm and several signals for the phenyl carbons 

between 138.3 and 127.5 ppm, a singlet for the contact carbons of the alkyne moiety 

at 2 2 2 . 6  ppm, a shift which is characteristic for a four electron donor.

Complex 16 was treated with one equivalent of the amide base Li[N(SiMe3)2] in thf at 

-78°C. On warming to room temperature the colour of the solution turned from green 

to red. After all volatiles were removed, the product was extracted with toluene and 

recrystallised from toluene/hexane to give high yields of the dark red compound 

[Mo(PPh2 )(PPh2 H)(>i2 -PhC2 Ph)(ri-C5 H5 )] 17. Protonation of 17 with HBF4 .Et20  

regenerated quantitatively the starting complex 16.

Li[N(SiMe3 )2 ]

Scheme 41

The air sensitive complex 17 is soluble in all common solvents except hydrocarbons 

However, slow decomposition of 17 occurs in chlorinated solvents, a point discussed 

later in this section. Single crystals which were obtained from toluene/hexane using 

the layering technique were twinned and, therefore, not suitable for an X-ray diffrac

tion study.
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The !H NMR spectrum reveals the presence of 30 phenyl protons (8.05-6.92 ppm, 

multiplet) and a cyclopentadienyl ligand [4.95 ppm, doublet, ./(PH) 1.1 Hz]. A 

doublet of doublets at 7.70 ppm [!J(PH) 345 Hz, V(PH) 3.0 Hz] is attributable to a 

hydrogen bonded to a phosphorus. The splitting and the coupling constants show that 

the hydrogen is bonded to only one phosphorus and does not adopt a bridging position 

between the two phosphorus atoms or exchanges between the two. Accordingly, the
31 1P-{ H} NMR spectrum shows two signals at 63.0 and 53.7 ppm, of which the latter 

is split into a doublet of 345 Hz in the proton coupled spectrum. The signal at 63.0 

ppm was, therefore, assigned to the phosphorus nucleus of the phosphide ligand. A 

singlet at 151.7 ppm in the ^C-j'H } NMR spectrum was attributed to the alkyne 

contact carbons, this shift being consistent with the alkyne groups acting as three 

electron donors.

As no X-ray diffraction study on complex 17 could be accomplished, the competition 

in donor ability of the alkyne and the phosphide ligand must be solely discussed on 

the basis of NMR evidence. The relationship between the number of donated elec-
13trons of a coordinated alkyne and the shift in the C NMR has been mentioned earlier 

(1.1). Similarly, 3 1 P-{ 1H} NMR spectroscopy is a useful tool for analysing the ambi

valent bonding modes of phosphide ligands. One electron donating phosphides gene

rally show an upfleld shift; e. g. the aforementioned rhenium complex [Re(NO)- 

(PPh3 )(PPh2 )(ri-C5 H5)] LXVI9 1  resonates at -48.3 ppm, or the molybdenum complex 

[Mo(CO)2 (PMe3 )(PPh2 )(ri-C5 H5 )]LXV9 0  at -31.9 ppm. The resonances for phos- 

phides, which formally donate two electrons, are found at higher chemical shift 

values; e.g. [Hf(PR2 )2 (r|-C 5 H5 )2 ]LXVII9 2  (R = Et, Cy, Ph) 100- 160 ppm, [W(H)- 

(PMe3 )(PPh2 )2 (r|-C 5 H 5 )]LXVIII9 3  98.8 ppm. A characteristic lowfield shift of three 

electron donors can be exemplified with the complexes [Mo(PMe3 )(PHPh2 )(PPh2 )('n- 

C5 Me5 ) ] 9 3  (177.1 ppm for PPh2) and [Mo(PMe3 )2 (PPh2 )(ti-C5 H 5 ) ] 9 5  (224.4 ppm for 

PPh2). On the basis of these examples it seems reasonable to view the phosphide 

ligand in complex 17 formally as a two electron donor.

In summary, for the complex 17 it was shown that both ambivalent ligands adopt a 

bonding mode somewhere between the maximum and minimum number of electrons 

they are able to contribute to a metal centre.
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It is also noteworthy that experiments to vary the substituents on the relevant ligands 

failed. The reaction of the but-2-yne complex [Mo(PPh2 H)2 (r|2 -MeC2 Me)(r|-C5 H5 )]- 

[BF4] with Li[N(SiMe3)2] did not give any stable product.

BF4 -

P HP" 1  

PhjHP

Mo-
+

y - M e

Me

Li[N(SiMe3)2] decomposition

LXIX

Scheme 42

The reaction of 16 with a hydride source could, as with other cationic cyclopenta- 

dienyl molybdenum complexes, lead to a nucleophilic attack at the alkyne and the
2  Q

formation of an r| -vinyl complex. However, the reaction of 16 with K[BHBu 3] 

generates compound 17, showing that the phosphines in complex 16 have 

considerable acidity and thus the hydride acts as a base.

Pl^HP" 1  

Pl^HP

Mo-
+

16

n BF4 -

rPh

Ph
K[BHBuS3]

PhjH P" j

Pl^P

Mo-

17

Ph

Ph

Scheme 43

An attempt was made to deprotonate complex 17 in order to obtain an anionic diphos- 

phido complex. However, on addition of one equivalent of Li[N(SiMe3)2] to a solu

tion of 17 in thf no reaction was observed. On using the far stronger base LiBu1 for 

this reaction complete decomposition occurs (Scheme 44).
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Li[N(SiMe3)2]
 ». no reaction

LiBut
------------------------ ► decomposition

Scheme 44

It is known that phosphido complexes can act as nucleophiles, even with not very 

reactive substrates such as CH2 C12. Gladysz et a l 9 1  reported that on dissolving the 

aforementioned rhenium complex [Re(NO)(PPh3 )(PPh2 )(ri-C5 H5 )] LXVI in CH2 C12  

the cationic compound [Re(NO)(PPh3 ){P(CH2 Cl)Ph2 }(T]-C5 H5 )]Cl LXX is formed.

Mo-

17

Cl

I CH2 CI2  I + CHX1
P h P— Re— p«.  ► Pk P— R e ^ - p /

^  i x ph I  ^ p hON Ph ™ ON Ph ™

LXVI LXX

Scheme 45

An investigation of the reactivity of 17 towards electrophiles was carried out. One 

equivalent of either CH2 C12, CH2 I2  or BC13  was added to a solution of 17 in thf. After 

5 hours a reaction was observed with CH2 C12  and CH2 I2, while with BC13  an imme

diate colour change occurred. However, in neither case could a stable product be 

isolated. It can be assumed that after initial formation of the desired product an 

intramolecular oxidation of the molybdenum occurs leading to decomposition.
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2.11. Reactions of the 6 is-AIkyne(carbonyI)-Carbaborane Complexes with 

P(OMe) 3

The isolobal relationship between [nido-C2B9Y[u ]2~ and [C5 H5]‘ has already been 

elaborated upon (section 1.2). It was therefore expected that the chemistry of bis- 

alkyne complexes [c/o5 o-3 ,3 -(r|2 -RC2 R)2 -3 -CO-3 , l , 2 -MoC2 B9 H,i] (R= alkyl, aryl) 

would parallel that of the cationic cyclopentadienyl analogues [Mo(ri2 -RC2 R)2 (CO) 

(r|-C5 FI5 )][BF4]. The cyclopentadienyl complexes [Mo(rj2 -RC2 R)2 (CO)(r|-C 5 H5)]- 

[BF4] react with trimethylphosphite to yield exclusively the Zu's-phosphite complexes 

[Mo(r|2 -RC2 R){P(OMe)3 }2 (r|-C 5 FI5 )][BF4], a type of compound which has played a 

pivotal role in studies of the chemistry of p 2 (4e)-bonded alkyne ligands. 9 6 ’ 9 7  In this 

chapter, the reactivity of the carbaborane complexes [c/o50-3,3-(r|2-RC2R)2-3-CO- 

3,l,2-MoC 2 B9 H n ] towards P(OMe) 3  will be described.

It has been shown by Stone and coworkers that a great number of neutral carbaborane- 

molybdenum complexes can be prepared via protonation of the anionic complex 

[NEt4 ][c/oio-3 ,3 -(CO)2 -3 -(Ti3 -C3 H5 )-3 , 1,2-MoC2 B9H,, ] XXXIIs6’5 7  in the presence of 

donor ligands. This route also provided access to the 6 /s-alkyne complex [closo-3,3- 

(r|2 -MeC2 Me)2 -3 -CO-3 , l , 2 -MoC2 B9 H,,] XXXIV5 7  which was obtained in a good 

yield (Scheme 47).

In order to put our investigations on a broad basis it seemed desirable to synthesise 

analogous complexes. Protonation of XXXII in the presence of diphenylacetylene or 

methyl phenylacetylene afforded, after column chromatography and recrystallisation 

from CH2 Cl2 /hexane, the complexes 18 and 19, respectively.

HBF4.Et20  /  RC2R'

R

XXXII

Scheme 47. O = BH, •  = Cl

R K
Me Me XXXIV
Ph Ph 18
Me Ph 19
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The spectroscopic properties o f  the bright yellow  com pounds 18 and 19 are very 

similar to those o f  com plex XXXIV but they w ill be briefly d iscussed  for the sake o f  

com pleteness. The N M R  spectrum o f  18 shows a multiplet betw een 7.60 and 7.29  

ppm for the phenyl protons and a broad singlet for the tw o cage-C H  nuclei. The 13C- 

{ !H} N M R  spectrum exhibits a resonance for the CO group at 222.1 ppm and a broad 

signal for the cage carbon atoms. The appearance o f  tw o resonances (at 168.8 and

152.9 ppm), attributable to the alkyne contact carbons, suggests that the alkynes are 

not rotating on the NM R tim escale. The IR spectrum o f  18 show s a strong carbonyl 

absorption at 2062 cm '1.

The N M R  spectra o f  compound 19 shows two sets o f  peaks due to tw o isom ers, w hile 

the IR spectrum displays only one absorption (at 2049 cm '1). This is a com m on  

feature for non-sym m etrically substituted 6z'.s-alkyne com plexes and has, for exam ple, 

been observed for the cyclopentadienyl com plex [M o(r|2-R C2R')(CO )(r|-C5H5)][B F 4] 

(section 1.1). From the three possible isomers (Figure 27), on ly the presence o f  the 

non-sym m etrically substituted com plex C can be ascertained. This isom er exhibits 

two different methyl resonances and the lack o f  a C2-axis g ives rise to tw o resonances 

for the cage-CH  groups in the *H and 13C NM R spectra. H owever, not all the peaks 

could be unam biguously assigned and a distinction between an isom er A or B was not 

possible. The alkyne contact carbon resonances between 177.0 and 150.4 ppm all fall 

in the area expected for a three electron donor.

CO

Mo

Me

Me

Figure 27 . O  =  BH, •  = CH
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In contrast to the analogous cyclopentadienyl complexes, the reaction of the bis- 

alkyne carbonyl complexes XXXIV, 18, and 19 with trimethyl phosphite occurs 

slowly. Hence, the stepwise nature of the reaction could be investigated thoroughly. 

After stirring a mixture of compound 18 in CH2 C12  with 2.5 equivalents of P(OMe) 3  at 

room temperature, the IR spectrum of the mixture showed that most of the starting 

complex had been consumed and one new carbonyl containing product had been 

formed. Separation of the reaction mixture by column chromatography (CH2 C12/ 

hexane) yielded the mcwo-phosphite carbonyl complex 20 as the main product. Also 

isolated were small amounts of starting material (first fraction) and the Zu's-phosphite 

complex 22 (third fraction). Similarly, compound XXXIV reacts with P(OMe) 3  to 

give mainly the /wowo-phosphite complex 2 1  and small amounts of the 6 /s-phosphite 

complex 24.

R
CO

R = Ph 18 
R = Me XXXIV

+ L

R CH2C12 
r.t. CO

Rmajor

R = Ph 20 
R = Me 21

+

Rminor

R = Ph 22 
R = Me 24

1 ,0  = BH, •  = CH, L= P(OMe) 3

The blue mowo-phosphite compounds 20 and 21 are soluble in CH2 C12  and thf, fairly 

soluble in toluene and insoluble in hexane. Characterisation of 20 and 21 was per

formed by analytical and spectroscopic methods. The IR spectrum of 20 shows one 

strong absorption at 1977 cm ' 1 for the carbonyl group, which is also represented as a 

doublet at 234.2 ppm [./(PH) 19.2 Hz] in the carbon NMR spectrum. In the lH NMR 

spectrum of 20 there are two resonances for the non-equivalent cage C-H atoms at

4.12 and 3.52 ppm, and correspondingly in the 1 3 C-{!H} NMR spectrum there are two 

peaks for the carbon atoms of these moieties at 51.1 and 43.9 ppm. A doublet at 3.52 

ppm [./(PH) 11.5 Hz] in the proton NMR and a singlet resonance at 162.1 ppm in the 

3 1 P-{1H} NMR spectrum is attributable to the phosphite ligand. Also noteworthy is
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that the alkyne ligand seems to be rotating about the metal bonding axis, giving rise to 

a broad signal at 213.1 ppm in the l3 C-{lH} NMR spectrum.

The NMR spectrum of 21 features two broad signals for the cage-CH groups at 

3.72 and 2.59 ppm and a doublet for the phosphite protons at 3.49 ppm [./(PH) 10.9 

Hz]. One singlet for the alkyne methyl groups at 3.20 ppm suggests that the alkyne is 

rotating. Further support for alkyne rotation is found in the 1 3 C-{1H} NMR spectrum. 

The alkyne contact carbons show only one resonance at 212.0 ppm and the methyl 

groups resonate at 19.9 ppm. The 3 1 P-{ 1H} NMR spectrum exhibits one singlet at 

166.3 ppm and in the IR spectrum a carbonyl absorption at 1965 cm’ 1 is found. The 

1 *B NMR spectra of 20 and 21 show broad signals between -3.0 and - 19.9 ppm, an 

area where resonances for BH groups of metallacarbaboranes are expected . 5 1

In order to synthesise the desired 6 /5 -phosphite complexes mentioned above, the com

pound 18 was refluxed in CH2 C12  with 2.5 equivalents of P(OMe) 3  for 12 hrs, after 

which the reaction mixture was separated by column chromatography. The major 

product was the 6/5-phosphite complex 22 and only traces of the mono- phosphite 

complex 20 were found. Accordingly, the analogous 6 /5 -phosphite complexes 23 and 

24 were synthesised in good yields.

+

R'major

R R CH2C1 
reflux COCO

minor

R = R’ = Ph 18 R = R' = Ph 20 R = R* = Ph 22
R = Ph, R’ = Me 19 R = R' = Me 21 R = Ph, R' = Me 23
R=R' = Me XXXIV R = R’ = Me 24

Scheme 49. O = BH, •  = CH, L= P(OMe) 3

The green compounds 22 and 23 and the blue compound 24 were readily characterised 

by elemental analysis and spectroscopy. The NMR spectra of the three complexes
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show common features, such as a virtual triplet for 18 phosphite protons in the 

!H NMR spectrum at 3.54, 3.59, and 3.52 ppm, respectively, and a broad singlet at 

3.13, 3.13, and 2.79 ppm for the two cage C-H groups. The n B spectra display 

resonances between -0.7 and -22.5 ppm, characteristic of carbaborane B-H groups, 5 1

31 1and in the P-{ H} NMR spectra, there is one singlet for the equivalent phosphite 

moieties found at 174.7, 181.4, and 180.6 ppm, respectively. In the ^C-^H } NMR 

spectra, the alkyne contact carbons in 22, 23 and 24 resonate at low field, thereby 

confirming that the alkynes act as 4 electron donors. Complex 22 shows a triplet at

220.7 ppm [./(PC) 16.3 Hz] indicating that the alkyne is rotating. Compound 23 

displays two triplets at 220.7 [/(PC) 10.8 Hz] and 217.4 ppm [/(PC) 24.4 Hz] due to 

the asymmetry of the alkyne. For the alkyne contact carbons in 24 a broad singlet was 

found at 222.0 ppm. However, the methyl groups of the alkyne appear to be 

equivalent and therefore freely rotating since they give rise to only one singlet at 21.3 

ppm in the 1 3 C-{!H} NMR and one triplet at 3.05 ppm [/(PH) 1.3 Hz] in the !H NMR 

spectrum.

To shorten the reaction time, the Z?/5 -alkyne complexes 18 and XXXIV were refluxed 

with P(OMe) 3  in toluene. After only 15 minutes the IR spectrum of the reaction 

mixture showed no peak due to a carbonyl containing product. The main products 

were the Z?/5 -phosphite compounds 22 and 24, respectively, but these reactions led to 

by-products, which lowered their yield. Consequently, the temperature desired for the 

preparation of complexes 22 and 24 is no higher than in refluxing CH2 C12. Charac

terisation of the by-products, which are described in chapter 2 . 1 2  gave unexpected 

insight into the reaction mechanism.
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2.12 Mechanistic Investigation of the Reaction of the ^w-Alkyne Complexes 

XXXIV and 18 with Trimethylphosphite.

As mentioned in chapter 2.11 and shown in Scheme 50, the reactions of the fo's-alkyne 

carbonyl complexes XXXIV and 18 with P(OMe)3 in boiling toluene gave the by

products [c/0S0-3-(CO)-3,3,3-{P(OMe)3}3-3,l,2-MoC2B9Hn ] 25 and [closo-7>-{y\ - 

PhC2Ph)-3,3-{P(OMe)3}r 8-{CT-/ra«5-C(Ph)=C(H)Ph}-3,l,2-MoC2B9H 1,] 28, respec

tively. In this chapter these products will be described, followed by a discussion of a 

proposed mechanism.

R = Me

+ L

toluene
100°C

major minor
25

R = Me XXXIV p Ph
R = Ph 18 R “ Pb

Scheme 50. O =

The complex 25 obtained in ca 10 % yield was characterised by elemental analysis 

and spectroscopy as a molybdenacarbaborane cage with three phosphites and a 

carbonyl ligand attached to the molybdenum. The !H NMR spectrum of 25 displays a 

multiplet between 3.75 - 3.68 ppm, which integrates to 27 protons and which is appa

rently a doublet for 9 protons overlapping a virtual triplet for 18 protons. In addition, 

one broad singlet at 3.06 ppm was found for the two C-H nuclei of the cage vertices.

BH, •  = CH, L— P(OMe)3

major
22
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The P-{ H} NMR spectrum is in agreement with the formulation of 25 showing a 

doublet at 178.1 ppm representing two phosphorus atoms and a triplet at 167.4 ppm 

representing one phosphorus atom with a coupling constant [/(PP)] of 40.8 Hz. The
13 1carbonyl ligand is established by its multiplet resonance in the C-{ H} NMR spec

trum at 249.3 ppm and its absorption at 1878 cm’ 1 in the IR spectrum.

The green complex 28 was isolated from the reaction of 18 with trimethylphosphite in 

ca 15% yield. The structural identity of 28 was not readily discernible from the spec

troscopic data and hence a single crystal X-ray diffraction study was undertaken. As 

is shown in Figure 28, the complex contains a 3,l,2-MoC 2 B9 Hn cage, in which there 

are two trimethylphosphite ligands and one diphenylacetylene molecule coordinated 

to the molybdenum centre. The alkyne, which is T] (4e)-bonded, is orientated in the 

solid state such that the C-C bond lies parallel to one of the Mo-P linkages. Impor

tantly, a second diphenylacetylene molecule has undergone a formal c/s-insertion into 

an exo-polyhedral B-H bond, thus forming an 8 -substituted c/s-BC(Ph)=C(Ph)H 

group.

The NMR spectra of 28 are similar to those of 22 except for the resonances of the 

vinyl group present in 28. In the *H NMR spectrum the singlet for the vinyl proton 

can be seen at 5.88 ppm and the integration over the region between 7.50 and 6.06 

ppm reveals that there are 20 phenyl protons present. The two vinyl carbon nuclei
13 1were not detected in the C-{ H} NMR, which is probably due to broadening of the 

signals through the quadropolar effect of the adjacent n B nucleus. In the n B NMR 

spectrum the characteristic resonance for the boron atom attached to the exo-poly

hedral organic group is seen at 14.9 ppm . 5 1  This is also the only signal which does not 

split into a doublet in the proton coupled spectrum.

Complexes 25 and 28 are such different compounds that it seemed interesting to 

question the mechanism of their generation. Hence, a series of experiments were 

carried out, using different alkynes; the results of which are shown in Scheme 51.
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Table 5: Selected bond lengths (A) and angles (°) for 28

P(l)-Mo 2.427(4) 

B(3)-Mo 2.464(9) 

C(35)-Mo 2.407(8) 

B(l)-C(35) 1.688(11) 

C(21)-C(22) 1.362(9)

P(2)-Mo 2.398(4) 

C(7)-Mo 2.046(8) 

C(36)-Mo 2.466(8) 

B(3)-C(36) 1.662(11) 

C(21)-C(23) 1.495(9)

B(l)-Mo 2.380(8) 

C(8)-Mo 2.026(8) 

B(l)-B(2) 1.825(11) 

C(35)-C(36) 1.593(10) 

C(22)-C(29) 1.474(9)

B(2)-Mo 2.441(8) 

C(7)-C(8) 1.333(9) 

B(2)-B(3) 1.802(11) 

B(2)-C(21) 1.582(10)

P(l)-Mo-P(2) 84.3(2) 

P(2)-Mo-C(7) 76.1(3) 

C(7)-C(8)-C(15) 132.9(5)

P(l)-Mo-C(7) 91.9(3) 

P(2)-Mo-C(8) 114.3(3) 

B(2)-C(21)-C(22) 118.7(6)

P(l)-Mo-C(8) 93.2(3) 

C(7)-C(8)-C(9) 136.4(5) 

C(21 )-C(22)-C(29) 133.2(6)

Complex 22 was heated to 100°C in toluene in the presence of diphenylacetylene and 

after 30 minutes most of 22 had been converted to 28 (Scheme 51). This reaction 

proved to be a convenient synthesis of 28, the yield exceeding 70%. However, in a 

similar experiment, 2 2  was heated in the presence of but-2 -yne and, surprisingly, the 

bright yellow complex [c/oso-3 -(r|2 -MeC2 Me)-3 -(r|2 -PhC2 Ph)-3 -{P(OMe)3 }-3 , l , 2 - 

MoC2 B9 Hu ] 27, with no exo-polyhedral vinyl group, was obtained in almost quanti

tative yield. Interestingly, 27 contains two different alkynes, a feature which would 

be difficult to synthesise by another route.

Compound 27 was characterised by elemental analysis and NMR spectroscopy. The 

!H NMR shows, in addition to a multiplet for 10 phenyl protons between 7.47 - 6.89 

ppm and two broad singlets for the non-equivalent cage C-H atoms at 3.10 and 2.17 

ppm, a broad singlet due to the 6  methyl protons of the but-2-yne at 2.85 ppm. In the 

3 1 P-{1 H} NMR there is, as expected for 27, one singlet at 160.6 ppm. In the n B 

spectrum were several resonances found between -2.0 and -20.6 ppm. All signals split 

into doublets in a proton coupled spectrum, thus showing that there is no organic 

fragment attached to a boron. The 1 3 C-{ !H} NMR spectrum of 27 shows three 

resonances for alkyne contact carbons acting as three electron donors. The doublets at

166.7 ppm [/(PC) 8.1 Hz] and 146.7 ppm [/(PC) 27.1 Hz] were assigned to the 

diphenylacetylene moiety, assuming the alkyne is not rotating. A doublet at 141.0 

ppm [/(PC) 10.8 Hz] was attributed to the quaternary carbons of the but-2-yne, which 

is rotating round the metal alkyne bond. Additional support for this assignment is 

provided by the observation that only one singlet at 19.1 ppm for the methyl groups of 

the but-2 -yne was found.
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Figure 28: ORTEP drawing of 28
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R'C2R'

R = Me 24

RR = Ph 22

R = Ph

toluene
90°C

PhC2Ph

toluene
90°C

R = R' = Me 26 
R = Ph, R' = Me 27

28

Scheme 51. O = BH, •  = CH, L= P(OMe) 3

In a complimentary experiment the but-2-yne complex 24 was treated with diphenyl

acetylene in toluene at 100°C. Again, the mixed alkyne complex 27 was generated, 

but the reaction was considerably slower and not as clean as the earlier experiment. It 

is important to note, however, that n B NMR spectroscopy did not indicate any 

product with an organic fragment attached to a boron atom. In another experiment, 24 

was heated to 100°C in the presence of but-2-yne. Within 10 minutes one phosphite 

ligand had been replaced, giving rise to an almost quantitative yield of the 6 /s-but-2 - 

yne morco-phosphite complex [c/aso-3,3-(r|2 -MeC2 Me)2 -3-{P(OMe)3 }-3,l,2- 

MoC2 B9 Hn ] 26. Also, in this experiment no product with an exo-polyhedral group 

was generated, as evidenced by 11B NMR spectroscopy.

Compound 26 was characterised by its elemental analysis and NMR data. The *H 

NMR spectrum shows a doublet at 4.36 ppm [./(PH) 10.4 Hz] for the 9 phosphite
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protons and a broad singlet at 2.40 ppm for the two cage C-H groups. The methyl 

groups give rise to two singlets, at 3.30 and 2.86 ppm, indicating that the but-2-yne
13 1ligands are not rotating. This can also be concluded from the C-{ H} NMR spec

trum, which shows two signals for the methyl groups, i.e. a doublet at 16.6 ppm 

[/(PC) 6 .1 Hz] and a singlet at 17.1 ppm. The alkyne contact carbons resonate as 

doublets at 180.7 ppm [/(PC) 8.1 Hz] and 154.1 ppm [/(PC) 29.8 Hz], an area 

characteristic for alkynes donating three electrons to a transition metal. In the 3 lP-
i i i{ H} NMR spectrum, one singlet was observed at 167.6 ppm. The B NMR 

spectrum shows only signals between -2.2 and -21.4 ppm, characteristic for carba-

borane B-H groups. 51

The experiments described in this chapter and shown in Scheme 50 and Scheme 51 

can be summarised as follows. In the mowo-phosphite carbonyl alkyne complex 21 

the carbonyl as well as the alkyne moiety can be replaced by trimethylphosphite. In 

the 6 fr-phosphite alkyne complexes 22 and 24 one phosphite ligand is easily replaced 

by but-2-yne. However, replacement of a phosphite moiety by diphenylacetylene in 

complex 24 occurs slowly, whereas in complex 22 no phosphite ligand is replaced, 

but a diphenylacetylene molecule inserts into an exo-polyhedral B-H bond to give 28.

Although there are a number of reported examples5 0 , 5 1  of alkylidene and alkylidyne 

ligands formally ‘inserting’ into an exo-polyhedral B-H bond of a metallacarbaborane 

there are only two examples of the ‘insertion’ of an alkyne. Firstly, it has been 

reported5 7  that the complex [c/o.y0 - l, 2 -Me2 -3 -(r|2 -PhC2 Ph)-3 -(CO)-3 -(PPh3 )-3 , l , 2 - 

MoC2 B9 H9] LXXI decomposes in solution to give an inseparable mixture of [closo-

1,2-Me2 -3,3,3-(CO)3 -3-(PPh3 )-3,1,2-MoC2 B9 H9] LXXII and [closo- 1,2-Mer 3,3-

Ph,P

LXXI

CH2C12, 2 d
Ph,P

LXXII

Scheme 52. O  = BH, •  = CMe

Phi P

LXXIII
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(CO )2-3-(PPh3)-8 ,3 -{a :r |2-C (Ph)=C H Ph}-3>l,2 -M oC 2B9H8] LXXIII, where the 

stereochemistry o f  the B -vinyl group was not defined (Schem e 52).

Secondly, the insertion of a silyl-substituted alkyne has been observed in the rear

rangement of [c/aso-l,2 -Me2 -3 ,3 -(Ti2 -Me3 SiC2 H)2 -3 -(CO)-3 , l , 2 -MoC2 B9 H9 ] LXXIV 

into the trans-vinyl substituted cage [c/ott>-l,2 -Me2 -3 ,3 -(r|2 -Me3 SiC2 H)-3 -(CO)-8 ,3 - 

{CT:r)2 -/rarts-CH=C(SiMe3 )H}-3 , l , 2 -MoC2 B9 H8] LXXV.*7 However, this reaction has 

been shown to involve the initial rearrangement of an rj2-bonded Me3 SiC2H into the 

vinylidene Mo=C=C(SiMe3 )H, and can therefore be viewed as a further example of 

the insertion of an alkylidene into a B-H bond.

Clearly, the formation of the complex 28 is unlikely to involve an analogous phenyl 

migration to give Mo=C=CPh2, and even if this was the case it would then be difficult 

to explain the regio-selective formation of a c/.s-BC(Ph)=C(Ph)H group.

The studies discussed earlier in this section have shown that the phosphite ligands in 

the 6 zs-phosphite complexes are labile and it is, therefore, likely that an initial step in 

the generation of 28 is the dissociation of a phosphite ligand from 22. It has been 

shown by Stone5 0 , 5 1  and coworkers that unsaturated carbaborane species can be

stabilised by dimerisation. One example is illustrated in Scheme 54. Protonation of 

the tungsten alkylidyne complex [A][c/o50-3,3-(CO)2-3-(=CR)-3,l,2-WC2B9Hn ] 

{A= NEt4, N(PPh3)2, PPh4} XXVII with 0.5 equivalents of HBF4 .Et20  generates an 

unsaturated carbene species, which then is stabilised by formation of the dimeric 

complex LXXVI.98

SiMe3 CH2C12, 12 h

H H

LXXIV LXXV

Scheme 53. O = BH, •  = CMe
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XXVII LXXVI

Scheme 54. O = BH, •  = CH

An alternative way in which a coordinatively unsaturated metal species can be stabi-
99lised has been demonstrated by Hawthorne and co-workers for the rhodium carba- 

borane species [c/o50-3,3-(PPh3)2-3-H -3,l,2-R hC 2B9H 11]. This involves a closo/exo- 

nido equilibrium process (Schem e 55). However, this process is favoured for metals 

with a configuration higher than d6 (section 1.2).

exo-nido
closo

Scheme 55. O = BH, •  = CH

It is reasonable, therefore, to suggest that the formation of 28 requires the involvement 

of two metal centres. Thus, it is proposed that in solution at 90°C the complex 22 is in 

equilibrium with free P(OMe) 3  and the 16e species [closo-3-(r| -PhC2 Ph)-3- 

{P(OMe)3 }-3 , l , 2 -MoC2 B9 Hn ], which is stabilised by dimerisation assisted by the 

establishment of an agostic B(p-H)Mo interaction. As is shown in Scheme 56 the 

resulting dimer A contains two diphenylacetylene ligands, r|2 (4e)- and q 2 (2e)-bonded 

to adjacent molybdenum centres. Complete transfer of the hydrogen, which is 

involved in the original agostic interaction to the second metal centre, then affords
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intermediate B, in which there is an r|2 (2e) bonded alkyne adjacent to a Mo-H bond. 

Coordination of trimethylphosphite to this metal centre would then be expected to 

promote migration (B—>C) of the hydrogen from the metal to the coordinated alkyne 

thus generating C, in which there are now boron-molybdenum and c/s-MoC(Ph)= 

C(Ph)H fragments in a c/s-configuration relative to each other. The boron-vinyl 

moiety present in the final product 28 can then be generated by a reductive elimination 

step (C—»D), which is followed by disproportionation of D in the presence of

22
28

22
-L

+ L + L

Scheme 56. O = BH, •  = CH, L= P(OMe)3
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diphenylacetylene to give 18 and 28. In this way all of complex 18 is converted into 

28 via a reaction sequence which involves the interplay of two metal centres, and 

where the cis-vinyl group is created at one centre before transfer to a cage boron.

Thus, the overall effect is to achieve a formal hydroboration of an alkyne.

With this insight it may be suggested that related dinuclear pathways are also involved 

in the reactions observed by Stone and coworkers where there is an apparent 

‘insertion’ of alkylidene, alkylidyne5 0 , 5 1  and also norbomadiene1 0 0  into an exo-BH 

bond of a variety of metallacarbaboranes.
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2.13 R eaction  o f [c/ojo-3^-('n2-P hC 2Ph)2“3-(CO )-3,l,2-M oC 2B9H 1|] 18 w ith  

A cetonitrile.

In cyclopentadienyl molybdenum chemistry the reaction of the 6 /s-alkyne carbonyl 

cation [Mo(CO)(r| -RC2 R')2 (n-C 5 H5 )][BF4 ] with acetonitrile yields the corresponding 

acetonitrile complex [Mo(NCMe)(r|2 -RC2 R,)2 ('n-C5 H5 )][BF4 ] . 1 5  It was, therefore, 

expected that the reaction of [c/o.s0 -3 ,3 -(r|2 -PhC2 Ph)2 -3 -(CC))-3 , l , 2 -MoC2 B9 FI11] 18 

with acetonitrile would give the analogous carbaborane complex, which could be a 

valuable starting material for the preparation of anionic 6 /s-alkyne halogeno com

plexes.

Complex 18 was refluxed in acetonitrile for 12 hours whereupon the colour had 

changed from yellow to green. The reaction mixture was cooled to room temperature 

and after 24 hours a yellow precipitate had formed. The supernatant solution was 

decanted, the residue dissolved in CH2 C12  and carefully columned on alumina with 

CH2 Cl2/hexane to give two fractions with similar properties. The first contained the 

expected acetonitrile complex [c/oso-3 ,3 -(r|2 -PhC2 Ph)2 -3 -(NCMe)-3 , l , 2 -MoC2 B9 H11] 

29 (9%), while the second fraction gave [c/ojo-3 ,3 -(rj2 -PhC2 Ph)2 -3 -(NCMe)2 -8 -{a- 

/rara,-C(Ph)=C(H)Ph} -3,1,2-MoC2 B9 Hj0] 30 (25%) with an exo-polyhedral vinyl 

group (Scheme 57). The complex 30 can be prepared in good yields by refluxing 18 

with an excess of diphenylacetylene in acetonitrile. In this preparation the compound 

29 is formed in minor quantities.

The complexes 29 and 30 were characterised by their spectroscopic and analytical 

data. The NMR data for both compounds show similarities. For example, the two 

cage C-H groups resonate as one broad singlet at 2.74 ppm in 29 and 2.70 ppm in 30. 

A singlet for the acetonitrile ligand is found at 2.01 ppm in 29 and at 1.71 ppm in 30. 

Also, both compounds exhibit only one alkyne contact carbon resonance in the 1 3 C- 

{!H} NMR spectrum (at 180.2 and 178.5 ppm, respectively), a shift which is attri

butable to alkynes donating three electrons to a complex. Differences in the NMR 

spectra arise from the exo-polyhedral vinyl group in 30. In the NMR spectrum the 

signal for the vinyl proton is seen at 6.50 ppm and the integration of the multiplet 

between 7.45 and 6.74 ppm shows that 30 phenyl protons are present in 30. No 

signals due to the vinyl group were found in the ^C-^H } NMR spectrum, probably
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because of the quadrupolar effect of the adjacent boron atom. In the boron spectrum a 

resonance at 8.7 ppm characteristic for a boron nucleus attached to an organic 

fragment is found . ' 1

Compound 30 was also subjected to an X-ray diffraction study, which confirmed that, 

like in complex 28, a formal czs-hydroboration had occurred leading to an exo-poly- 

hedral vinyl group. Figure 29 shows an ORTEP plot of 28 and Table 6  lists selected 

bond lengths and angles. Although metal alkyne and />?/ra-alkyne bond lengths are 

not an adequate probe for the type of bonding, there is a significant difference in bond 

length of the alkynes. One alkyne shows a distance typical for a two electron donor 

[Mo-C(l), 2 . 1 0 ( 1 ); Mo-C(2), 2 . 1 2 ( 1 ) A ], while the other alkyne exhibits distances 

which are characteristic for a four electron donor alkyne [Mo-C(3), 2.02(1); Mo-C(4), 

2.01(2) A], However, this feature has little effect on the alkyne C-C-distances [C( 1 )- 

C(2), 1.28(2); C(3)-C(4), 1.26(2)]. Also, both alkyne ligands lie approximately 

parallel to the Mo-N vector, a characteristic, which was discussed in the introduction 

for the analogous complex [Mo(L)(r|2 -MeC2 Me)2 (r|-C 5 H 5 )]+.



It seems reasonable to believe that the observations and assumptions made in the last 

section concerning the formation of an exo-polyhedral vinyl group also apply for the 

generation of 30. It is, therefore, likely that the mechanism involves a dimeric 

species, in which a diphenylacetylene unit is transferred from one metal center to the 

adjacent carbaborane cage.

Table 6 : Selected bond lengths (A) and angles (°) for 30.

Mo-N 2.13(1) 

Mo-C(3) 2.02(1) 

Mo-B(6) 2.46(1) 

C(3)-C(4) 1.26(2)

N-C(8) 1.11(2) 

Mo-C(4) 2.01(2) 

Mo-B(7) 2.44(2) 

B(8)-C(5) 1.57(3)

Mo-C(l) 2.10(1) 

Mo-C(l’) 2.46(2) 

Mo-B(8) 2.44(1) 

C(5)-C(6) 1.37(2)

Mo-C(2) 2.12(1) 

Mo-C(2’) 2.49(2) 

C(l)-C(2) 1.28(2)

N-Mo-C(l) 112.5(5) 

N-Mo-C(4) 77.6(6) 

C(l)-Mo-C(3) 88.1(6)

N-Mo-C(2) 78.8(5) 

B(8)-C(5)-C(6) 119.5(14) 

C(2)-Mo-C(4) 105.0(6)

N-Mo-C(3) 114.1(6) 

C(5)-C(6)-C(39) 130.2(13)
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Figure 29: ORTEP drawing of 30.
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2.14 Synthesis of a 1 ,3 -D < ph o s  p h a c y c l o  butadiene C arbaborane Complex

The interest in complexes containing phosphaalkynes donating more than two elec

trons was mentioned earlier and a successful synthetic approach was presented in 

section 2.8. However, an attempt to access complexes of this type had focused on the 

reaction of Bu‘C=P with c«-[Mo(NCMe)2 (CO)2 (t|5 -C9 H7 )]tBF4] LXXVII in the 

expectation of obtaining the cation [Mo(r|2 -ButCP)2 (CO)(r|5 -C5 H7 )][BF4] LXXVIII. 

As has been reported by Nixon et alm  a facile cyclodimerisation reaction occurs 

leading to the formation of [Mo{q3 -(ButCPC(But)PFBF3 }(CO)2 (r|5 -C9 H7 )].

O C " /Mo\-N C M e  
OC NCMe

LXXVII

ButC=P
Mo-

But
OC

P- F-BF
LXXVIII

Scheme 58

In section 2.11 the preparation of alkyne molybdenacarbaborane complexes via proto

nation of the anionic allyl complex XXXII in presence of an alkyne was described. In 

light of this it was felt that the carbaborane complex containing two r| (3e) phospha- 

alkyne units may be synthesised by this route. An advantage could be that the product 

is neutral and unlike the aforementioned indenyl analogue no interference of a counter 

anion was anticipated.

The anionic complex XXXII in CH2 C12  was treated with one equivalent HBF4 .Et2 0. 

Once the protonation became apparent, two equivalents of phosphaalkyne were added. 

Following an immediate colour change to bright yellow an IR spectrum was recorded. 

This showed two carbonyl absorptions at 2049 and 2012 cm"1. From the reaction 

mixture, the complex [c/<?jo-3 ,3 -(CO)2 -3 -{r|4 -P2 C2 (But)2 }-3 , l , 2 -MoC2 B9 H11] 31 was 

isolated as a bright yellow air stable powder.
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xxxn 31

Scheme 59. O = BH, •  = CH

The nature of compound 31 did not become apparent until an X-ray diffraction study 

was carried out. Single crystals suitable for X-ray diffraction were obtained by slowly 

cooling a saturated solution of 31 in CH2 Cl2/toluene (1:1).

Once the structure of 31 had been established, the spectroscopic data could be readily 

interpreted. For example, the !H NMR spectrum shows a broad singlet at 3.70 ppm 

due to the two cage C-H protons and a singlet for the 18 protons of the tert-butyl 

groups. In the ^ C -l’H} NMR spectrum, the two carbonyl ligands resonate at 217.4 

ppm and the signal for the cage carbons is found at 42.7 ppm. Triplets due to the di- 

phosphacyclobutadienyl ligand are found in the ^ C -j’H) NMR spectrum at 110.3 

ppm (55.1 Hz), at 37.1 ppm (7.1 Hz), and 33.2 ppm (5.6 Hz). The first signal can be 

assigned to the ring carbons, the second to the quaternary carbon of the ter/-butyl 

group and the last to the methyl groups. The observed couplings are clearly derived 

from the two phosphorus nuclei. However, no peak was found in the 3 1 P-{ *H) NMR 

between -500 and +500 ppm even when the spectra were recorded at temperatures as 

low as -80°C. The reason why no phosphorus resonance can be detected is as yet 

unknown.

The X-ray diffraction study unveiled a unit cell with two independent molecules 

having essentially the same geometry. Hence, only the data of one molecule will be 

discussed. The molybdenum is r|4-coordinated by the butadienyl ring and ^-coordi

nated by the icosahedral [nido-C2B2 H n] fragment. The dihedral angle between the 

diphosphacyclobutadiene plane (PI, P2, C3, C4) and the carbaborane plane (C l3,

C l4, B l, B2, B3) is 34.68° allowing two CO molecules to be coordinated to the
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molybdenum. In the diphosphacyclobutadienyl ring the P-C distances are closely 

similar, averaging 1.785A. These distances reflect partial double bond character of 

these bonds in the four membered ring.

This attempt to access complexes containing phosphaalkyne ligands donating more 

than two electrons to a transition metal centre has failed due to the well documented 

tendency of phosphaalkynes to dimerise. There are several diphosphacyclobutadienyl 

complexes known, some of which have been characterised by X-ray diffraction 

studies. 1 0 2  Stone and coworkers reported in 1990 that the reaction of the carbaborane 

anion [c/o50-3,3-(PPh3)2-3,l,2-RhC2B9H 11]‘ LXXIX with BulC=P leads to the forma

tion of a diphosphacyclobutadienyl ligand in the coordination sphere of the rhodium 

atom and the formation o f [c/oio-3-{r|4 -P2 C2 (Bu,)2 }-3)l,2-RhC 2 B9 Hn ]' LXXX.103

Bu'CP

P h .P  PPh

LXXIX LXXX

Scheme 60. O = BH, •  = CH

Table 7: Selected bond lengths (A) and angles (°) for 31.

M o-P(l) 2.565(2) Mo-P(2) 2.529(2) M o-C(l) 1.995(7) Mo-C(2) 1.994(8)

Mo-C(3) 2.355(6) Mo-C(4) 2.366(7) Mo-C(13) 2.393(7) Mo-C(14) 2.406(7)

M o-B(l) 2.403(8) Mo-B(2) 2.381(8) Mo-B(3) 2.395(8) P(l)-C(3) 1.769(7)

P(l)-C(4) 1.761(6) P(2)-C(3) 1.805(6) P(2)-C(4) 1.806(7) C(3)-C(5) 1.517(9)

C(4)-C(9) 1.520(10) C( 13)-C( 14) 1.629(9) C(13)-B(3) 1.684(12) C(13)-B(6) 1.736(1 1)

C (14)-B(l) 1.677(11) B( 1 )-B(2) 1.838(13) B(2)-B(3) 1.855(11)

P(l)-C(3)-P(2) 95.5(3)

P(2)-C(3)-C(5) 131.0(5)

C( 1 )-Mo-C(2) 81.1(3)

cB-Mo-cPa) 141.7(3)

P(l)-C(4)-P(2) 95.7(3)

P( 1 )-C(4)-C(9) 127.2(5)

C (l)-M o-cBa) 108.0(2)

P(l)-C(3)-C(5) 126.9(5)

P(2)-C(4)-C(9) 130.4(5)

C2-Mo-cB 108.3(2)

a) cB and cP are the centroids o f  the C2B3 face o f  the carborane and the P2C2 ring respectively.
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): ORTEP drawing of 31.



3. Experimental Section
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General Experimental Procedures

All reactions were carried out under an atmosphere of dry, oxygen-free nitrogen, using 

standard Schlenk techniques. All solvents used were deoxygenated and dried by 

standard literature methods. 1 0 4

NMR spectra were recorded on Jeol JNM GX270 (270 MHz) or Jeol EX400 

(400MHz) Fourier transform spectrometers. NMR spectra are referenced to the 

following standards: 'H Me4 Si; 13C Me4 Si; 3IP 85% H3 P 04; "B , BF3 .Et2 0 ; 1 9 F, 

CFC13.

Infrared spectra were recorded on a Nicolet 51 OP FT-IR spectrometer. The samples 

were dissolved in the stated solvents and the absorption recorded using sodium 

chloride cells.

Microanalyses were determined in School of Chemistry, University of Bath. 

Preparation of Starting Materials

The following compounds were prepared according to the published literature 

procedures:

[Mo(t1 2 -PhC2 Ph){P(OMe)3 }2 (r1 -C5 H5 )][BF4] XI 15 

[Mo(NCMe)(ti2 -PhC2 Ph)2 (r)-CsHs)][BF4] LXIX 15 

CH2 (MgI) 2  7 1

[Mo(ti3 -C3 H4 Me){P(OMe)3 }2 (i1 -C5 H5)] XIII30 

[NEt4 ][cto'0 -3 ,3 -(CO)2 -3 -(ri3 -C3 H5 )-3 , l , 2 -MoC2 B ,H |1] XXXII56 

[c/oTO-3,3-(tl2 -MeC2 Me)2 -3-CO-3,l,2-MoC2 B9 Hn ] XXXIV57 

BuC^P was kindly donated by Professor J. F. Nixon (University of Sussex).

All other compounds and reagents were obtained from comercial sources and were 

used as received unless otherwise indicated. Chromatography was carried out on 

Aldrich Alumina (Brockman III).
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3.1 Preparation of [Mo(ti2-PhC2Ph)(Et){P(OMe)3} (r)-C5H5)] 1.

A solution of EtMgBr (0.7ml, 1M in Et2 0) was added at 0°C to a stirred suspension 

of [Mo(Ti2 -PhC2 Ph){P(OMe)3 }2 (Ti-C5 H5 )][BF4 ] XI (0.237ml, 0.35mmol) in 10 ml 

thf. The colour changed immediately to dark green. After stirring the suspension for 

5 min. at room temperature it was filtered through alumina and the solvent was 

removed in vacuo. The residue was dissolved in toluene and columned on alumina 

( 1 0  cm) with toluene/hexane ( 1 : 1 ) to give one green band which afforded dark green 

crystals of 1 from pentane at -30°C (0.117g, 6 8 %). Anal: Found: C, 58.3; H, 5.98; 

C2 4 H2 9 M o03P requires C, 58.5; H, 5.94%.

NMR: ‘H (C6 D6): 8  7.91-7.09 (m, 10 H, Ph), 5.08 (s, 5 H, C5 H5), [3.26 d, /(PH) 10.8, 

9 H, POMe], 1.52-1.73 (m, 5 H, Et); '^ -{ 'H }  (C6 D6): 8  202.8 (s, C=C), 201.3 [d, 

./(PC) 10.6, C=q, 139.5-125.5 (s, Ph), 90.9 (s, C 5 H5), 51.9 [d,/(PC) 5.5, POMe],

27.3 [d,/(PC) 5.5, Me], 9.6 [d,/(PC) 13.6, CHJ; ’ ‘P-j'H} (C6 D6): 8  191.7 (s).

3.2 Preparation of [Mo(n2-PhCjPh)(CH2Ph){P(OMe)j}(r|-CsH5 )] 2.

A similar reaction between PhCH2MgBr (2ml, 0.6M in thf) and [Mo{P(OMe)3 }2 (r|2- 

PhC2 Ph)(rj-C5 H5 )][BF4] XI (0.400g 0.593mmol) afforded, after recrystallisation from 

hexane, dark green crystals of 2 (0.194g, 59%). Anal: Found: C 62.8; H, 5.75; 

C2 9 H3 1 M o03P requires C, 62.8; H, 5.64%.

NMR: 'H  (C6 D6): 8  7.81 -6.92 (m, 15 H, Ph), 4.95 (s, 5 H, C5 H5), 3.26 [d, /(PH)

10.8,9 H, POMe], 2.92 [dd, 2 /(HH) 11.4, /(PH) 6 .6 ,1 H, CH2], 2.53 [dd, /(PH) 6.0,

1 H, CH2]; ‘̂ - { ‘H} (C6 D6): 8  201.1 [d,/(PC) 10.8, C=C], 204.1 (s, C=C), 160.1-

121.6 (s, Ph), 92.4 (s, C5 H5), 51.7 [d,/(PC) 5.4, POMe], 21.8 [d,/(PC) 13.6, CH2]; 

3 1 P-{'H] (C6 D6): 8  190.3 (s).

3.3 Preparation of [Mo{tiJ=C(Ph)C(Ph)C(Et)0}(CO){P(OMe)3}(ti-C5H5)l 3.

A stream of CO was bubbled through a solution of 1 (65mg, 0.132mmol) in toluene 

(3ml) causing a colour change from green to red. The solvent was reduced in vacuo 

to ca. 0.5ml and hexane added to give a red powder, which was recrystallised from
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toluene/hexane affording 3 (0.062g, 8 6 %). Anal: Found: C 57.0; H, 5.35; 

C26H29Mo05P, requires C, 56.9; H, 5.33%.

NMR: ‘H (C6 D6): 8  7.44 -6.95 (m, 10 H, Ph), 5.07 (s, 5 H, C5 H5), 3.53 [d, /(PH)

13.0,9 H, POMe], 2.84-2.73 (m, 2 H, CH2), 1.23 [t, V(HH) 7.0,3 H, Me];

(C6 D6): 6  272.0 (s, CO), 250.6 [d, ./(PH) 26.5, Mo=C], 196.3 [d, /(PH) 8.1, =C-0],

156.3 (s, C=C-C=Mo), 141.4-124.7 (s, Ph), 93.3 (s, C5 H5), 52.3 (s, POMe), 31.0 (s, 

CH2), 11.6 (s, Me); 3 iP-{'H} (C6 D6): 6  194.7 (s).

3.4 Preparation of [Mo(ti-C5H5)(r|6-C6Ph6)] 4.

To a green solution of 2 (0.18g, 0.32mmol) in benzene (10ml) was added PhC2Ph 

(0.43g, 2.4mmol) and the mixture heated at 100°C for 17hrs in a closed Young's tube. 

After reduction of the solvent volume to 2ml, pentane (10ml) was added.The 

resulting yellow solid was washed with pentane and then crystallised from thf at - 

30°C to afford 4 as a bright yellow, extremely air sensitive solid (0.1 lg, 50%). No 

satisfactory analysis was found.

NMR: 'H (CD2 C12): 8  11.40 (br s), 10.35 (br s), 8.84 (br s), 7.84 (br s);

(CDjCIj): 8  134.8 (br s), 132.4 (br s), 130.9 (br s), 117.6 (br s).

3.5 Preparation of [Mo{P(OMe)3}2{t|2-C(Ph)=C(Ph)CH2CH=CH2}(Ti-C5 H5 )] 5

To a suspension of [Mo(r|2 -PhC2 Ph){P(OMe)3 }2 (Ti-C5 H 5 )][BF4 ] XI (0.228g, 

0.338mmol) in 10ml thf was added a solution of C3 H5MgBr (0.68ml, 1M in Et2 0). 

After stirring for five minutes at room temperature P(OMe) 3  (0.060ml, 0.5mmol) was 

added and the solution filtered through alumina. The solvent was removed in vacuo, 

the residue dissolved in Et20  and columned on alumina (10 cm) with Et2 0/hexane 

(1:1) to give one yellow band which afforded 5 as a yellow powder (0.264g, 42%). 

NMR: 'H (C6 D6): 8  7.31-6.96 (m, 10 H, Ph), 5.03 [d, ./(PH) 3.1, 5 H, C5 H5], 4.33- 

4.42 [m, 1 H, =C(H)], 3.29 [d, /(PH) 10.3,9 H, POMe], 3.24 [d, /(PH) 9.5,9 H, 

POMe], 2.49-2.19 (m, 2 H, CH2), the signals for the CH=CH2  group protons were 

obscured by other signals and, therefore, could not be assigned; 3 1 P-{!H} (C6 D6): 5

194.3 [d, J(AB) 70.5), 183.3(d).
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3.6 Preparation of [Mo(t|2-RC2R'){r|2-P(OMe)2OBF2OP(OMe)2}(Ti-C5 H5 )] 6, 

7,8.

a) R= R -  Ph; CH2(MgI)2 (0.363mmol) in toluene/diethylether (1:1) was added 

dropwise to a stirred suspension of [Mo(Ti2-PhC2Ph){P(OMe)3}2(r|-C 5 H5)][BF4] XI 

(0.433g, 0.642mmol) in thf (20ml). Immediately a white precipitate was formed, 

whereas the suspended complex only gradually dissolved. After stirring overnight a 

green solution was observed, which was filtered through alumina. The solvent was 

removed in vacuo, the residue dissolved in 1ml CH2C12 and columned on alumina 

with CH2C12/Et20  (3:1). The blue fraction was collected reduced to ca. 5ml in vacuo. 

20ml pentane was added, and the solution cooled to -25°C to give blue crystals of 6 

(0.175g, 45%). Anal: Found: C 45.7; H, 4.31; C23H27BF2M o06P2, requires C, 45.6; 

H, 4.50%.

NMR: ’H (C6D6): 6 7.63-7.09 (m, 10 H, Ph), 5.31 [t, ./(PH) 1.3, 5 H, C5H5], 3.54 [vt, 

M(PH) 11.0 Hz, 6 H, POMe], 2.93 [vt, A(PH) 12.2,6 H, POMe]; l3C-{'H} (C6D6): 6

214.4 (bs, C=C), 142.1-128.5 (Ph), 95.8 (s,C5H5), 52.6 (s, POMe), 52.1 (s, POMe); 

3IP-{‘H} (C6D6): 6 158.0 (s); uB-{'H}(C6D6): S 1.95 (s); 19F(C6D6): 5 -135.93- - 

135.54 (m), -140.96- -140.71 (m).

b) R= Ph, R -  Me; A similar reaction between [Mo(r|2-PhC2Me) {P(OMe)3}2(r|- 

C5H5)][BF4] (2.50g, 4.08mmol) and CH2(MgI)2 (2.04mmol) afforded after workup 

blue crystalline powder of 7 (1.177g, 53%). Anal. Found: C, 39.4; H 4.61; 

C18H25BF2Mo0 6P2 requires C, 39.7; H, 4.64%.

NMR: ‘H (CD2C12): 8 7.56-7.42 (m, 5 H, Ph), 5.63 [t, J(PH) 1.2, 5 H, C5H5], 3.60 [vt, 

W(PH) 11.0,6 H, POMe], 3.17 [t, ./(PH) 1.2, 3 H, sC-Me], 2.98 [vt, ;V(PH) 13.0,6 H, 

POMe]; ‘^ - { ‘H} (CD2C12): 8 -2.90 (s); ‘̂ - { ‘H} (CD2C12): 8 212.4 and 208.9 (s, 

C=C), 138.9-128.6 (Ph), 95.0 (s, C5H5), 51.5 (s, POMe), 50.9 (s, POMe), 21.5 (s, C- 

Me); 19F (CD2C12): 8 -137.56- -137.84 (m), -142.19- -142.41 (m); 3IP-{'H} (CD2C12): 

8 164.5 (s).

c) R= R'= Me; an analogous reaction between a suspension of [Mo(r| - 

MeC2Me) {P(OMe)3}2(r|-C5H5)] [BF4] (0.639g; 1.16mmol) in 20 ml in thf and 

CH2(MgI)2 (0.656mmol) in toluene/diethyl ether yielded blue crystals of 8 (0.324, 

58%). Anal. Found: C, 32.5; H, 4.83. C13H23BF2M o06P2 requires C, 32.4; H, 4.82%.
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NMR: ‘H (CD2C12): S 5.52 [t, ./(PH) 1.1, 5 H, C5H5], 3.56 [vt, W(PH) 11.0,6 H, 

POMe], 2.96 [vt, Af(PH) 13.0,6 H, POMe], 2.87 [t, /(PH) 1.0,6 H, C-Me];

(CD2C12): 8 206.5 (br s, C=C), 95.1 (s, C5H5), 50.8 (s, POMe), 50.6 (s, POMe), 21.0 

(s, Me): “ B-j'H} (CD2C12): 8 -2.95 (s); 19F (CD2C12): 8 -137.50- -137.78 (m, 1 F), - 

142.08- -142.32 (m, 1 F); 3IP-{‘H} (CD2C12): 8 166.4 (s).

3.7 Reaction of [Mo(r|2-RC2R'){ri2-P(OMe)2OBF20(POM e)2}(n-C5Hs)] 6 ,7 ,8  

with K[BHBus3|.

a) R= R — Ph; a solution of 6 (0.160g, 0.264mmol) in 10ml of toluene was cooled to - 

78°C, and one equivalent of K[BHBus3] (0.264ml, 1M in thf) was added with stirring. 

The reaction mixture was allowed to warm to room temperature, and the solvent 

reduced to 1ml in vacuo. Adding 10ml of hexane afforded bright green powder, 

which was recrystallised from Et20/hexane to give bright green powder of 9 (0.153g, 

90%).

NMR: 'H  (CD2C12): 8 7.35-6.68 (m, 10 H, Ph), 5.11 (s, 5 H, C5H5), 3.44 [d, ./(PH)

10.5, 3 H, POMe], 3.42-3.35 (m, overlapping, 1 H, C-H), 3.40 [d, ./(PH) 9.9, 3 H, 

POMe], 3.3 [d,./(PH) 13.2,3 H, POMe], 3.09 [d, /(PH) 12.8, 3 H, POMe]; '^ - { ‘H} 

(CD2C12): 8 240.8 (bs, Mo=C), 157.9-121.1 (Ph), 91.0 (s, C5H5), 50.3,49.5,49.1,49.0 

(all s, POMe), 31.0 [d,./(PH) 10.8, Mo-C-H]; ‘^ - { ‘H} (CD2C12): 8 -3.0 (s); 3IP-{‘H} 

(CD2C12): 8 192.6 [d, /(AB) 80.5], 190.0 (d).

b) R= Ph, R -  Me; a similar reaction between compound 7 (0.300g, 0.549mmol) in 

20ml of thf and K[BHBus3] (0.549 ml, 1M in thf) at -78°C afforded 10 as a pale green 

powder (0.254g, 85%).

NMR: ‘H (CD2C12): 8 7.01-6.56 (m, 5 H, Ph), 4.78 (s, 5 H, C5H5), 3.55-3.27 [m, 13 H, 

Mo-CH and P(OMe)], 2.58 (s, 3 H, Me); 13C-{'H} (d8-thf): 8 242.3 [dd,./(PC) 20.2, 

/(P'C) 33.3, Mo=C], 162.9 (s, ipso-Ph), 128.3-120.2 (Ph), 91.1 (s, C5H5), 50.4 (s, 

POMe), 50.0 (s, POMe), 49.4 [t, ./(PC) = /(P'C) 8.1, Mo-C], 30.5 [d, ./(PC) 16.3, 

Mo=C-Afe]; 31P-{‘H} (CD2C12): 8 196.5 [d,/(AB) 72.1], 194.5 (d).

c) K[BHBu3s] (0.213ml, 1M in thf) was added dropwise to a strirred solution of 

compound 8 in 10ml toluene at -78°C. The reaction mixture was allowed to warm to
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room temperature, and the colour changed from blue to brown-yellow. After 

removing the solvents in vacuo, the remaining brown oil was dissolved in 0.5ml 

toluene. Adding 10ml of pentane afforded a yellow powder, which was washed 

several times with pentane. Recrystallisation from Et20/pentane yielded a pale yellow 

powder (0.089g, 87%).

3.8 Preparation of [Mo(CO)2{Ti2-P(OMe)2OBF2OP(OMe)2}(ti-CsH5)] 11.

A solution of 9 (0.105g, 0.162mmol) in 10ml of toluene was cooled to -78°C and one 

equivalent of HBF4.Et20  (0.023 ml, 0.162mmol) added. The reaction mixture was 

allowed to warm to room temperature and filtered through A120 3 (5cm). A stream of 

CO was bubbled through the filtrate, causing a change of colour from red to yellow. 

The solvent was reduced in vacuo to 0.5ml. Addition of hexane afforded a yellow 

powder, which was recrystallised from Et20/hexane yielding 11 as yellow crystals 

(0.064g, 82%). The supernatant was reduced to 0.5 ml in vacuo and columned on 

A120 3 with hexane. The first fraction was identified as fnms-stilbene by comparison 

of its NMR-data to that of a pure sample. Anal. Found: C, 27.4; H, 3.61: 

Cn H17BF2M o08P2 requires C, 27.3; H, 3.55%.

NMR: ‘H (C6D6): 5 5.00 (s, 5 H, C5H5), 3.48 [vt, iV(PH) 6.1, POMe], 3.46 [vt, N(PH)

5.7, POMe]; (C6D6): 6 237.5 (s, CO), 92.8 (s, C5H5) 53.2 (s, POMe); 3IP-

{‘h > (C6D6): 6 153.4 (s). IR (CH2C12): 1992.7, 1923.3 cm'1.

3.9 Preparation of [Mo{P(OMe)3}2{ri2-P(OMe)2OBF2OP(OMe)2}(T|-C5 Hs)] 12.

HBF4.Et20  (0.112ml, 0.800mmol) and P(OMe)3 (0.230 ml, 2.00mmol) were added to 

a stirred solution of 9 (0.455g, 0.704mmol) in thf (20ml). The reaction mixture was 

allowed to warm to room temperature, and the solvent reduced to 2ml in vacuo. 5ml 

of hexane were added, and the yellow solution quickly filtered through cotton wool. 

The solution was cooled to -28°C overnight affording yellow crystals, which were 

recrystallised from thf/hexane to give 12 (0.328g, 69%). Anal. Found: C, 26.4; H,

5.20; C15H35BF2Mo0 12P4, requires C, 26.6; H, 5.23%.
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NMR: ‘H (C6D6): 8 5.28 (s, 5 H, C5H5), 3.74 [vt, //(PH) 11.4, 6 H, P(OMe)2], 3.70 

[vt, /V(PH) 10.6,6 H, P(OMe)2], 3.42 [vt, //(PH) 5.4,18 H, P(OMe)3];

(C6D6): 8 92.7 (s, C5H5), 52.5 [vt, A(PC) 4 ,6  C, P(OMe)3], 52.2 [vt, N(PC) 4.8,2 C, 

P(OMe)2], 51.9 [vt, //(PC) 5.5,2 C, P(OMe)2]; ^ - { 'H }  (C6D6): 8 195.8 (A part of 

AA'XX' system), 173.3 (br, X part of AA’XX' system).

3.10 Preparation of [Mo{P(OMe)3}4(Ti-C5H5)][BF4 ] 13.

A solution of[Mo(Ti3-C3H4Me){P(OMe)3 }2 (Ti-C5 H5 )] XIII (0.489g, 0.756mmol) in 

thf (20ml) was cooled to -78°C and 2.2 equivalents of P(OMe)3 (0.180ml,

1.520mmol) were added. After injecting HBF4.Et20  (0.105ml, 0.756mmol) the 

reaction mixture was warmed to room temperature. The bright yellow solution was 

stirred for further 10 minutes after which the solvents were reduced in vacuo. The 

remaining oil was dissolved in 5ml CH2C12, filtered through cotton wool and the 

volume of the solution was reduced to ca. 1ml. Slow addition of thf afforded bright 

yellow, very air sensitive crystals, which were washed with hexane and dried in vacuo 

to give 13 (0.383g, 68%).

NMR: ‘H (C6D6): 8 5.07 (s, 5 H, C5H5), 3.61 [v quintet, //(PH) 21.2, 36 H, POMe]; 

13C -[‘H} (C6D6): 8 84.7 (s, C5H5), 52.7 (s, POMe); 3iP-{'H} (C6D6): 8 190.9 (s).

3.11 Preparation of [Mo{ri2-P(OMe)2OBF2OP(OMe)2}(ri2-P=CBu')(T|-C5H 5 )] 

14.

To a blue solution of 6 (158mg, 0.309mmol) in thf (8ml) at -78°C was added 

K[BHBus3] (0.309ml, 1M in thf). On warming to room temperature the colour 

changed to a pale yellow-green. After 5 min stirring the reaction mixture was cooled 

to -78°C and HBF4.Et20  (0.050ml, 0.309mmol) was added. The mixture was left to 

warm up to room temperature, before the black solution was again cooled to -78°C 

and P=CBul (0.050ml, 0.3 lOmmol) was added. The colour changed immediately to 

deep green. After stirring for 10 min at room temperature the volatiles were removed 

in vacuo, the remaining oil dissolved in toluene and filtered through cotton wool. 

Addition of hexane afforded a green oil of 14 (0.108g, 65%).
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NMR 'H(C6D6): 8 5.43 [t, J(PH) 1.4, 5 H, C5H5), 3.52 [vt, W(PH) 11.2,6 H, POMe], 

3.31 [vt, N(PH) 11.5 Hz, 6 H, POMe], 1.52 (s, 9 H, Bu'); 13C-{'H}(C6D6): 8 328.5 [d 

t, JJ(PC) 114.4,2J(PC) 6.6, P = q , 93.8 (s, C5H5), 52.0 [vt, Af(PH) 8.5, POMe], 51.5 

[vt, N(?H) 6.1, POMe], 34.0 (s, CMe3), 30.1 (s, CMe3); ^ - { ‘HHCjD,;): 8 467.8 (s, P 

=C), 157.3 (s, POMe).

3.12 Preparation of [Mo{ti2-P(OMe)2OBF2OP(OMe)2] {ti4-P2C2(Bu')2}(r|- 

C5H5)] 15.

To a solution of 14 (0.108g, 0.201mmol) in toluene (2ml) was added Bu*C=P 

(0.048ml, 0.30mmol) and the mixture was stirred at ambient temperature for three 

days. The mixture was transferred onto the top of a column (A120 3, 5 cm) and elution 

with CH2C12 gave one yellow fraction. The volume of the solution was reduced in 

vacuo to a minimum and on addition of hexane a pale yellow powder of 15 was 

obtained (0.06 lg, 48%).

NMR: 'H(CDCl3 ): 8 5.56-5.54 (m, 5 H, C5H5), 3.68 [vt, jV(PH) 11.5, 6 H, POMe], 

3.62 [vt, 6 H, Af(PH) 10.9, POMe], 0.90 (s, 18 H, Bu'); (CDC13): 128.6-

128.2 (m, C=P), 93.8 (s, C5H5), 52.7 [vt, MPH) 10.8, POMe], 34.8 -34.6 (m, CMe3), 

33.7-33.6 (m, CMe); 31P-{‘H} (CDC13): 151.7 (s, POMe), 56.5 (s, P=C), 51.1 (s, 

P=C).

3.13 Synthesis of the Complex [Mo(PHPh2)2(r|2-PhC2Ph)(Ti-C5H5 )][BF4 ] 16.

PHPh2 (0.488ml, 2.80mol) was added to a solution of [Mo(NCMe)(r|2-PhC2Ph)2 (r|- 

C5H5)][BF4] LXIX (0.900g, 1.31 mmol) in CH2C12 (20ml) and the mixture was stirred 

at room temperature for one hour. After removing the volatiles in vacuo the 

remaining green oil was in several cycles dissolved in CH2C12, precipitated with Et20  

and the supernatant solution decanted. These cycles were continued until a green 

powder precipitated, which was dried in vacuo to give 16 (0.966g, 92%). Anal.

Found: C, 64.4; H, 4.70; C4 3 H3 7 BF4MoP2, requires C, 64.4; H, 4.66%.
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NMR: 'H  (C6D6): 8 7.51-6.91 (m, 30 H, Ph), 7.15 [d, J(PH) 379, 2 H, PH], 5.44 [t, 

J(PH) 1.4,5 H, C5H5); 13C-{'H} (CjD6): 6 222.6 (s, C=C), 138.3-127.5 (Ph), 96.5 (s, 

C5H5); 31P (C6D6): 5 39.1 [d, J(HP) 372],

3.14 Preparation of [Mo(PPh2)(PHPh2)(ii2-PhC2Ph)(ri-C5H 5 )] 17.

a) A suspension of 16 (0.22 lg, 0.277mmol) in thf was cooled to -78°C and 

Li[N(SiMe3)2] (0.275ml, 1M in thf) was added. The mixture was warmed to room 

temperature and stirred for 10 minutes before the volatiles were removed in vacuo. 

The residue was dissolved in toluene, filtered through cotton wool and a red powder 

was precipitated by adding hexane to the filtrate. Recrystallisation from 

toluene/hexane afforded 17 in the form of a red powder (0.150g, 76%). Anal. Found: 

C, 72.4; H, 5.11; C43H36MoP2, requires C, 72.7; H, 5.07%.

NMR: ‘H (C6D6): 8 8.05-6.92 (m, 30 H, Ph), 7.70 [dd, ;J(PH) 345, V(PH) 3, 1 H,

PH], 4.96 [d, ./(PH) 1.1, 5 H, CSHS]; i3C-{'H] (C6D6): 8 151.7 (s, C=C), 137.8-125.2 

(Ph), 96.5 (s, C5H5); 3IP (C6D6): 8 63.0 (s, PPh2), 53.7 [d, J(HP) 345, PHPh2],

b) In an analogous reaction 16 (0.113g, 0.142mmol) was treated with K[BHBus3] 

(0.142ml, 1M in thf). After workup as described in a) 17 was obtained (0.062g, 61%).

3.15 Preparation of the Complexes [c/oso-3,3-(ti2-RC2R i)2-3-(CO)-3,1»2- 

M oC2B9H „] 18,19.

a) R= R -  Ph; HBF4.Et20  (0.372ml, 2.28mmol) was added to a solution of 

[NEt4][closo-3,3-(CO)2-3-(r)3-C3H5)-3,1,2-MoC2B9H,,] XXXII (1.04g, 2.28mmol) 

and diphenylacetylene (1.96g, 1 l.Ommol) in CH2C12 (50ml). After the mixture was 

stirred for 5 hrs, the solvent was removed in vacuo. The residue was 

chromatographed on alumina with the same solvent to give a yellow fraction.

Removal of the solvent in vacuo and crystallisation from CH2Cl2/hexane afforded a 

bright yellow powder of 18 (1.01 g, 72%). Anal. Found: C, 60.7; H, 5.1. 

C31H31B9MoO requires C, 60.8; H, 5.1%.
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NMR: ‘H(CD2C12): 6 7.60-7.29 (m, 20 H, Ph), 3.31 (br s, 2 H, cage-CH); "B-f'H } 

(CD2C12): 5 -3.5 (s, IB), -5.8 (s, 2B), -6.9 (s, IB), -11.5 (s, 2B), -16.2 (s, 3B); 13C- 

{‘H} (CD2C12): 5 222.1 (s, CO), 168.8 (s, =C-Ph), 152.9 (s, =C-Ph), 134.9-127.4 (Ph),

51.6 (br s, cage-C). IR(CH2C12): 2062 cm'1.

b) R= Ph, R -  Me, in an analogous reaction HBF4.Et20  (0.508ml, 3.1 lmmol) was 

added to a solution of [NEt4][c/ojo-3,3-(CO)2-3-(ri3-C3H5)-3,l,2-MoC2B9H11] XXXII 

(1.419g, 3.114mmol) and PhC2Me (1.56ml, 12.5mmol) in CH2C12 (50ml). Workup as 

described in a) afforded 19 (1.14g, 75%). Anal. Found: C, 51.7; H, 5.66. 

C21H27B9MoO requires C, 51.6; H, 5.57%.

NMR: the NMR spectra of compound 19 show two sets of peaks due to two isomers, 

which cannot unambiguously be assigned. ^ ( C D ^ y :  5 7.57-7.26 (m, 10 H, Ph), 

3.65, 3.07, 2.49 (all br s, 2 H, cage-CH), 3.23, 3.12, 3.05 (all s, 6 H, Me); “ B-^H} 

(CD2C12): 8 -3.9 (s, 1 B), -6.1 (s, 2 B), -7.7 (s, 1 B), -10.5 (s, 1 B), -12.1 (s, 1 B), -13.6 

(s, 1 B), -17.2 (s, 2 B); 13C-{!H} (CD2C12): 8 224.0, 223.0 (all s, CO), 177.0, 173.7,

161.5, 157.0, 154.8, 150.4 (all s, C=C), 142.1-127.7 (Ph), 54.1,50.9, 48.0 (all brs, 

cage-C), 18.8, 17.5, 16.8 (all s, Me). IR(CH2C12): 2049 cm '1.

3.16 Preparation of the Complexes [c/050-3-(r|2-RC2R)-3-(CO)-3-{P(OMe)3}-

3,1,2-MoC2B9H h ] 20,21.

a) R= Ph; to a solution of 18 (0.3lOg, 0.601mmol) in CH2C12 (20ml) P(OMe)3 

(0.213ml, 1.80mmol) was added and the mixture stirred at ambient temperature for 5 

hrs. The solvent was reduced in vacuo, the oily residue dissolved in 1ml CH2C12 and 

columned on silica with toluene. The first fraction yielded starting material (ca.

0.30g, 10%), and the second blue fraction gave, after removing the solvents in vacuo 

and recrystallisation from CH2Cl2/hexane, 20 (0.133g, 51%) in the form of a blue 

powder. From the third green fraction 22 (0.102g, 26%), whose preparation and 

properties are described in 3.17, was isolated.

20. Anal. Found: C, 43.0; H, 5.5. C20H30B9MoO4P requires C, 43.0; H, 5.4%.

NMR: ^ ( C D ^ y :  8 7.68-7.49 (m, 10 H, Ph), 4.12 (br s, 1 H, cage-CH), 3.52 [d, 9 H, 

J(PH) 11.5, POMe], 2.91 (br s, 1 H, cage-CH); mB-{'h } (CD2C12): 8 -2.1 (s, IB), -5.3 

(s, 1 B), -7.1 (s, 2 B), -8.3 (s, 1 B), -12.2 (s, 1 B), -16.2 (s, 1 B), -18.5 (s, 2 B); l3C-
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{'H} (CD2 C12): 8  234.2 [d, /(PC) 19.2, CO], 213.0 [d, /(PC) 16.4, C=C], 213.1 (s, 

C=C), 137.3-128.8 (s, Ph), 53.9 (s, POMe), 51.1 (br s, cage-C), 43.9 (br s, cage-C); 

3 IP-{‘H} (CD2 C12): 8  162.1 (s). IR (CH2 C12): 1977 c m 1.

b) R= Me, in a similar reaction [c/ojo-3,3-(T)2 -MeC2 Me)2 -3-(CO)-3,l,2-MoC2 B9 H,|] 

XXXIV (0.560g, 1.539mmol) and P(OMe) 3  (0.454ml, 3.85mmol) was stirred in 

CH2 C12  (15ml) for 5 hrs. After workup as described in a) three fractions were 

obtained, of which the first contained starting material (ca. 0.056g, 10%). From the 

second fraction the solvent was removed in vacuo, and the residue recrystallised from 

CH2 Cl2/hexane to yield a yellow powder of 21 (0.384g, 60 %). The third fraction 

yielded 24 (0.114g, 15%), a compound which is described in detail in 3.17.

21: Anal. Found: C, 27.7; H, 6.2. C 1 0 H2 6 B9 MoO4P requires C, 27.6; H, 6.0%.

NMR: 'H(CD2 C12): 5 3.72 (br s, 1 H, cage-CH), 3.49 [d, /(PH) 10.9, 9 H, POMe], 

3.20 (s, 6  H, Me), 2.59 (br s, 1 H, cage-CH); "B-{'H} (CD2 C12): 8  -3.0 (s, 1 B),-5.8 

(s, 1 B), -6.2 (s, 2 B), -8.9 (s, 1 B), -13.3 (s, 2 B), -18.6 (s, 1 B), -19.9 (s, 1 B); l3 C- 

{‘H} (CD2 C12): 8  233.2 [d,/(CP) 22.0, CO], 212.0 (br s, CMe), 53.6 (s, POMe), 49.5 

(s, cage-C), 44.1 (s, cage-C), 19.9 (s, CMe); 3 1 P-{‘H} (CD2 C12): 8  166.3 (s). IR 

(CH2 C12): 1965 cm'1.

3.17 Preparation of the Complexes [c/cmy;-3-(t] : - R C 2R ' ) - 3 , 3 - { P ( O M e ) j }  ,-3,1,2- 

MoC2B,Hn] 22,23,24.

a) R=Ph; P(OMe) 3  (0.213ml, 1.80mmol) was added to a CH2 C12  solution (10ml) of 

compound 18 (0.3 lOg, 0.601 mmol) and the mixture was refluxed for 12 hrs, during 

which its colour turned to green. The solvent was removed in vacuo. The residue was 

dissolved in CH2 Cl2/hexane (5:1, 2ml), and chromatographed on alumina with the 

same solvent mixture. The blue fraction was collected which, after removal of the 

solvent in vacuo and crystallisation from CH2 Cl2 /hexane, gave 22 in the form of green 

microcrystals (0.456g, 58%). Anal. Found: C, 39.9; H, 6,1. C2 2 H3 9 B9 M o0 6 P2  

requires C, 40,4; H, 6.0%.

NMR: ‘H (CD2 C12): 8  7.45-7.29 (m, 10 H, Ph), 3.54 [vt, N(PH) 10.6, 18 H, POMe],

3.13 (brs, 2 H, cage-CH); "B-{'H ] (CD2 C12): 8 -1.2 (s, 1 B), -8 . 7  (s, 3  B ),-11.3 (s, 2
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B), -18.1 (s, 2 B), -22.5 (s, 1 B); 1 3 C-{'H} (CD2 CI2): 8  220.7 [t, /(PC) 16.3, C=C], 

142.0-124.6 (Ph), 53.7 (s, POMe), 47.9 (br s, cage-C); 3 IP-{'H} (CD2 C12): 5 174.7 (s).

b) R= Ph, R -  Me; similarly, a mixture of 19 (0.75g, 1.54mmol) and P(OMe) 3  

(0.453ml, 3.84mmol) was refluxed for 12hrs. As was described in a) 23 (0.606g, 

71%) was isolated from the reaction mixture. Anal. Found: C, 31.9; H, 5.95. 

C 1 7 H3 7 B9 M o0 6 P2 .CH2 C12  requires C, 31.9; H, 5.80%.

NMR: 'H (CDC13): 8  7.53-7.29 (m, 5 H, Ph), 3.59 [vt, A(PH) 10.6, 18 H, POMe],

3.23 [t, /(PH) 3.1,3 H, Me], 3.13 (br s, 2 H, cage-CH); (CDC13): 8  -3.0 (s, 1

B), -8.7 (s, 3 B), -11.2 (s, 2 B), -18.2 (s, 2 B), -21.9 (s, 1 B); i 3 C-{‘H} (CDC13): 8

220.7 [tr, /(PC) 10.8, C=C], 217.4 [t, /(PC) 24.4, C=q, 139.7-127.1 (Ph), 53.3 (s, 

POMe), 46.6 (br s, cage-C), 22.6 (s, Me); 3 IP-{'h} (CDC13): 8  181.4 (s).

c) R= R'= Me; in an analogous reaction [c(oso-3,3-(r|2 -MeC2 Me)-3-(CO)-3,l,2- 

MoC2 B9 Hh ] XXXIV (0.415g, 1.139mmol) and P(OMe) 3  (0.336ml, 2.85mmol) were 

refluxed for 24 hrs in CH2 C12  to give a green solution. Workup as described in a) 

gave 24 (0.502g, 83%) in the form of blue microcrystals. Anal. Found: C, 27.1; H,

6,7. C 1 2 H3 5 B9 M o0 6 P2  requires C, 27.2; H, 6.7%.

NMR: 'H (CDC13): 8  3.52 [vt, //(PH) 10.6, 18 H, POMe], 3.05 [t, /(PH) 1.3, 6  H, =C- 

Me], 2.79 (br s, 2 H, cage-CH); '^ - { ‘H} (CD2 C12): 8  -0.7 (s, 1 B), -7.6 (s, 2 B), -9.8 

(s, 3 B), -17.1 (s, 2 B), -20.1 (s, 1 B); (CD2 C12): 8  222.0 (br s, =CMe), 53.2

(s, POMe), 46.8 (br s, cage-C), 21.3 (s, C-Me); 3 IP-{‘H} (CD2 C12): 8  180.6 (s).

3.18 Synthesis of the Complexes [c/oso-3-(r|2 -RC 2 R)-3-(r|2 -R 'C 2 R')-3- 

{P(OMe)3 }-3,l,2-MoC2 B,H „] 26,27.

a) R =R - Me; in a sealed Schlenk tube a mixture of complex 24 (0.04g, 0.075mmol) 

and but-2-yne (0.1 ml, 1.28mmol) in toluene (5ml) was heated to 90 °C. The colour 

changed immediately from blue to yellow. After 10 min the solution was cooled to 

room temperature, and the solvent removed in vacuo. Crystallisation of the residue 

from CH2 Cl2/hexane afforded 26 as a bright yellow powder (0.032g, 93%). Anal. 

Found: C, 33.7; H, 7.2. C 1 3 H3 2 B9 M o03P requires C, 33.9; H, 7.0%.
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NMR: ‘H (CD2 C12): 5 4.36 [d, ./(PH) 10.4,9 H, POMe], 3.30 (s, 6  H, Me), 2.86 ( s, 6  

H, Me), 2.40 (br s, 2 H, cage-CH); mB-{'h} (CD2 C12): 5 -2.2 (s, 1 B), -5.3 (s, 1 B), -

9.4 (s, 2 B), -11.8 (s, 1 B), -12.4 (s, 1 B ),-16.8 (s, 2 B ),-21.4 (s, 1 B); ‘̂ - { ‘H} 

(CD2 C12): 8  180.7 [d, J(PC) 8.1, C= C], 154.1 [d, J(PC) 29.8, C=q, 53.8 (s, POMe), 

51.3 (br s, cage-C), 17.1 (s, Me), 16.6 [d, J(PC) 6.1, Me]; 3 IP-{'H] (CD2 C12): 5 167.6 

(s).

b) R= Ph, R -  Me; similarly, the reaction of 22 (0.04g, 0.061 mmol) with but-2-yne 

gave bright yellow crystals of 27 (0.032g, 90%). Anal. Found: C, 47.3; H, 6.2. 

C2 3 H3 6 B9 Mo0 3 P requires C, 47.2; H, 6.2%.

NMR: 'H (CD2 C12): 8  7.47-6.89 (m, 10 H, Ph) 3.64 [d, /(PH) 10.4, 9 H, POMe], 3.10 

(brs, 1 H, cage-CH), 2.85 (br s, 6  H, Me), 2.17 (br s, 1 H, cage-CH); "B-f'H} 

(CD2 C12), 8  -2.0 (s, 1 B), -6.1 (s, 1 B), -8.3 (s, 1 B), -10.9 (s, 1 B), -12.6 (s, 1 B), -15.8 

(s, 2 B), -16.9 (s, 2 B), -20.6 (s, 1 B); 1 3 C-{'H} (CD2 C12), 8  166.7 [d, J(PC) 8.1, =C- 

Ph], 146.7 [d,d(PC) 27.1, =C-Ph], 141.0 [d, J(PC) 10.8,=C-Me], 133.7-126.6 (Ph),

55.6 (br s, POMe), 52.1 (br s, cage-C), 49.6 (br s, cage-C), 19.1 (s, =C-Me)\ 3 'P-{‘H) 

(CD2 C12), 8  160.6 (s).

c) R= Ph, R'= Me; in an analogous reaction 24 (0.04g, 0.075mmol) and 

diphenylacetylene (0.025g, 0.14mmol) were heated in toluene (5ml) for 2 hrs. After 

cooling of the reaction mixture to room temperature, the solvent was removed in 

vacuo, and the residue recrystallised from CH2 Cl2/hexane to give 27 (0.032g, 73%).

3.19 Synthesis of the Complex [c/050-3-(T]2-PhC2Ph)-3,3-{P(OMe)3}2-8-{cr- 

f/Y7 /is-C(Ph)=C(H)Ph}-3 , l , 2 -MoC 2 B9 H 10] 28.

A mixture of 22 (0.175g, 0.267mmol) and diphenylacetylene (0.25g, 1.4mmol) in 

toluene (5ml) was kept at 90°C for 12hrs with no apparent colour change. After 

removal of the solvent in vacuo, the residue was dissolved in toluene ( 1 ml) and 

chromatographed on alumina (10cm). Elution with toluene gave a green fraction from 

which the solvent was removed in vacuo. Crystallisation from CH2 Cl2/hexane yielded 

green microcrystals of 28 (0.169g, 76%). Anal. Found: C, 51.8; H, 6.0. 

C3 6 H4 9 B9 Mo0 6 P2  requires C, 51.9; H, 5.9 %.
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NMR: ‘H (CD2 C12): 5 7.50-6.06 (m, 20 H, Ph), 5.88 (s, 1 H, =C-H), 3.43 (vt, MPH) 

10.6,18 H, POMe), 2.73 (br s, 2 H, cage-CH); "B-f'H } (CD2 C12): 8  14.9 (s, 1 B), -

4.6 (s, 1 B), -5.2 (s, 1 B), -9.5 (s, 2 B), -12.9 (s, 2 B), -17.8 (s, 2 B); u C-{'H} 

(CD2 C12): 8  227.2 [t, J(PC) 16.3, C=C], 145.8-124.6 (Ph), 54.2 (s, POMe), 46.8 (br s, 

cage-C), vinyl signals are obscured; 3 iP-{'H} (CD2 C12): 8  169.6 (s).

3.20 Reaction of 18 with Acetonitrile.

a) In the absence of PhC2 Ph; complex 18 (0.643g, 1.245mmol) was refluxed in NCMe 

for 15 hrs after which the colour of the solution had changed to green. The mixture 

was cooled to room temperature and yellow crystals precipitated. The supernatant 

liquid was decanted and the crystals washed with Et2 0 . A NMR spectrum of the 

product showed peaks for 29 and 30 in a ratio of ca. 1:1. The crystals were dissolved 

in CH2 C12  (1ml) and transferred to the top of a column (Al20 3/15cm). Elution with 

CH2 Cl2/hexane (2:1) gave two not fully separated fractions. Both fractions were 

collected, the sovents were removed in vacuo, and the residues were recrystallised 

from CH2 Cl2 /hexane. The first fraction yielded yellow microcrystals of 29 (ca.

0.070g, 9%). The second fraction gave 30 in the form of yellow microcrystals 

(0.250g, 25%).

29: Anal. Found: C, 61.3; H, 5.5. C3 2 H3 4 B9MoN requires C, 61.4; H, 5.5%.

NMR: 'H  (CD2 C12): 8  7.49-7.19 (m, 20 H, Ph), 2.74 (br s, 2 H, cage-CH), 2.01 (s, 3 

H, Me); b C-{‘H} (CD2 C12): 8  180.2 (s, C=Q, 130.5-126.8 (s, Ph), 51.7 (br s, cage-

C), 4.3 (s, Me); n B-{'H} (CD2 C12): 8  -2.5 (s, 1 B), -3.6 (s, 1 B), -4.9 (s, 2 B), -7.8 (s,

2 B), -11.8 (s, 1 B), -16.7 (s, 2 B).

30: Anal. Found: C, 68.7, H,5.4. C^Ff^BgMoN requires C, 68.7; H, 5.5%.

NMR: 'H  (CD2 C12), 8  7.45-6.74 (m, 30 H, Ph), 6.50 (s, 1 H, vinyl-H), 2.70 (br s, 2 H, 

cage-CH), 1.71 (s, 3 H, Me); n B-{'H} (CD2 C12): 8  8.7 (s, 1 B, B-C=), -3.6 (s, 2 B), - 

9.5 (s, 2 B), -10.8 (s, 2 B), -19.7 (s, 2 B); I3 C-{'H} (CD2 C12): 8  178.5 (s, C=C), 145.8-

124.4 (s, Ph), 47.1 (br s, cage-C), 4.2 (s, Me); vinyl signals are obscured.
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b) In the presence of PhC2 Ph; in an analogous experiment a mixture of 18 (0.568g, 

l.lOmmol) and PhC2Ph (0.2lOg, 1.12mmol) was refluxed inNCMe (10ml) for 20 hrs. 

The reaction mixture was cooled to room temperature and left for 4 hrs, during which 

yellow microcrystals were formed. The ratio of 29 : 30 as detected by NMR was 

about 15 : 85. Column chromatography (A12 0 3/ 15 cm) with CH2 Cl2/hexane (1:1) 

afforded a first fraction containing 29 and some unidentified byproducts. The 

isolation of 29 could not be accomplished. After further elution with the same solvent 

mixture a second, yellow fraction was collected. The solvent was removed in vacuo 

and the remaining oil was recrystallised from CH2 Cl2/hexane to yield a yellow powder 

of 30 (0.522g, 59%).

3.21 Preparation of [c/0 S0 -3 ,3 -(CO)2 -3 -{ri4 -P2 C 2 (But)2 }-3 ,l>2 -MoC 2 B9 H 11] 3 1 .

HBF4 .Et20  (0.051ml, 0.318mmol) was added to a solution of [NEt4] [c/oso-3,3-(CO)2- 

3-(t|3 -C3 H 5 )-3,1 ,2-MoC2 B9 H, ,] XXXII (0.145g, 0.318mmol) at -78°C. The solution 

was warmed to -20°C and after the colour had changed to red the mixture was 

recooled. CBuW  (0.102ml, 0.636mmol) was added and the reaction mixture warmed 

to room temperature. After the mixture was stirred for 5 min the volatiles were 

removed in vacuo and the residue recrystallised with CH2 Cl2/hexane to give 31 in the 

form of bright yellow microcrystals (0.095g, 62%). Anal. Found: C, 34.3; H, 6.10. 

C 1 4 H2 9 B9 M o0 2 P2  requires C, 34.7; H, 6.03 %.

NMR: 'H  (CDCI3 ): 5 3.70 (br s, 2 H, cage-CH), 1.15 (s, 18 H, Bu‘); n B-{‘H} 

(CDjClj): 8  -3.5 (s, 1 B), -4.6 (s, 1 B), -6.2 (s, 1 B), -9.5 (s, 2 B), -12.6 (s, 2 B), -18.8 

(s, 2 B); (CDCIj): 8  217.4 (s, CO), 110.3 [t,/(PC) 55.1, P=q, 42.7 (br s,

cage-C), 37.1 [t,/(PC) 7.1, C(Me)3], 33.2 [t,/(PC) 5.6, Me]; 3 IP-{‘H} (CDC13): no 

resonance was detected. IR(CH2 C12): 2049,2012 cm'1.
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5. Appendix



5.1 Crystal data for 4

Empirical formula [MoC47H35][C7Hg]
Crystal System monoclinic
Space Group ?2xln
Unit Cell Dimensions (A): a 24.871 (6)
b 19.592(11)
c 16.266 (2)

P 97.50 (2)°
Volume A 7858.17

ĉalcd 1.33 g/cm'
z 8
F(000) 3277
T 173 K

Rf 0.046
Rw 0.049

Table 1: Fractional atomic coordinates (*104)

X y z

M o d ) 2 0 8 1 . 6 ( 2 ) 2 6 9 . 9 3 ) 2 9 6 6 . 8 ( 3 )
C 1 1 ) 1 6 3 5 ( 2 ) - 5 2 2 2 ) 2 0 5 5 ( 3 )

C 1 2 ) 2 1 3 1 ( 2 ) - 3 5 0 2 ) 1 7 6 3 ( 3 )

C 1 3 ) 2 1 1 3 ( 2 ) 3 5 5 2 ) 1 5 5 4  ( 3 )
C 1 4 ) 1 6 0 5 ( 2 ) 6 1 8 2 ) 1 7 1 7  ( 3 )

C 1 5 ) 1 3 1 0 ( 2 ) 7 6 2 ) 2 0 2 7  ( 3 )

c 1 6 ) 2 0 6 0 ( 3 ) - 7 3 ) 4 3 0 6 ( 4 )

c 1 7 ) 2 5 7 6 ( 2 ) - 2 0 7 3 ) 4 0 7 4  ( 3 )

c 1 8 ) 2 9 0 8 ( 2 ) 2 7 9 3) 3 7 1 2  ( 3 )

c 1 9 ) 2 7 2 1 ( 2 ) 9 7 3 3 ) 3 5 6 5 ( 4 )

c 1 1 0 ) 2 2 0 8 ( 2 ) 1 1 8 4 3 ) 3 8 0 6 ( 3 )

c 1 1 1 ) 1 8 8 1 ( 2 ) 6 9 5 3 ) 4 1 7 3  ( 4 )

c 1 1 3 ) 1 6 3 2 ( 2 ) - 4 0 3 2 ) 5 5 3 5 ( 2 )

c 1 1 4 ) 1 3 6 1  ( 2 ) - 8 9 5 2 ) 5 9 4 6 ( 2 )

c 1 1 5 ) 1 1 9 0 ( 2 ) - 1 5 0 1 2 ) 5 5 4 3  ( 2 )

c 1 1 6 ) 1 2 9 0  ( 2 ) - 1 6 1 5 2 ) 4 7 3 0  ( 2 )

c 1 1 7 ) 1 5 6 0 ( 2 ) - 1 1 2 4 2 ) 4 3 1 9  ( 2 )

c 1 1 2 ) 1 7 3 1  ( 2 ) - 5 1 8 2 ) 4 7 2 2  ( 2 )

c 1 1 9 ) 2 9 4 8 ( 2 ) - 1 1 2 5 2 ) 5 0 5 5 ( 2 )

c 1 2 0 ) 3 2 2 1 ( 2 ) - 1 7 4 2 2 ) 5 2 1 3 ( 2 )

c 1 2 1 ) 3 3 3 7  ( 2 ) - 2 1 5 0 2 ) 4 5 5 6 ( 2 )

c 1 2 2 ) 3 1 7 9 ( 2 ) - 1 9 4 1 2 ) 3 7 4 0 ( 2 )

c 1 2 3 ) 2 9 0 5 ( 2 ) - 1 3 2 4 2) 3 5 8 2 ( 2 )
c 1 1 8 ) 2 7 9 0  ( 2 ) - 9 1 6 2 ) 4 2 3 9  ( 2 )

c 1 2 5 ) 3 8 5 1  ( 2 ) - 1 4 0 2 ) 4 1 3 9  ( 2 )

c 1 2 6 ) 4 3 5 0  ( 2 ) - 3 8 0 2 ) 3 9 5 7 ( 2 )

c 1 2 7 ) 4 4 5 3  ( 2 ) - 4 1 5 2 ) 3 1 3 6 ( 2 )

c 1 2 8 ) 4 0 5 7 ( 2 ) - 2 1 1 2 ) 2 4 9 6 ( 2 )

c 1 2 9 ) 3 5 5 8 ( 2 ) 2 9 2 ) 2 6 7 8 ( 2 )

I I



Tahle 1 fcont.V. Fractional atomic coordinates (*104)

X y 2

C ( 1 2 4 ) 3 4 5 5 ( 2 ) 64 2 ) 3 4 9 9

C ( 1 3 1 ) 3 5 9 3 ( 2 ) 1 6 1 3 2 ) 3 5 1 4

C ( 1 3 2 ) 3 9 1 0 ( 2 ) 2 0 7 9 2 ) 3 1 4 3

C ( 1 3 3 ) 3 6 9 7 ( 2 ) 2 4 1 5 2 ) 2 4 1 6

C ( 1 3 4 ) 3 1 6 5 ( 2 ) 2 2 8 3 2 ) 2 0 6 1

C (1 3 5 ) 2 8 4 8 ( 2 ) 1 8 1 7 2 ) 2 4 3 1

C (1 3 0 ) 3 0 6 2 ( 2 ) 1 4 8 1 2 ) 3 1 5 8

C ( 1 3 7 ) 2 3 7 0  ( 1 ) 2 4 2 0 2 ) 4 1 0 7

C (1 3 8 ) 2 2 0 3  ( 1 ) 3 1 0 0 2 ) 4 0 6 7

C ( 1 3  9 ) 1 6 9 9 ( 1 ) 3 2 7 5 2 ) 3 6 4 1

C ( 1 4 0 ) 1 3 6 1 ( 1 ) 2 7 7 0 2 ) 3 2 5 4

C ( 1 4 1 ) 1 5 2 7 ( 1 ) 2 0 8 9 2 ) 3 2 9 4

C (1 3  6 ) 2 0 3 2  ( 1 ) 1 9 1 4 2 ) 3 7 2 0

C (1 4 3 ) 1 3 9 6 ( 1 ) 1 3 7 5 2 ) 5 1 3 8

C ( 1 4 4 ) 9 2 9  ( 1 ) 1 5 7 7 2 ) 5 4 6 2

C ( 1 4 5 ) 4 2 5 ( 1 ) 1 3 1 7 2 ) 5 1 2 8

C ( 1 4  6 ) 3 8 9 ( 1 ) 8 5 6 2 ) 4 4 7 0
C (1 4 7 ) 8 5 7 ( 1 ) 6 5 4 2 ) 4 1 4 6
C ( 1 4 2 ) 1 3 6 0 ( 1 ) 9 1 4 2 ) 4 4 8 0

M o ( 2 ) 3 4 2 9 . 9 ( 2 ) 1 4 2 9 . 6 3 ) 7 0 4 2 . 4

C ( 2 1 ) 3 8 2 7 ( 2 ) 6 6 7 5 ) 6 2 2 1

C ( 2 2 ) 3 5 5 1  ( 2 ) 2 7 5 5 ) 6 7 7 0

C ( 2 3 ) 2 9 8 9  ( 2 ) 4 2 2 5 ) 6 5 9 5
C ( 2 4 ) 2 9 1 7 ( 2 ) 9 0 4 5 ) 5 9 3 8
C ( 2 5 ) 3 4 3 5 ( 2 ) 1 0 5 6 5 ) 5 7 0 7
C ( 2 6 ) 4 0 1 5 ( 2 ) 1 7 7 0 3 ) 8 1 2 9
C ( 2 7 ) 4 0 0 6 ( 2 ) 2 2 7 2 3 ) 7 4 8 2
C (2 8 ) 3 5 0 0 ( 3 ) 2 5 7 2 3 ) 7 1 2 5
C (2 9 ) 3 0 0 4  ( 2 ) 2 3 7 2 3 ) 7 4 2 0
C ( 2 1 0 ) 3 0 0 4 ( 2 ) 1 8 6 8 3 ) 8 0 5 8
C ( 2 1 1 ) 3 5 1 3 ( 3 ) 1 5 7 1 3 ) 8 4 2 2
C (2 1 3 ) 4 6 2 5 ( 2 ) 7 8 6 2 ) 8 6 1 7
C (2 1 4 ) 5 0 9 0 ( 2 ) 5 3 3 2 ) 9 0 9 1
C (2 1 5 ) 5 4 6 7  ( 2 ) 9 8 3 2 ) 9 5 0 7
C (2 1 6 ) 5 3 7 8  ( 2 ) 1 6 8 5 2 ) 9 4 4 8
C (2 1 7 ) 4 9 1 3  ( 2 ) 1 9 3 8 2 ) 8 9 7 4
C (2 1 2  ) 4 5 3 6 ( 2 ) 1 4 8 8 2 ) 8 5 5 8
C (2 1 9 ) 4 8 0 5 ( 2 ) 2 0 4 3 2 ) 6 7 0 8
C (2 2 0 ) 5 2 6 9 ( 2 ) 2 2 6 7 2 ) 6 3 9 2
C (2 2 1 ) 5 4 5 3 ( 2 ) 2 9 3 4 2 ) 6 5 3 9
C (2 2 2 ) 5 1 7 3 ( 2 ) 3 3 7 7 2 ) 7 0 0 4
C (2 2 3 ) 4 7 0 9 ( 2 ) 3 1 5 3 2 ) 7 3 2 0
C (2 1 8 ) 4 5 2 5 ( 2 ) 2 4 8 6 2 ) 7 1 7 2
C (2 2 5 ) 3 6 3 8 ( 2 ) 2 9 6 5 2 ) 5 6 8 4
C ( 2 2 6 ) 3 6 2 3 ( 2 ) 3 4 7 7 2 ) 5 0 8 6
C (2 2 7 ) 3 4 6 2 ( 2 ) 4 1 3 6 2 ) 5 2 6 8
C (2 2 8 ) 3 3 1 5 ( 2 ) 4 2 8 3 2 ) 6 0 4 8
C ( 2 2 9 ) 3 3 3 0 ( 2 ) 3 7 7 0 2 ) 6 6 4 6

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
7
7
7
7
7
4
4
4
4
4
4
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
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Table 1 fcontT: Fractional atomic coordinates (*104)

X y z

C ( 2 2 4 ) 3 4 9 1 ( 2 ) 3 1 1 1 ( 2 ) 6 4 6 4  ( 3 )

C ( 2 3 1 ) 2 2 4 9  ( 2 ) 2 7 3 3 ( 2 ) 6 2 9 8 ( 2 )

C ( 2 3 2 ) 1 7 7 7  ( 2 ) 3 1 0 3  ( 2 ) 6 0 5 3 ( 2 )

C ( 2 3 3 ) 1 5 4 4 ( 2 ) 3 4 9 2  ( 2 ) 6 6 3 2 ( 2 )
C ( 2 3 4 ) 1 7 8 4  ( 2 ) 3 5 1 1  ( 2 ) 7 4 5 7 ( 2 )

C ( 2 3 5 ) 2 2 5 7 ( 2 ) 3 1 4 1  ( 2 ) 7 7 0 2  ( 2 )

C ( 2 3 0 ) 2 4 9 0  ( 2 ) 2 7 5 2  ( 2 ) 7 1 2 2 ( 2 )
C ( 2 3 7  ) 2 0 6 0 ( 2 ) 1 3 8 7  ( 2 ) 7 7 5 6  ( 3 )

C ( 2 3 8 ) 1 5 8 2  ( 2 ) 1 1 5 5 ( 2 ) 8 0 2 5 ( 3 )

C ( 2 3 9 ) 1 5 2 2  ( 2 ) 1 1 8 2  ( 2 ) 8 8 6 5 ( 3 )

C ( 2 4 0 ) 1 9 3 9  ( 2 ) 1 4 4 2  ( 2 ) 9 4 3 6 ( 3 )

C ( 2 4 1 ) 2 4 1 7  ( 2 ) 1 6 7 5 ( 2 ) 9 1 6 7 ( 3 )

C ( 2 3 6 ) 2 4 7 7  ( 2 ) 1 6 4 7  ( 2 ) 8 3 2 7  ( 3 )

C ( 2 4 3 ) 3 2 2 8  ( 2 ) 4 3 4  ( 2 ) 8 9 6 6 ( 2 )

C ( 2 4 4 ) 3 1 6 6 ( 2 ) 6 ( 2 ) 9 6 3 3 ( 2 )

C ( 2 4 5 ) 3 3 7 8 ( 2 ) 1 9 9  ( 2 ) 1 0 4 3 6 ( 2 )

C ( 2 4 6 ) 3 6 5 1  ( 2 ) 8 1 9 ( 2 ) 1 0 5 7 2 ( 2 )
C ( 2 4 7 ) 3 7 1 2  ( 2 ) 1 2 4 6 ( 2 ) 9 9 0 5 ( 2 )
C ( 2 4 2 ) 3 5 0 1  ( 2 ) 1 0 5 4  ( 2 ) 9 1 0 2  ( 2 )

C ( 4 8 ) 5 1 5 ( 6 ) 2 8 0 2  ( 7 ) 8 2 0 6 ( 1 5 )

C ( 4 9 ) 4 4 5 ( 5 ) 2 5 6 7  ( 7 ) 7 4 7 0  ( 1 2 )

C ( 5 0 ) 1 5 9 ( 5 ) 2 8 9 1  ( 7 ) 6 5 6 7 ( 8 )

C ( 5 1 ) 5 0  ( 5 ) 3 4 7 4  ( 7 ) 6 7 2 5 ( 1 0 )
C ( 5 2  ) 9 2  ( 4 ) 3 8 3 0 ( 6 ) 7 5 0 2 ( 8 )
C ( 5 3 ) 3 1 4 ( 5 ) 3 5 3 4  ( 9 ) 8 1 5 3 ( 1 0 )
C ( 5 4 ) 3 7 8 ( 5 ) 3 7 8 9  ( 9 ) 8 9 2 2 ( 8 )
C ( 5 5 ) 3 2 8 ( 4 ) 2 0 2 ( 6 ) 8 5 4 3 ( 8 )
C ( 5 6 ) 3 4 1 ( 5 ) 6 4 ( 6 ) 7 7 2 4  ( 1 0 )
C ( 5 7 ) 7 7  ( 5 ) 4 6 9 ( 7 ) 7 1 1 3 ( 8 )
C ( 5 8 ) - 2 1 4 ( 5 ) 1 0 0 3  ( 6 ) 7 3 2 9 ( 9 )
C ( 5 9 ) - 2 1 8  ( 4 ) 1 1 6 2  ( 5 ) 8 1 5 0 ( 8 )
C ( 6 0 ) 3 7  ( 4 ) 7 8 3 ( 6 ) 8 7 5 0  ( 7 )
C ( 6 1 ) 3 6 ( 6 ) 9 6 5 ( 9 ) 9 6 3 2 ( 8 )

IV



Table 2 : Bond lengths (A)

C ( 1 1 )  -  
C (13 ) — 
C ( 1 5 ) -  
C (17 ) - 
C(19) - 
C ( l l l )  
C (12 ) -  
C (14 ) - 
C ( 16)  -  
C (17 ) -  
C(18) - 
C ( 19 ) -  
C( 1 1 0 )  
C ( l l l )

C(21) - 
C ( 23)  -  
C ( 2 5 ) -  
C ( 27)  -  
C ( 29)  -  
C(211) 
C ( 2 2 )  -  
C ( 24)  -  
C ( 26)  -  
C ( 2 7 )  -  
C (28 ) -  
C ( 29 ) -  
C ( 21 0 )  
C ( 211)

M o d )  
M o d )  
M o d )  
Mo ( l )  
Mo ( l )  
- Mo (1)
C ( 1 3 )
C ( 1 5 )
C (17)
C ( 118)
C (124 )
C ( 130)  
- C ( 136)  
- C ( 142)

Mo (2)
Mo (2)
Mo (2)
Mo (2)
Mo (2)  
- Mo (2)
C ( 2 3 )
C ( 25)
C ( 2 7 )
C ( 218)
C ( 224)
C ( 230)  
- C ( 236)  
- C ( 242)

C(48) - C(49) 
C(50) - C(51) 
C (52 ) -C ( 53 ) 
C ( 5 3 ) - C ( 48)

C ( 5 5 ) -C ( 56)  
C(57) - C(58) 
C(59) - C(60) 
C(60) - C(55)

2 . 3 2 6 ( 6 )
2 . 3 1 6 ( 7 )  
2 . 3 2 3  (7)
2 . 247  (7)
2 . 2 3 0 ( 8 )
2 . 2 4 6 ( 8 )
1 . 4 2 0 ( 7 )
1 . 4 2 0 ( 7 )
1 . 4 3 9 ( 1 0 )
1 . 4 9 9 ( 8 )
1 . 5 0 5 ( 9 )
1 . 5 1 5 ( 9 )
1 . 4 9 7 ( 8 )  
1 . 5 1 0 ( 9 )

2 . 3 1 1 ( 1 2 )  
2 . 3 2 9 ( 1 1 )  
2 . 2 9 4 ( 1 3 )  
2 . 2 4 1 ( 8 )  
2 . 2 5 3 ( 8 )
2 . 2 4 4 ( 8 )  
1 . 4 2 0 ( 1 0 )  
1 . 4 2 0 ( 1 1 )  

4 3 9 ( 9 )  
5 0 5 ( 1 0 )  
5 0 5 ( 9 )  
5 0 4 ( 9 )  

1 . 4 9 8 ( 9 )
1 . 5 0 2 ( 9 )

1 . 2 7 2 ( 3 0 )  
1 . 2 0 8 ( 2 0 )  
1 . 2 6 9 ( 2 0 )  
1 . 5 1 8 ( 2 4 )

1 . 3 6 3 ( 2 2 )  
1 . 3 4 6 ( 1 9 )  
1 . 3 2 0 ( 1 6 )  
1 . 4 1 2 ( 1 7 )

C ( 1 2 )  -  
C (14)  - 
C ( 16)  - 
C ( 1 8 ) -  
C d l O )  
C ( 1 D -  
C(13) - 
C(15)-  
C ( 17)  -  
C ( 18)  -  
C ( 19)  - 
C d l O )  
C ( l l l )  
C ( 1 6 ) -

C(22) - 
C (24 ) - 
C (26)  - 
C ( 28)  - 
C ( 210)  
C ( 21)  - 
C ( 23)  -  
C ( 25)  - 
C(27) - 
C ( 28)  - 
C ( 29)  - 
C (210) 
C(211) 
C (26)  -

M o d )
Mo (1)  
Mo ( l )  
M o d )  
- Mo (1)
C ( 12)
C (14 ) 
C d l )
C ( 1 8 )
C ( 1 9  ) 
C d l O )
-c(lll)
-C ( 16)
C(112)

Mo (2)
Mo (2)
Mo (2)
Mo (2 ) 
- Mo (2)
C (22)
C (24 )
C ( 21)
C ( 28)
C (2 9 )
C ( 2 1 0 ) 
-C ( 2 1 1 )  
-C ( 2 6 )
C(212)

C ( 4 9 ) - C ( 5 0 )  
C ( 5 1 ) - C (52 ) 
C ( 53 ) -C ( 54 )

C(56) -C(57) 
C ( 5 8 ) - C ( 5 9 )  
C ( 6 0 ) -C ( 61)

2 . 3 2 1 ( 6 )  
2 . 3 1 8 ( 6 )  
2 . 2 5 2 ( 8 )
2 . 2 4 6 ( 7 )
2 . 2 4 9 ( 8 )
1 . 4 2 0 ( 8 )
1 . 4 2 0 ( 8 )  
1 . 4 2 0 ( 7 )
1 . 4 3 5 ( 1 0 )  
1 . 4 4 7 ( 1 0 )  
1 . 4 4 5 ( 1 0 )  
1 . 4 3 6 ( 9 )
1 . 4 5 3 ( 9 )
1 . 5 0 7  (9)

2 . 3 3 2 ( 1 2 )  
2 . 3 0 5 ( 1 1 )  
2 . 2 3 8 ( 8 )
2 . 2 4 8 ( 8 )
2 . 2 4 6 ( 8 )
1 . 4 2 0 ( 1 5 )  
1 . 4 2 0 ( 1 5 )  
1 . 4 2 0  (13)  
1 . 4 4 1 ( 9 )
1 . 4 3 6 ( 1 0 )  
1 . 4 3 3 ( 1 0 )  
1 . 4 4 6 ( 9 )
1 . 4 4 8  (10)  
1 . 4 9 6 ( 8 )

1 . 673  (23)  
1 . 4 3 6 ( 2 1 )  
1 . 3 3 7 ( 2 2 )

1 . 3 7 1 ( 2 0 )  
1 . 3 7 3 ( 2 0 )  
1 . 4 7 9 ( 1 9 )

V



Table 3: Bond angles (°)

c 12)  - M o d )  - C U 1 ) 3 5 . 6 ( 2 )
c 13)  - Mo( 1 ) - c (12) 3 5 . 7  (1)
c 1 4 ) - Mo ( 1 ) - C (12) 5 9 . 4  (3)
c 1 5 ) - M o ( l ) - C ( l l ) 3 5 . 6 ( 2 )
c 1 5 ) - Mo( 1 ) -C(13) 5 9 . 4 ( 3 )
c 1 6 ) - M o ( l ) - C ( l l ) 1 1 2 . 7 ( 3 )
c 16)  - M o d )  -C (13 ) 1 7 0 . 2  (2)
c 1 6 ) - Mo ( l ) - C ( 1 5 ) 1 1 8 . 4  (3)
c 1 7 ) - M o ( l ) - C (12) 112 . 0 (3)
c 17)  - M o d )  -C(  14) 1 7 1 . 4 ( 2 )
c 17)  - M o d )  -C(  16) 3 7 . 3 ( 2 )
c 18)  - M o d )  - C (12) 1 0 8 . 3  (3)
c 18)  - M o d )  -C (14) 1 4 2 . 9 ( 2 )
c 18)  - M o d )  -C(  16) 6 7 . 4 ( 3 )
c 19)  - M o d )  - C ( l l ) 1 6 0 . 8 ( 2 )
c 19)  - M o d )  - C (13) 1 0 5 . 9 ( 3 )
c 19)  - M o d )  -C(  15) 1 5 0 . 4 ( 2 )
c 19)  - M o d )  - C (17) 6 7 . 8 ( 3 )
c 110)  - M o d )  - C ( l l ) 1 5 9 . 3  (2)
c 110)  - M o d )  - C( 13) 1 2 1 . 7  (3)
c 110)  - M o d )  -C (15) 1 2 4 . 6 ( 3 )
c 110)  - M o d )  - C( 17) 8 0 . 0 ( 3 )
c 110)  - M o d )  -C (19 ) 3 7 . 6 ( 2 )
c 111)  - M o d )  - C( 12) 1 6 6 . 7  (2)
c 1 1 1 ) - M o ( l ) - C (14) 1 2 0 . 7  (3)
c 111)  - M o d )  - C( 16) 3 7 . 7 ( 2 )
c 111)  - M o d )  -C (18 ) 7 9 . 5 ( 3 )
c 111)  - M o d )  - C d l O ) 3 7 . 3 ( 2 )
c 15)  -C (11)  - M o d ) 7 2 . 1 ( 3 )
c 11)  -C (12)  - Mo d ) 7 2 . 4  (4)
c 1 3 ) - C ( 1 2 ) - C ( l l ) 1 0 8 . 0 ( 5 )
c 14) - C (13)  - Mo d ) 7 2 . 2 ( 4 )
c 13)  -C (14)  - Mo d ) 7 2 . 1  (4)
c 15)  -C (14 ) -C (13 ) 1 0 8 . 0 ( 5 )
c 14) - C( 15)  - Mo d ) 72 . 0 (4)
c 17) -C (16)  - Mo d ) 7 1 . 2 ( 4 )
c 1 1 1 ) - C ( 1 6 ) - C (17) 1 1 9 . 0 ( 6 )
c 1 1 2 ) -C( 1 6 ) -C(17) 1 1 9 . 5 ( 6 )
c 16)  -C (17)  - Mo d ) 7 1 . 5 ( 4 )
c 18) -C (17 ) -C (16) 1 2 0 . 5 ( 6 )
c 1 1 8 ) - C ( 1 7 ) - C (16) 1 2 0 . 8 ( 6 )
c 1 7 ) - C ( 1 8 ) - Mo( l ) 7 1 . 4 ( 4 )
c 1 9 ) - C ( 1 8 ) -C (17) 1 2 0 . 1 ( 6 )
c 1 2 4 ) - C( 1 8 ) - C  (17) 1 1 9 . 6 ( 6 )
c 18) - C( 19)  - Mo d ) 7 1 . 7 ( 4 )
c 1 1 0 ) - C ( 1 9 ) - C (18) 1 2 0 . 0 ( 6 )
c 1 3 0 ) - C ( 1 9 ) - C (18) 1 2 0 . 3 ( 6 )
c 19) - C d l O )  - Mo d ) 7 0 . 5 ( 4 )
c 111)  - C d l O )  -C (19 ) 1 1 9 . 3 ( 6 )
c 136)  - C d l O )  -C (19) 1 2 0 . 4 ( 6 )
c 16) - C ( l l l )  - Mo d ) 7 1 . 4 ( 4 )
c 1 1 0 ) - C ( l l l ) - C ( 1 6 ) 1 2 1 . 0 ( 6 )
c 1 4 2 ) - C ( l l l ) - C ( 1 6 ) 1 1 8 . 7 ( 6 )
c 1 1 3 ) - C ( 1 1 2 ) - C (16) 1 1 9 . 5 ( 5 )
c 1 1 9 ) - C ( 1 1 8 ) - C (17) 1 1 9 . 5 ( 5 )
c 1 2 5 ) - C ( 1 2 4 ) - C (18) 1 1 8 . 7  (4)

C 13) - Mo d )  - C d l ) 5 9 . 3  (3)
C 14) - M o ( l ) - C ( l l ) 5 9 . 3 ( 2 )
C 14) - M o d )  - C( 13) 3 5 . 7 ( 2 )
C 15) - M o d )  - C( 12) 5 9 . 3 ( 3 )
C 15) - M o d ) - C  (14) 3 5 . 6 ( 2 )
C 16) - Mo d )  -C (12) 134 . 5 ( 2 )
C 16) - M o d )  -C (14 ) 1 4 7 . 7  (2)
C 17) - Mo d )  - C d l ) 1 1 3 . 6 ( 3 )
C 17) - Mo d )  -C (13) 1 3 7 . 7 ( 2 )
C 17)  - M o d )  -C (15) 1 4 1 . 1 ( 2 )
C 18) - Mo d )  - C d l ) 1 3 2 . 6 ( 2 )
C 18)  - Mo d )  - C( 13) 112 . 8 ( 3 )
C 18) - Mo d )  - C( 15) 1 6 7 . 3 ( 2 )
C 1 8 ) - M o d )  - C( 17) 3 7 . 3  (2)
C 1 9 ) - M o d )  -C (12) 1 2 5 . 3  (3)
C 19)  - M o d )  - C( 14) 117 .1 (3)
C 19) - Mo d )  -C (16) 8 0 . 3  (3)
C 1 9 ) - Mo d )  - C( 18) 3 7 . 7  (2)
C 110) - M o d )  - C( 12) 1 5 5 . 5 ( 2 )
C 110) - M o d )  -C (14) 1 0 8 . 2  (3)
C 110) - Mo d )  -C (16) 6 7 . 9 ( 3 )
C 110) - M o d )  - C( 18) 6 7 . 7 ( 3 )
C 111) - M o d )  - C d l ) 1 3 1 . 4 ( 2 )
C H I ) - M o d )  -C (13) 1 5 1 . 7  (2)
C 111) - Mo ( l ) - C ( 1 5 ) 1 1 2 . 1 ( 3 )
c 111) - M o d )  -C (17 ) 6 7 . 4 ( 3 )
c 111) - M o d )  -C (19 ) 6 7 . 5 ( 3 )
c 1 2 ) - C d l )  - Mo d ) 7 2 . 0  (3)
c 1 5 ) - C d l )  -C (12 ) 1 0 8 . 0 ( 5 )
c 1 3 ) - C (12)  - M o d ) 7 2 . 0 ( 3 )
c 1 2 ) - C (13)  - M o d ) 7 2 . 4  (4)
c 14) - C ( 1 3 ) - C (12) 1 0 8 . 0 ( 5 )
c 15) - C (14)  - M o d ) 72 .4 (3)
c 1 1 ) - C (15)  - M o d ) 72 .3 (4)
c 14) - C (15)  - C d l ) 1 0 8 . 0 ( 5 )
c 111) -C (16)  - Mo d ) 7 0 . 9 ( 4 )
c 112) -C (16)  - Mo d ) 132 . 6 ( 4 )
c 112) - C ( 1 6 ) - C ( 1 1 1 ) 1 2 1 . 4 ( 6 )
c 18) - C (17 ) - Mo d ) 7 1 . 3 ( 4 )
c 118) -C (17 ) - Mo d ) 1 3 2 . 3 ( 4 )
c 118) - C ( 1 7 ) - C (18) 118 . 6 ( 6 )
c 1 9 ) - C (18)  - Mo d ) 7 0 . 5 ( 4 )
c 124) -C (18)  - Mo d ) 131 . 6 ( 3 )
c 124) - C ( 1 8 ) - C (19) 1 2 0 . 3  (6)
c 110) - C ( 1 9 ) - Mo( l ) 7 1 . 9 ( 4 )
c 130) -C (19 ) - Mo d ) 1 2 8 . 6 ( 4 )
c 130) - C( 19)  - C d l O ) 1 1 9 . 7 ( 6 )
c 111) - C d l O )  - Mo d ) 7 1 . 3 ( 4 )
c 136) - C d l O )  - Mo d ) 133 . 5 ( 3 )
c 136) - C d l O )  - C ( l l l ) 1 2 0 . 2 ( 6 )
c 110) - C ( l l l ) - M o ( l ) 7 1 . 5 ( 4 )
c 142) - C ( l l l )  - Mo d ) 1 3 3 . 8 ( 3 )
c 142) - C ( l l l )  - C d l O ) 1 2 0 . 2 ( 6 )
c 117) - C ( 1 1 2 ) - C (16) 1 2 0 . 3 ( 5 )
c 123) - C ( 1 1 8 ) - C (17) 1 1 9 . 8 ( 4 )
c 129) - C ( 1 2 4 ) - C (18) 1 21 . 2  (4)

VI
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5.2 Crystal data for 5

Empirical formula ^28^38^oOgP;
Crystal System monoclinic
Space Group P2j/n (no. 14)
Unit Cell Dimensions (A): a 15.103(6)
b 10.681 (3)
c 18.437(7)
<x(°) 90
p 100.90(3)
y 90
Volume A 2921(2)
D caicd 1.43 Mg/m’3
z 4
F(000) 1304
T 293 K
R F 0.0400
R w 0.0468

Table 1: Fractional atomic coordinates FUO4)

X y z
Mo(l) 623(1) 1544(1) 2021(1)
P(l) 1549(1) 2082(1) 1117(1)
P(2) -537(1) 2912(1) 1365(1)
0(1) 1347(2) 3383(3) 693(2)
0(2) 1510(2) 1060(3) 469(2)
0(3) 2629(2) 2290(3) 1389(2)
0(4) -637(2) 3289(3) 500(2)
0(5) -641(2) 4323(3) 1651(2)
0(6) -1515(2) 2362(3) 1382(2)
C(l) 1949(4) 4190(6) 423(4)
C(2) 2022(4) 1153(6) -108(3)
C(3) 3187(3) 1274(5) 1715(3)
C(4) -698(3) 2339(5) -51(3)
C(5) -152(4) 5349(5) 1437(3)
0(6) -2331(3) 3039(6) 1084(3)
C(7) 1364(3) 3340(5) 2452(3)
C(8) 1755(3) 2302(5) 2866(2)
C(9) 1601(3) 2116(6) 3640(3)
C(10) 609(3) 2258(4) 3665(2)
C(l l ) 9(3) 2099(4) 3037(2)
C(12) 1070(3) -494(4) 2466(3)
0(13) 1097(3) -417(4) 1710(3)

IX



Table 1 (cont.): Fractional atomic coordinates (* 104)

x y z

C(14) 208(3) -175(4) 1312(2)
C(15) -360(3) -95(4) 1840(2)
C(16) 176(3) -312(4) 2544(2)
C(31) -971(3) 2276(4) 3057(2)
C(21) 407(3) 2517(5) 4418(2)
C(22) -108(4) 1717(7) 4750(3)
C(23) -259(5) 1940(10) 5463(4)
C(24) 119(6) 2946(12) 5841(4)

C(25) 606(6) 3747(9) 5527(4)

C(26) 758(4) 3553(6) 4814(3)
C(32) -1298(3) 3468(4) 3125(2)
C(33) -2197(3) 3693(4) 3148(3)
C(34) -2803(3) 2711(5) 3094(3)
C(35) -2490(3) 1509(5) 3034(3)
C(36) -1591(3) 1293(4) 3017(3)

Table 2: Bond lengths (A)

Mo(l)-P(l) 2.437 (2) Mo(l)-P(2) 2.422 (1) Mo(l)-C(7)
Mo(l)-C(8) 2.235 (4) Mo(l)-C(ll) 2.319 (4) Mo(l)-C(12)
Mo(l)-C(13) 2.320 (5) Mo(l)-C(14) 2.272 (4) Mo(l)-C(15)
Mo(l)-C(16) 2.359 (4) P(l)-0(1) 1.595 (3) P(l)-0(2)
P(D-0(3) 1.629 (3) P(2)-0(4) 1.623 (3) P(2)-0(5)
P(2)-0(6) 1.596 (3) C(7)-C(8) 1.410 (7) C(8)-C(9)
C(9)-C(10) 1.515 (7) C(10)-C(ll) 1.338 (5) C(10)-C(21)
C(ll)-C(31) 1.500 (6)

2.286 (5) 
2.379 (4) 
2.279 (4) 
1.611 (3) 
1.614 (3)
1.502 (7)
1.503 (6)

X



Table 3: Bond tingles (°)

P(l)-Mo(l)-P(2) 88.3(1)
P(2)-Mo(l)-C(7) 85.9(1)
P(2)-Mo(l)-C(8) 121.0(1)
P(l)-Mo(l)-C(ll) 149.4(1)
C(7)-Mo(l)-C(ll) 75.4(2)
Mo(l)-P(l)-0(l) 117.4(1)
0(l)-P(l)-0(2) 104.4(2)
0(l)-P(l)-0(3) 96.9(2)
Mo(l)-P(2)-0(4) 124.3(1)
0(4)-P(2)-0(5) 95.3(2)
0(4)-P(2)-0(6) 101.3(2)
Mo(l)-C(7)-C(8) 69.9(3)
Mo(l)-C(8)-C(9) 112.3(3)
C(8)-C(9)-C(10) 110.3(3)
C(9)-C(10)-C(21) 114.9(3)
Mo(l)-C(ll)-C(10) 115.0(3)
C(10)-C(ll)-C(31) 118.2(4)

P(l)-Mo(l)-C(7) 74.6(1)
P(l)-Mo(l)-C(8) 85.9(1)
C(7)-Mo(l)-C(8) 36.3(2)
P(2)-Mo(l)-C(ll) 83.5(1)
C(8)-Mo(l)-C(ll) 73.4(2)
Mo(l)-P(l)-0(2) 113.7(1)
Mo(l)-P(l)-0(3) 119.5(1)
0(2)-P(l)-0(3) 102.4(2)
Mo(l)-P(2)-0(5) 120.4(1)
Mo(l)-P(2)-0(6) 110.7(1)
0(5)-P(2)-0(6) 101.0(2)
Mo(l)-C(8)-C(7) 73.8(2)
C(7)-C(8)-C(9) 119.5(4)
C(9)-C(10)-C(ll) 118.2(4)
C(ll)-C(10)-C(21) 126.9(4)
Mo(l)-C(ll)-C(31) 126.8(3)

XI



5.3 Crystal data for 6

Empirical formula C23H27BF2M o06P2
Crystal System Triclinic
Space Group P 1 (no. 2)
Unit Cell Dimensions (A): a 9.688 (4) 
b 10.788 (6)
c 12.961 (6)
a(°) 98.13(4)
P 96.17(3)
Y 102.52 (4)
Volume A3 1295 (1)
D Caicd 1.53 Mg/m’3
Z 2
F(000) 616
T 293 K
RF 0.0273
Rw 0.0375

Table 1: Fractional atomic coordinates (*104)

x y z

Mo 4830(1) 1620(1) 3518(1
P( 2) 7192(1) 2739(1) 4276(1
P (D 5181(1) 3078(1) 2284(1
0 ( 1 ) 8269(2) 3416(2) 3608(1
0(A) 6709(2) 3659(2) 2091(1
0 ( 3 ) 7137(2) 3811(2) 5241(1
0 ( 2 ) 8066(2) 1836(2) 4784(2
C(7) 5904(2) 483(2) 2674(2
0 ( 5 ) 4450(2) 4241(2) 2535(2
0 (6 ) 4588(2) 2455(2) 1089(2
0(9 ) 3659(3) -1751(3) 999(2
C(1A ) 7160(2) 142(2) 2296(2
0(6) 4548(2) -94(2) 2576(2
0(8) 3567(2) -1290(2) 2039(2
0(1 ) 3337(3) 971(3) 4728(2
0(2) 2458(3) 1092(3) 3837(2
0(3) 2781(3) 2377(3) 3700(3
C(A ) 3870(3) 3069(3) 4519(3
0(5) 4215(3) 2186(3) 5151(2
0(13) 2524(3) -1965(2) 2533(2
0(10) 2684(4) -2837(3) 460(3
0(12) 1565(3) -3067(3) 1979(3
0(19) 8059(3) 931(3) 1775(2
0(16) 8641(3) -1380(3) 2105(3
0(15) 7456(3) -1027(3) 2449(2
0(11) 1655(4) -3478(3) 948(3
0(17) 9509(3) -599(4) 1580(3

X I I



Table 1 (cont.): Fractional atomic coordinates (*104)

x y z

F (1) 9136(2) 4271(2) 2219(1)
F ( 2) 8034(2) 5434(2) 3299(2)
C(20) 8391(3) 4714(3) 5777(2)
C( 18) 9221(3) 544(3) 1414(3)
C(21) 9517(3) 1832(3) 4754(3)
B 8047(3) 4228(3) 2814(3)
C(22) 3128(3) 1813(4) 782(3)
C(23) 4721(5) 5327(4) 1989(4)

Table 2: Bond lengths (A)

Mo-P(2) 2.375(1) Mo-P(l) 2 .397(1)
Mo^C(7) 2.050(3) Mo-C(6) 2 .013(2)
Mo-C(l) 2. 325(3) Mo-C(2) 2. 341(3)
Mo-C(3) 2.326(3) Mo-C(4) 2 .304(3)
Mo-C(5) 2.297(3) P ( 2 ) ~ 0 ( l ) 1 .553(2)
P(2 ) -0(3) 1.592(2) P(2)~0(2) 1.587(2)
P ( l )* 0 (4 ) 1.539(2) P ( l )* 0 ( 5 ) 1 .581(3)
P ( l ) - 0 ( 6 ) 1.590(2) 0 (1)  “B 1.471(4)
0 (4 ) -B 1.471(3) 0 (3 ) -C (20) 1 .421(3)
0(2)*C(21) 1.412(3) C(7)-C(14) 1.458(4)
C(7)-C(6) 1.310(3) 0 (5 ) -C (23) 1 .443(5)
0 (6) -C(22) 1.419(4)

Table 3: Bond angles (°)

P(2)-Mo-P(l)  S3.5(1 )  P(2)-Mo-C(7) 82 .0(1
P(l)-Mo-C(7) 8 8 . 9 (1 )  P(2)-Mo-C(6) 118.4(1
P(l)-Mo-C(6) 101 .6 (1 )  C(7)-Mo-C(6) 37.6(1
Mo -P(2) -0 (1)  121 .5 (1 )  Mo -P(2) "0 (3)  109.6(1
0 ( l ) - P ( 2 ) - 0 ( 3 )  106 .0 (1 )  Mo-P(2)-0(2) 112.4(1
0 ( 1 ) -P(2) K) (2) 101 .6 (1 )  0 ( 3 ) - P ( 2 ) - 0 ( 2 )  104.1(1
Mo -P ( l )~ 0 (4 )  119 .2 (1 )  Mo-P(l ) -0(5)  112.4(1
0 ( 4 ) - P ( 1 ) - 0 ( 5 )  106 .8 (1 )  Mo”P ( l ) - 0 ( 6 )  115.2(1
0 ( 4 ) - P ( l ) - 0 ( 6 )  9 5 .8 (1 )  0 ( 5 ) -P(1)*0 (6)  105.7(1
P(2) -0 (1)  -B 129 .5 (2 )  P ( l )  ~0 (4 ) -B 132.2(2
P(2)~O(3)-C(20) 121 .8 (2 )  P(2)*0(2)-C(21)  127.6 (2
Mo ~C(7) -C( 14) 155 .3(2 )  Mo-C(7)-C(6) 69 .7 (2
C(14)-C(7)-C(6) 135 .0 (2 )  P (1 ) *0 ( 5 ) -C(23) 120.9(3
P ( l ) -0 (6 ) -C (2 2 )  120 .7 (2 )  Mo-C(6)-C(7) 72 .7(1
Mo-C(6)-C(8) 148 .0 (2 )  C(7)-C(6)-C(8) 139.3(2
0 (1 ) -B -F(1)  107 .7 (3 )  0 (1)  rB -0 (4) 111.2(2
0(1 ) -B -F (2 )  109 .9 (2 )  0 ( 4 ) - B - F ( l )  106.8(2
F ( l ) -B -F (2 )  111 .0(2)  0 (4 ) -B -F (2 )  110.2(3

X I I I



5.4 Crystal data for 28

Empirical formula C3 6 H4 9 O2 4 B9 P2 M0

Crystal System monoclinic

Space Group P2t/c
Unit Cell Dimensions ( A ) :  a 11.736(2)

b 19.367 (3)

c 17.781 (3)

P 100.67 (2)°

Volume A 3 3971.6

l^calcd
1.39 g/cm

z 4
F(000) 1720

T 170 K

Rf 0.0491

Rw 0.0458

Table 1: Fractional atomic coordinates (*10 )

X y Z

Mo (1) 1064 1850 2959

P ( l ) 272 (1) 26 8 1  (1) 3746  (1)

P (2) 1 8 1 0 ( 1 ) 2851  (1) 2422  (1)

0 ( 1 ) - 4 2 7  (3) 3287  (2) 3283  (2)

0 ( 2 ) - 7 0 2 ( 3 ) 2 4 2 6  (2) 4211 (2)

0 ( 3 ) 1 2 4 8 ( 3 ) 2 9 9 5  (2) 4387 (2)

0 ( 4 ) 8 5 7 ( 3 ) 3 1 8 6 ( 2 ) 1760 (2)

0 ( 5 ) 2 2 3 1 ( 3 ) 3454 (2) 3010 (2)

0 ( 6 ) 2944  (3) 2811 (2) 2041 (2)

B (1) 4 7 1 ( 6 ) 1527 (4) 1654 (4)

B (2) 7 1 7 ( 6 ) 762 (3) 2261 (4)

B (3) - 2 6 8  (6) 862 (4) 2920  (4)

B (4 ) - 1 9 2 ( 6 ) 7 1 5 ( 3 ) 1327 (4)

B (5) - 6 4 2  (6) 3 0 8 ( 4 ) 2 1 0 9 ( 4 )

B (6) - 1 7 1 6 ( 6 ) 821 (4) 2397 (4)

B( 7) - 1 9 5 7 ( 6 ) 1547 (4) 1 7 7 6 ( 4 )

B (8) - 9 9 8  (6) 1 484 (4) 1130 (4)

XIV



Table 1 fcont.T Fractional atomic coordinates (* 104)

x y z

B (9) - 1 6 8 9  (6) 736 (4 ) 1401 (4)

C (1) - 1 2 3 3 ( 6 ) 3728 (3) 3597 (4)

C (2) - 3 9 5  (6) 1 9 3 6 ( 3 ) 4 8 2 9 ( 3 )

C (3) 1334 (6) 3716 (3) 4612  (4)

C (4) 1079  (6) 3836 (3) 1 4 1 6 ( 3 )

C (5) 3 1 6 2 ( 5 ) 3937 (3) 2 9 9 1 ( 3 )

C (6) 3 0 7 5  (6) 2 3 4 6 ( 4 ) 1437 (4)

C (7)  

C (8)
2 6 9 8 ( 5 )  

2 1 5 6 ( 5 )

1961 (3)  

1 4 3 9 ( 3 )

3591 (3)  

3 8 6 5  (3)

C ( 21) 1847  (5) 302 (3) 2 4 5 9  (3)

C ( 22) 1882  (5) - 2 1 0 ( 3 ) 2 9 8 8  (3)

C ( 35) - 6 1 2  (5) 1956 (3) 1 9 5 6 ( 3 )

C ( 36) - 1 0 2 2  (5) 1575 (3) 2 6 5 4  (3)

Table 2: Bond lengths (A)

P ( 1 ) -Mo (1) 2 . 4 2 7  (4) P ( 2 ) -Mo (1) 2 . 3 9 8  (4)

B ( 1 ) -Mo (1) 2 . 3 8 0  (8) B ( 2 ) -Mo (1) 2 . 4 4 1 ( 8 )

B ( 3 ) -Mo (1) 2 . 4 6 4  (9) C ( 7 ) -Mo (1) 2 . 0 4 6  (8)

C ( 8 ) -Mo (1) 2 . 0 2 6  (8) C ( 3 5 ) -Mo (1) 2 . 4 0 7 ( 8 )

C ( 3 6 ) - M o (1) 2 . 4 6 6 ( 8 ) 0 ( 1 ) - P (1) 1 . 5 7 5 ( 6 )

0 ( 2 ) - P  (1) 1 . 6 0 8 ( 6 ) 0 ( 3 ) -P (1) 1 . 5 8 1  (6)

0  (4)  - P  (2) 1 . 6 0 2  (6) 0 ( 5 ) - P (2) 1 . 5 8 5 ( 6 )

0 ( 6 )  - P  (2) 1 . 6 0 2 ( 6 ) C ( 1 ) - 0 ( 1 ) 1 . 4 6 0  (8)

C (2)  - 0 ( 2 ) 1 . 4 4 6 ( 7 ) C ( 3 ) - 0 ( 3 ) 1 . 4 5 2  (8)

C ( 4 ) - 0 ( 4 ) 1 . 4 4 5  (7) C (5) - 0 ( 5 ) 1 . 4 4 3 ( 7 )

C (6)  - 0 ( 6 ) 1 . 4 3 0  (8) B ( 2 ) - B (1) 1 . 8 2 5  (11)

B ( 4 ) - B (1) 1 . 8 0 2  (11) B ( 8 ) -B (1) 1 . 8 0 4  (11)

C ( 3 5 ) - B ( l ) 1 . 6 8 8  (1 1) B ( 3 ) - B (2) 1 . 8 0 2  (11)
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Table 3 (cont.): Bond lengths (A)

B( 4 )  - B ( 2 )

C ( 2 1 ) - B (2)  

B (6) - B (3)

B ( 5 ) - B (4)

B ( 9 ) - B (4)

B (9)  - B (5)

B (9) - B (6)

B (8) - B (7)

C ( 3 5 ) - B (7)  

B ( 9 ) - B (8)

C (8)  - C (7)

C ( 1 5 ) -C (8)  

C(14 ) - C (9)

C ( 1 2 ) -C (11)

C ( 1 4 ) - C (13)  

C ( 2 0 ) - C (15)  

C ( 1 8 ) - C (17)  

C ( 2 0 ) - C (19)  

C ( 2 3 ) -C (21)  

C (24 ) - C (23)  

C ( 2 5 ) -C (24 ) 

C (27)  - C (26)  

C (30)  - C (29)  

C (31)  - C (30)  

C (33)  - C  (32)  

C (36)  - C (35)  

H (3) - B (3)

H (5) - B (5)

H ( 7 ) - B ( 7 )

1 . 8 0 3 ( 1 1 )  

1 . 5 8 2 ( 1 0 )  

1 . 7 8 2  (11)  

1 . 7 6 2  (11)  

1 . 7 8 6 ( 1 2 )  

1 . 7 9 1  (11)  

1 . 7 8 6 ( 1 2 )  

1 . 7 5 5  (12)

1 . 7 4 2  (11)

1 . 7 7 0 ( 1 2 )

1 . 3 3 3 ( 9 )  

1 . 4 7 9 ( 9 )  

1 . 3 9 7 ( 9 )  

1 . 3 7 0 ( 9 )

1 . 3 9 9  (9)

1 . 3 9 2  (9)

1 . 3 7 3 ( 1 0 )

1 . 4 0 2 ( 9 )

1 . 4 9 5 ( 9 )

1 . 4 0 5 ( 9 )

1 . 3 7 6  (9)

1 . 4 0 2 ( 1 0 )

1 . 4 0 0  (9)

1 . 3 8 8  (9)

1 . 3 7 3 ( 9 )

1 . 5 9 3  (10)

1 . 1 5 6  (62)  

1 . 0 8 8 ( 6 6 )

1 . 0 0 7 ( 6 6 )

B ( 5 ) - B ( 2 )

B ( 5 ) - B (3)

C ( 3 6 ) - B (3)  

B ( 8 ) -B (4)

B (6) - B (5)  

B( 7)  - B ( 6 )

C ( 3 6 ) - B (6)  

B ( 9 ) -B (7)

C ( 36)  - B ( 7 )  

C ( 3 5 ) -B (8)  

C (9)  - C (7)

C ( 10)  - C (9)

C (11)  -C (10)  

C ( 1 3 ) —C (12)  

C ( 1 6 ) - C (15)  

C ( 1 7 ) - C (16)  

C ( 1 9 ) - C (18)  

C ( 2 2 ) -C (21)  

C ( 2 9 ) - C (22)  

C ( 2 8 ) - C (23)  

C ( 2 6 ) - C (25)  

C ( 2 8 ) -C (27)  

C ( 3 4 ) -C (29)  

C ( 3 2 ) - C (31)  

C (34)  - C (33)  

H ( 1 ) -B (1)

H ( 4 ) -B (4)

H ( 6 )  - B ( 6 )

H (8) -B (8)

1 . 7 9 6  (11)  

1 . 7 8 6 ( 1 1 )  

1 . 662 (11)  

1 . 7 6 5 ( 1 1 )  

1 . 7 5 3 ( 1 2 )  

1 . 7 8 0 ( 1 2 )  

1 . 6 9 4  (11)

1 . 7 5 9 ( 1 2 )

1 . 7 3 5  (11)  

1 . 7 1 7  (11)

1 . 4 8 0 ( 9 )

1 . 3 9 6 ( 9 )

1 . 3 9 2  (9)  

1 . 3 9 1  (10)

1 . 3 9 8  (9)

1 . 4 0 4  (10)

1 . 3 8 5  (9)

1 . 3 6 2 ( 9 )

1 . 4 7 4  (9)

1 . 3 9 6 ( 9 )

1 . 3 5 6  (10)

1 . 3 8 6  (9)

1 . 4 0 4 ( 9 )

1 . 3 7 1  (9)

1 . 3 7 9  (9)  

1 . 0 9 5 ( 6 4 )

1 . 0 9 8 ( 6 4 )

1 . 0 3 5  (64)

1 . 1 2 3 ( 6 3 )

XVI



Table 3 (cont.): Bond lengths (A)

H ( 9 ) - B ( 9 ) 1 . 0 6 4  (65)

H ( 1 2 ) -C (1) 0 . 960

H ( 21)  -C (2) 0 . 960

H ( 2 3 ) -C (2) 0 .  960

H ( 32)  -C (3) 0 . 9 6 0

H ( 4 1 ) -C (4) 0 .  960

H (43)  -C (4) 0 . 960

H ( 52)  -C (5) 0.  960

H (61)  -C (6) 0 . 960

H (63)  - C (6) 0.  960

H ( 1 1 1 ) - C  (11) 0 .  960

H ( 131)  -C (1 3) 0.  960

H ( 1 6 1 ) - C (16) 0.  960

H ( 1 8 1 ) -C ( 18) 0 . 960

H ( 2 0 1 ) - C (20) 0 . 9 6 0

H ( 2 4 1 ) -C ( 24) 0 . 9 6 0

H ( 2 6 1 ) - C (26) 0 .  960

H ( 2 8 1 ) - C (28) 0 . 960

H ( 3 1 1 ) - C ( 31) 0 . 960

H ( 3 3 1 ) - C (33) 0 .  960

H ( 3 5 1 ) - C (35) 1 . 0 0 5  (69)

H ( 1 1 ) -C (1) 0 .  960

H( 1 3 ) -C (1) 0 .  960

H ( 2 2 ) - C (2) 0 .  960

H (31)  -C (3) 0 .  960

H(33)  - C (3) 0 . 960

H( 4 2 ) -C (4) 0 .  960

H (51)  - C (5) 0 .  960

H(53)  - C (5) 0 .  960

H (62)  -C (6) 0 . 960

H( 1 0 1 ) - C (10) 0 . 9 6 0

H( 1 2 1 ) - C ( 12) 0 .  960

H (141)  -C (14) 0 .  960

H( 1 7 1 ) - C (17) 0 .  960

H ( 1 9 1 ) - C (19) 0.  960

H ( 2 2 1 ) -C (22) 0 . 9 9 6  (65)

H ( 2 5 1 ) - C ( 25) 0 .  960

H( 2 7 1 ) -C (27) 0 . 9 6 0

H ( 3 0 1 ) - C (30) 0 .  960

H( 3 2 1 ) - C (32) 0 .  960

H ( 3 4 1 ) -C (34) 0 .  960

H ( 3 6 1 ) -C (36) 1 . 0 1 5  ( 66)
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Table 3: Bond angles (°)

P (2) - Mo( 1 ) -P (1) 8 4 . 3 ( 2 )

B (1) - Mo ( 1 ) -P (2) 8 3 . 5 ( 3 )

B (2) - Mo( 1 ) -P (2) 1 2 2 . 3  (3)

B (3) -Mo (1) -P (1) 1 0 2 . 8 ( 3 )

B (3) - Mo( 1 ) -B (1) 7 2 . 5  (3)

C (7) -MO( 1 ) -P (1) 9 1 . 9 ( 3 )

C (7) - M o ( l ) - B d ) 1 2 9 . 7 ( 3 )

C ( 7 ) - Mo ( l ) - B ( 3 ) 1 2 8 . 5 ( 3 )

C (8) - Mo( 1 ) -P (2) 1 1 4 . 3 ( 3 )

C (8) - Mo ( l ) - B  (2) 9 5 . 0  (3)

C (8) - Mo( 1 ) -C (7) 3 8 . 2  (2)

C ( 3 5 ) - Mo( 1 ) -P (2) 8 6 . 8  (2)

C ( 3 5 ) - Mo( 1 ) -B (2) 7 0 . 1 ( 3 )

C ( 3 5 ) - Mo( 1 ) -C (7) 1 6 2 . 2  (2)

C ( 3 6 ) - Mo( 1 ) -P (1) 78 . 4  (2)

C ( 3 6 ) - Mo( 1 ) -B (1) 6 8 . 3  (3)

C (36) - Mo( 1 ) - B (3) 39 . 4  (2)

C ( 3 6 ) - Mo( 1 ) -C (8) 1 2 3 . 1  (3)

0 ( 1 )  - P ( l )  - Mo d) 1 1 4 . 3  (2)

0 ( 2 ) - P ( 1 ) - 0 ( 1 ) 9 8 . 4 ( 3 )

0 ( 3 )  - P ( 1 ) - 0 ( 1 ) 1 0 9 . 2 ( 3 )

0 ( 4 ) - P ( 2 ) -Mo( l ) 1 1 1 . 3 ( 3 )

0 ( 5 ) -P ( 2 ) - 0 ( 4 ) 1 0 6 . 1 ( 3 )

0 ( 6 ) - P ( 2 ) - 0 ( 4 ) 103 . 4  (3)

C( l )  - 0 ( 1 )  - P ( l ) 12 3 . 2  (4)

C ( 3 ) - 0 ( 3 ) -P (1) 1 2 5 . 0 ( 5 )

C ( 5 ) - 0 ( 5 ) -P (2) 1 2 7 . 3 ( 4 )

B ( 1 ) - Mo ( l ) - P  (1) 13 1 . 5 ( 2 )

B (2) - Mo ( 1 ) -P (1) 145. 0  (2)

B (2) - Mo( 1 ) -B (1) 4 4 . 5 ( 2 )

B (3) -Mo (1) -P (2) 153 . 3  (2)

B (3) -Mo (1) -B (2) 43 . 1  (2)

C (7) -Mo (1) -P (2) 76. 1  (3)

C (7) -Mo (1) -B (2) 114 . 9 ( 3 )

C (8) - Mo( 1 ) -P (1) 9 3 . 2 ( 3 )

C (8) - Mo( 1 ) -B (1) 134. 4 (2)

C (8) - Mo ( 1 ) - B (3) 91. 2  (3)

C (35) - Mo ( 1 ) -P (1) 91 . 3 ( 2 )

C ( 3 5 ) - Mo( 1 ) -B (1) 4 1 . 3 ( 2 )

C (35) -Mo (1) -B (3) 6 7 . 6 ( 3 )

C (35) -Mo (1) -C (8) 158 . 8 ( 2)

C (36) - Mo ( 1 ) -P (2) 120 . 5 ( 2)

C (36) - Mo ( 1 ) -B (2) 6 8 . 7 ( 3 )

C (36) - Mo( 1 ) -C (7) 159. 2  (2)

C (36) - Mo( 1 ) -C (35) 38 . 1 ( 2 )

0( 2)  -P (1) - Mo d ) 118 . 5 ( 3 )

0 ( 3)  - P ( 1 ) -Mo (1) 111 . 6 ( 3)

0( 3)  - P ( 1 ) - 0 ( 2 ) 103 . 6 ( 3)

0 ( 5 ) - P ( 2 ) -Mo (1) 1 15 . 1 ( 3)

0 ( 6)  - P ( 2 ) -Mo (1) 121 . 5 ( 3)

0( 6)  - P ( 2 ) - 0 ( 5 ) 97. 7 (3)

C ( 2 ) - 0 ( 2 ) -P (1) 119 . 4 ( 5)

C ( 4 ) - 0 ( 4 ) -P (2) 1 20 . 4 ( 5 )

C ( 6 ) - 0 ( 6 ) -P (2) 124 . 1 ( 5 )
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Table 3 (cont.T  B ond angles (0>)

B(2)  - B d ) - M o ( l ) 6 9 . 5  (4) B (4 ) - B ( 1 ) -Mo (1) 1 2 5 . 1 ( 5 )

B (4 ) - B (1 ) - B ( 2 ) 5 9 . 6 ( 4 ) B (8) -B (1) -Mo (1) 126 . 4  (5)

B ( 8 ) ~ B ( 1 ) -B (2) 107 . 4  (6) B (8) - B ( 1 ) -B (4) 5 8 . 6 ( 5 )

C (35) - B ( 1 ) -Mo (1) 7 0 . 2  (4) C (35) - B ( 1 ) - B (2) 1 0 4 . 9 ( 6 )

C (35) - B ( 1 ) -B (4) 1 0 3 . 1 ( 6 ) C (35) - B ( 1 ) -B (8) 5 8 . 8 ( 5 )

B (1) - B ( 2 ) -Mo (1) 6 6 . 0  (4) B (3) -B (2) -Mo (1) 69. 1  (4)

B (3) -B (2) -B (1) 104 . 4  (5) B (4) -B (2) -Mo (1) 1 2 1 . 8 ( 5 )

B (4 ) -B (2) -B (1) 5 9 . 6  (4) B ( 4 ) -B ( 2 ) -B ( 3) 1 0 5 . 3 ( 6 )

B (5) - B ( 2 ) -Mo (1) 1 2 4 . 0 ( 5 ) B (5) - B ( 2 ) -B (1) 1 0 5 . 6 ( 5 )

B (5) -B (2) -B (3) 5 9 . 5  (5) B (5) -B (2) -B (4 ) 5 8 . 6  (4)

C (21) - B ( 2 ) -Mo (1) 1 0 8 . 6  (5) C (21) - B ( 2 ) - B (1) 1 2 8 . 5 ( 6 )

C (21) - B ( 2 ) -B (3) 1 2 1 . 9 ( 6 ) C (21) -B (2) -B (4) 120 . 3  (6)

C (21) -B (2) -B (5) 1 1 6 . 3 ( 6 ) B (2) - B ( 3 ) -Mo (1) 6 7 . 8 ( 4 )

B (5) -B (3) -Mo (1) 1 2 3 . 3  (5) B (5) - B ( 3 ) -B (2 ) 6 0 . 1 ( 5 )

B (6) - B ( 3 ) -Mo (1) 1 2 6 . 0  (5) B (6) - B (3 ) -B ( 2 ) 1 0 8 . 7 ( 6 )

B ( 6 ) - B (3 ) - B (5) 5 8 . 9  (5) C (36) - B ( 3 ) -Mo (1) 7 0 . 4 ( 4 )

C ( 3 6 ) - B ( 3 ) -B (2) 1 0 6 . 0  (6) C (36) -B (3) -B (5) 1 0 3 . 3 ( 6 )

C (36) - B ( 3 ) - B (6) 5 8 . 8  (5) B ( 2 ) - B (4 ) -B (1) 6 0 . 8  (4 )

B (5) - B ( 4 ) -B ( 1 ) 1 0 8 . 0 ( 6 ) B ( 5 ) - B (4 ) -B (2 ) 6 0 . 5  (4 )

B ( 8 ) - B (4 ) -B ( 1 ) 60 . 7  (5) B (8) - B ( 4 ) -B (2) 1 1 0 . 1 ( 6 )

B (8) - B (4 ) - B (5) 107 . 8  (6) B (9 ) - B (4 ) -B ( 1 ) 1 0 9 . 2 ( 6 )

B (9 ) - B (4 ) - B ( 2 ) 1 1 0 . 7 ( 6 ) B (9 ) - B (4 ) - B ( 5 ) 6 0 . 6 ( 5 )

B (9) -B (4) -B (8) 5 9 . 8  (5) B (3) -B (5) -B (2) 60. 4 (4 )

B (4) - B ( 5 ) - B (2) 6 0 . 9 ( 5 ) B (4) - B ( 5 ) -B (3) 10 7 . 8 ( 6 )

B (6 ) - B ( 5 ) - B( 2) 1 1 0 . 2 ( 6 ) B (6 ) - B (5 ) - B (3 ) 6 0 . 5 ( 5 )

B (6 ) - B ( 5 ) - B  (4 ) 10 8 . 4 ( 6 ) B (9 ) - B (5 ) - B( 2) 11 0 . 8 ( 6 )

B ( 9) -B (5) -B ( 3 ) 1 0 9 . 0 ( 6 ) B (9) - B ( 5 ) -B (4) 6 0 . 4 ( 5 )

B ( 9 ) - B ( 5 ) - B ( 6 ) 6 0 . 5  (5) B (5) - B ( 6 ) -B (3) 6 0 . 7 ( 5 )

B (7 ) -B ( 6 ) - B (3 ) 108 . 4  (6) B (7 ) - B (6 ) - B (5 ) 1 0 7 . 8 ( 6 )

B (9) - B (6 ) - B (3) 109. 4  (6) B (9 ) - B ( 6 ) — B (5 ) 6 0 . 8 ( 5 )

B (9) - B (6 ) -B (7 ) 5 9 . 1  (5) C (36) -B (6) -B (3) 5 7 . 1 ( 5 )

C (36) - B ( 6 ) - B (5) 103. 4  (6) C (36) - B ( 6 ) -B (7) 5 9 . 9 ( 5 )
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Table 3 (cont.): Bond angles (°)

C ( 3 6 ) - B ( 6 ) - B (9) 1 04 . 5  (6)

B (9) -B (7) —B (6) 60 . 6  (5)

C (35) -B (7) -B (6) 10 2 . 2 ( 6 )

C (35) -B (7) -B (9) 104 . 8  (6)

C ( 3 6 ) - B ( 7 ) -B (8) 102 . 4  (6)

C (36) -B (7) -C (35) 5 4 . 6  (4)

B (7) - B ( 8 ) -B (1) 10 9 . 1 ( 6 )

B (9) - B ( 8 ) - B ( l ) 1 0 9 . 9 ( 6 )

B ( 9 ) - B ( 8 ) -B (7) 5 9 . 9 ( 5 )

C (35) -B (8) -B (4) 1 0 3 . 5 ( 5 )

C (35) -B (8) -B (9) 1 0 5 . 4 ( 6 )

B ( 6 ) - B ( 9 ) -B ( A ) 1 0 5 . 9 ( 6 )

B ( 7 ) - B ( 9 ) -B ( A ) 1 0 7 . 2 ( 6 )

B (7) - B ( 9 ) - B (6) 6 0 . 3 ( 5 )

B (8) -B (9) -B (5) 1 0 6 . 3 ( 6 )

B ( 8 ) - B ( 9 ) -B (7) 5 9 . 6 ( 5 )

C (9) -C (7) -Mo (1) 153. 1  (4)

C (7) -C ( 8 ) -Mo (1) 7 1 . 7 ( 4 )

C (15) - C ( 8 ) -C (7) 1 3 2 . 9 ( 5 )

C (14) -C (9) -C (7) 1 2 1 . 7 ( 6 )

C (11) -C (10)  -C (9) 120 . 6  (6)

C (13) - C  ( 1 2 )  - C d l ) 1 19 . 3  (7)

C (13) - C ( 1 4 ) -C (9) 120.  1 (7)

C (20) -C (15)  -C (8) 121 . 9  (6)

C (17) -C (16)  -C (15) 12 0 . 3 ( 7 )

C(_9)  - C ( 1 8 ) -C (17) 1 1 9 . 9 ( 7 )

C ( 1 9 ) -C (20)  - C (15) 120 . 2( 7)

C (23) - C ( 2 1 ) -B (2) 12 1 . 8 ( 6 )

n ( 2 9 ) - C ( 2 2 ) -C (21) 133 . 2  (6)

- ( 2 8 ) - C ( 2 3 ) -C (21) 12 2 . 3  (6)

C ( 2 5 ) - C ( 2 4 ) -C (23) 1 2 0 . 9  (7)

C ( 2 7 ) - C ( 2 6 ) - C (25) 1 2 0 . 5  (8)

B ( 8 ) - B ( 7 ) -B (6) 10 7 . 7  (6)

B (9) -B (7) -B (8) 6 0 . 5 ( 5 )

C ( 3 5 ) - B ( 7 ) -B (8) 58 . 8 (5)

C (36) -B (7) -B (6) 57.  6 (5)

C (36) - B ( 7 ) - B  (9) 104 . 0(6)

B (4 ) -B (8) -B (1) 6 0 . 7  (5)

B ( 7 ) - B ( 8 ) -B (4) 108 . 4  (6)

B (9) -B (8) -B (4) 60 . 7  (5)

C (35) -B (8) -B (1) 5 7 . 2  (4)

C (35) -B (8) -B (7) 6 0 . 2  (5)

B ( 5 ) - B ( 9 ) - B  (4) 5 9 . 0  (5)

B (6) -B (9) -B (5) 5 8 . 7  (5)

B (7) -B (9) -B (5) 107 . 1  (6)

B ( 8 ) - B ( 9 ) -B (4) 5 9 . 5  (5)

B ( 8 ) - B ( 9 ) - B (6) 1 0 6 . 7  (6)

C ( 8 ) - C ( 7 ) - Mo( l ) 7 0 . 1 ( 4 )

C ( 9 ) - C ( 7 ) - C  (8) 136 . 4  (5)

C (15) -C (8) -Mo (1) 1 55 . 2  (4)

CdO)  - C( 9)  - C( 7) 1 1 9 . 7  (6)

C (14) -C (9) -C (10) 1 1 8 . 6 ( 6 )

C (12) - C d l )  - C( 10) 12 0 . 9  (7)

C (14) -C (13)  -C (12) 1 20 . 5  (7)

C (16) -C ( 1 5 ) -C (8) 1 1 9 . 2 ( 6 )

C (20) - C ( 1 5 ) -C (16) 11 8 . 9 ( 7 )

C(18)  - C ( 1 7 ) - C (16) 12 0 . 3  (7)

C (20) -C (1 9) -C (18) 120. 4  (7)

C (22) -C (21)  -B (2) 11 8 . 7 ( 6 )

C ( 2 3 ) - C ( 2 1 ) -C (22) 1 1 9 . 6 ( 6 )

C ( 2 4 ) - C ( 2 3 ) -C (21) 1 2 0 . 0  (6)

C (28) - C ( 2 3 ) -C (24) 1 1 7 . 7 ( 6 )

C ( 2 6 ) - C ( 2 5 ) -C (24) 1 2 0 . 7  (8)

C (28) -C (27)  -C (26) 1 1 8 . 9  (7)

XX



Table 3 fcont.Y. Bond angles (°)

C ( 2 7 ) -C ( 2 8 ) - c  (23) 1 2 1 . 2  (7)

C ( 3 4 ) - C ( 2 9 ) -C (22) 1 1 6 . 5 ( 6 )

C ( 3 1 ) - C ( 3 0 ) -C (29) 1 2 0 . 7  (6)

C (33)  -C (32) -C (31) 1 1 9 . 9  (7)

C (33) - C ( 3 4 ) -C (29) 1 2 1 . 7  (7)

B ( 7 ) - C ( 3 5 ) - Mo( l ) 1 3 3 . 3  (4)

B ( 8 ) -C ( 3 5 ) - Mo( l ) 1 2 9 . 7 ( 5 )

B (8) -C (35) -B (7) 6 1 . 0 ( 5 )

C ( 3 6 ) - C ( 3 5 ) -B (1) 1 1 2 . 0 ( 6 )

C ( 3 6 ) - C ( 3 5 ) -B (8) 1 1 0 . 5 ( 6 )

B ( 6 ) - C ( 3 6 ) -Mo (1) 1 3 0 . 8 ( 4 )

B (7) - C ( 3 6 ) -Mo (1) 1 2 9 . 9  (5)

B (7) -C (36) -B (6) 6 2 . 5  (5)

C ( 3 5 ) - C ( 3 6 ) -B (3) 1 1 2 . 6 ( 6 )

C ( 3 5 ) - C ( 3 6 ) -B (7) 6 2 . 9  (5)

H (1) - B ( 1 ) -B (2) 129 . 1  (34)

H(1) -B (1) - B (8) 1 1 2 . 2  (34)

H(3) - B ( 3 ) - Mo( l ) 1 0 5 . 3  (32)

H(3) - B ( 3 ) - B (5) 1 2 3 . 6  (32)

H (3) -B (3) -C (36) 1 1 9 . 9 ( 3 2 )

H(4) - B ( 4 ) - B( 2) 11 8 . 7  (34)

H(4) - B (4) -B (8) 1 2 1 . 2  (34)

H (5) -B (5) -B (2) 1 1 2 . 5 ( 3 5 )

H(5) -B ( 5 ) - B(4) 121 . 8  (34)

H (5) - B (5) - B (9) 1 2 7 . 8 ( 3 5 )

H (6) -B (6) -B (5) 1 2 8 . 7  (37)

H (6) -B (6) -B (9) 1 2 5 . 3  (36)

H (7) -B (7) -B (6) 125 . 0 (38)

H( 7 ) -B (7) -B (9) 1 3 7 . 7  (37)

H( 7 ) - B ( 7 ) - C (36) 1 1 2 . 9  (38)

H( 8 ) - B ( 8 ) - B (4) 1 2 6 . 7  (33)

H (8) -B (8) -B (9) 127.  9 (34)

C (30) - C ( 2 9 ) - C (22) 1 2 6 . 5 ( 6 )

C ( 3 4 ) - C ( 2 9 ) -C (30) 1 1 6 . 9 ( 6 )

C (32) -C (31) -C (30) 1 2 0 . 8 ( 7 )

C (34) -C (33) -C (32) 1 1 9 . 9 ( 7 )

B (1) -C (35) - Mo  ( 1 ) 6 8 . 5 ( 4 )

B (7) - C ( 3 5 ) — B (1) 115 . 4  (6)

B (8) - C ( 3 5 ) -B (1) 6 4 . 0 ( 5 )

C (36) -C (35) - M o d ) 7 2 . 9  (4)

C (36) - C ( 3 5 ) -B (7) 6 2 . 5 ( 5 )

B (3) - C ( 3 6 ) - M o ( 1 ) 7 0 . 2 ( 4 )

B (6) - C ( 3 6 ) - B (3) 64 . 1(5)

B (7) - C ( 3 6 ) - B (3) 116. 4  (6)

C ( 3 5 ) - C ( 3 6 ) - M o ( 1 ) 6 8 . 9  (4)

C (35) -C (36) -B (6) 112 . 8  (6)

H( 1 ) - B ( 1 ) - Mo  ( 1 ) 10 7 . 9  (34)

H(1) - B ( l ) - B ( 4 ) 119 . 3  (34)

H (1) - B ( 1 ) - C (35) 122 . 4  (34)

H (3) -B (3) -B (2) 1 2 8 . 4 ( 3 2 )

H (3) - B  (3) - B  (6) 114 . 4  (33)

H( 4 ) - B ( 4 ) - B ( l ) 119 . 1  (34)

H (4 ) -B (4) -B (5) 1 2 3 . 5 ( 3 4 )

H(4) - B ( 4 ) -B ( 9) 12 2 . 6  (34)

H(5) -B (5) -B (3) 1 1 7 . 0  (34)

H(5) - B (5) -B (6) 125.  1 (34)

H(6) - B ( 6 ) -B (3) 1 20.  9 (36)

H (6) -B (6) -B (7) 1 1 7 . 2 ( 3 6 )

H(6) - B ( 6 ) - C (36) 1 1 9 . 5 ( 3 6 )

H (7) -B (7) -B (8) 126. 4  (38)

H(7) - B ( 7 ) - C (35) 113. 1  (38)

H(8) - B ( 8 ) - B (1) 116 . 7  (33)

H( 8 ) - B ( 8 ) - B(7) 1 2 0 . 1 ( 33)

H (8) -B (8) -C (35) 118- 5  (33)
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Table 3 fcont.): Bond angles (°)

H ( 9 )  - B  ( 9 )  - B  ( 4 ) 1 2 6 . 1  ( 3 5 )

H ( 9 ) - B ( 9 ) - B  ( 6) 1 2 1 . 8  ( 3 4 )

H ( 9 )  - B ( 9 ) - B  ( 8 ) 1 2 0 . 5  ( 3 5 )

H ( 1 2 ) - C ( 1 ) - 0 ( 1 ) 1 0 9 . 5  ( 4 )

H ( 1  3 )  - C ( l )  - 0 ( 1 ) 1 0 9 . 4  ( 4 )

H ( 1 3 ) - C ( 1 ) - H ( 1 2 ) 1 0 9 . 5

H ( 2 2 )  - C ( 2 ) - 0  ( 2 ) 1 0 9 . 4  ( 4 )

H ( 2 3 ) - C ( 2 ) - 0 ( 2 ) 1 0 9 . 5  ( 4 )

H ( 2 3 ) - C ( 2 ) - H ( 2 2 ) 1 0 9 . 5

H ( 3 2 ) - C ( 3 ) - 0 ( 3 ) 1 0 9 . 4  ( 4 )

H ( 3 3 ) - C ( 3 ) - 0 ( 3 ) 1 0 9 . 4  ( 4 )

H ( 3 3 ) - C ( 3 ) - H ( 3 2 ) 1 0 9 . 5

H ( 4 2 ) - C ( 4 ) - 0 ( 4 ) 1 0 9 . 6  ( 4 )

H ( 4 3 ) - C ( 4 ) - 0 ( 4 ) 1 0 9 . 5 ( 4 )

H ( 4 3 ) - C  ( 4 ) - H ( 4 2 ) 1 0 9 .  5

H ( 5 2 ) - C  ( 5 )  - 0 ( 5 ) 1 0 9 . 5 ( 4 )

H ( 5 3 )  - C  ( 5 )  - 0 ( 5 ) 1 0 9 . 4 ( 4 )

H ( 5 3 ) - C ( 5 ) - H ( 5 2 ) 1 0 9 . 5

H ( 6 2 ) - C ( 6 ) - 0 ( 6 ) 1 0 9 . 5 ( 5 )

H ( 6 3 ) - C  ( 6 ) - 0 ( 6 ) 1 0 9 . 4  ( 5 )

H ( 6 3 )  - C ( 6 ) - H ( 6 2 ) 1 0 9 . 5

C ( 1 1 ) - C ( 1 0 ) - H ( 1 0 1 ) 1 1 9 . 8  ( 5 )

C ( 1 2 ) - C  (1 1 ) - H ( 1 1 1 ) 1 1 9 . 6 ( 5 )

C ( 1 3 ) - C  ( 1 2 )  - H ( 1 2 1 ) 1 2 0 . 4 ( 5 )

C ( 1 4  ) —C ( 1 3 )  -  H ( 1 3 1 ) 1 1 9 . 8 ( 5 )

H ( 1 4  1 ) - C  ( 1 4 )  - C ( 1 3 ) 1 1 9 . 9 ( 5 )

C ( 1 7 )  - C ( 1 6 )  - H ( 1 6 1  ) 1 1 9 . 8 ( 5 )

C ( 1 8 )  - C ( 1 7 )  - H ( 1 7 1 ) 1 1 9 . 9 ( 5 )

C ( 1 9 ) —C ( 1 8 )  - H ( 1 8 1 ) 1 2 0 . 1  ( 5 )

C ( 2 0 ) - C ( 1 9 ) - H ( 1 9 1 ) 1 1 9 . 7  ( 5 )

H ( 2 0 1 ) - C ( 2 0 ) - C  ( 1 9 ) 1 1 9 . 9 ( 5 )

C ( 2 9 ) - C ( 2 2 ) - H ( 2 2 1 ) 1 0 8 . 9  ( 3 9 )

H ( 9 )  - B  ( 9 )  - B  ( 5 ) 1 2 7 . 0 ( 3 6 )

H ( 9 ) - B ( 9 ) - B  ( 7) 1 1 7 . 0  ( 3 6 )

H ( 1 1 )  - C ( l ) - O d ) 1 0 9 . 5  ( 4 )

H ( 1 2 )  - C  ( 1 )  - H ( 1 1 ) 1 0 9  . 5

H ( 1 3 ) - c ( 1 ) - H ( l l ) 1 0 9 . 5

H ( 2 1 )  - C ( 2 ) - 0 ( 2 ) 1 0 9 . 5 ( 4 )

H ( 2 2 ) - C ( 2 ) - H ( 2 1 ) 1 0 9 . 5

H ( 2 3 ) - C ( 2 ) - H ( 2 1 ) 1 0 9 . 5

H ( 3 1 ) - C ( 3 ) - 0 ( 3 ) 1 0 9 . 5  ( 4 )

H ( 3 2 )  - C  ( 3 )  - H ( 3 1 ) 1 0 9 . 5

H ( 3 3 ) - C ( 3 ) - H ( 3 1 ) 1 0 9 . 5

H (4 1)  - C  (4 ) - 0  ( 4 ) 1 0 9 . 4 ( 4 )

H ( 4 2 )  - C ( 4 ) - H (4 1) 1 0 9 . 5

H ( 4 3 )  - C  ( 4 )  - H ( 4 1  ) 1 0 9 . 5

H ( 5 1  ) - C  ( 5 )  - 0  ( 5 ) 1 0 9 . 5 ( 4 )

H ( 5 2 )  - C ( 5)  - H ( 5 1  ) 1 0 9  . 5

H ( 5 3 )  - C  ( 5)  -H ( 5 1  ) 1 0 9  . 5

H ( 6 1 ) - C ( 6 ) - 0 ( 6 ) 1 0 9 . 5 ( 4 )

H ( 6 2 ) - C ( 6 )  - H ( 6 1 ) 1 0 9 . 5

H ( 6 3 ) - C ( 6 ) - H ( 6 1  ) 1 0 9 . 5

H ( 1 0 1 )  - C ( 1 0 ) - C ( 9 ) 1 1 9 . 7 ( 4 )

H ( 1 1 1 ) -C (1 1 ) - C (1 0 ) 1 1 9 . 5 ( 5 )

H (1 2 1 ) - C ( 1 2 ) - C ( 1 1 ) 1 2 0 . 3 ( 5 )

H (1 3 1 ) -C ( 1 3 )  - C ( 1 2 ) 1 1 9 . 7 ( 5 !

H ( 1 4  1) - C ( 1 4 )  - C ( 9 ) 1 1 9 . 9 ( 4 !

H ( 1 6 1  ) -C( 1 6 )  - C ( 1 5 ) 1 1 9 . 9 ( 5 )

H ( 1 7  1 ) - C ( 1 7)  - C (1 6 ) 1 1 9 . 8  ( 5 )

H( 1 8  1 ) -C{ 1 8 )  - C (1 7 ) 1 2 0 . 0 ( 5 )

H (1 9 1 ) - C  ( 1 9 )  - C ( 1 8) 1 1 9 . 9 ( 5 )

H ( 2 0 1 ) - C ( 2 0 ) - C (1 5 ) 1 2 0 . 0  ( 4 )

H ( 2 2 1 ) - C ( 2 2 ) - C  ( 2 1 ) 1 1 7 . 9 ( 3 9 )

H ( 2 4 1 )  - C ( 2 4 ) - C ( 2 3 ) 1 1 9 . 5 ( 4 )
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Table 3 fconO: Bond angles (°)

C ( 2 5 ) - C ( 2 4 ) - H ( 2 4 1 ) 1 1 9 . 6 ( 5 )

C ( 2 6 ) - C ( 2 5 ) - H ( 2 5 1 ) 1 1 9 . 7 ( 5 )

C ( 2 7 ) - C ( 2 6 ) - H ( 2 6 1 ) 1 1 9 . 7 ( 5 )

C ( 2 8 ) - C ( 2 7 ) - H ( 2 7 1 ) 1 2 0 . 6 ( 5 )

H ( 2 8 1 ) - C ( 2 8 ) - C  ( 2 7 ) 1 1 9 . 4  ( 5 )

C ( 3 1 ) - C ( 3 0 ) - H ( 3 0 1 ) 1 1 9 . 6  ( 4 )

C ( 3 2 )  - C  ( 3 1 )  - H ( 3 1 1 ) 1 1 9 . 7  ( 5 )

C ( 3 3 ) - C ( 3 2 ) - H ( 3 2 1 ) 1 2 0 . 0  ( 5 )

C ( 3 4 )  - C ( 3 3 ) - H ( 3 3 1 ) 1 2 0 . 0 ( 5 )

H ( 3 4 1 )  - C ( 3 4 ) - C  ( 3 3 ) 1 1 9 . 1 ( 5 )

H ( 3 5 1 ) - C ( 3 5 ) - B  ( 1 ) 1 1 9 . 1  ( 3 7 )

H ( 3 5 1 ) - C ( 3 5 ) - B  ( 8 ) 1 1 4 . 8  ( 3 7 )

H ( 3 6 1 ) - C ( 3 6 ) - Mo  ( 1 ) 9 2 . 8 ( 3 7 )

H ( 3 6 1 ) - C ( 3 6 ) - B  ( 6 ) 1 2 1 . 9  ( 3 7 )

H ( 3 6 1 ) - C ( 3 6 ) - C  ( 3 5 ) 1 1 8 . 6  ( 3 7 )

H ( 2 5 1 ) - C  ( 2 5 )  - C  ( 2 4 ) 1 1 9 . 7 ( 5 )

H ( 2 6 1 ) - C ( 2 6 ) - C ( 2 5 ) 1 1 9 . 8  ( 5 )

H ( 2 7 1 ) - C ( 2 7 ) - C ( 2 6 ) 1 2 0 . 5  ( 5 )

H ( 2 8 1 ) - C ( 2 8 ) - C ( 2 3 ) 1 1 9 . 4  ( 4)

H ( 3 0 1 ) - C ( 3 0 ) - C ( 2 9 ) 1 1 9 . 7 ( 4 )

H ( 3 1 1 )  - C ( 3 1 ) -C( 3 0 ) 1 1 9 . 6 ( 4 )

H ( 3 2 1 )  - C ( 3 2 )  -C ( 3 1 ) 1 2 0 . 1  ( 5 )

H ( 3 3 1 )  - C  ( 3 3 )  - C ( 3 2 ) 1 2 0 . 1  ( 5 )

H ( 3 4 1 )  - C ( 3 4 ) - C  ( 2 9 ) 1 1 9 . 1 ( 4 )

H ( 3 5 1 )  - C ( 3 5 ) - M o ( 1 ) 1 0 1 . 8 ( 3 8 )

H ( 3 5 1 ) - C  ( 3 5 )  - B  (7) 1 1 2 . 8 ( 3 8 )

C { 3 6 ) - C ( 3 5 ) - H ( 3 5 1 ) 1 2 2 . 2  ( 3 7 )

H ( 3 6 1 ) - C ( 3 6 ) - B  ( 3 ) 1 1 4 . 5 ( 3 7 )

H ( 3 6 1 )  - C  ( 3 6 )  -  B ( 7) 1 2 1 . 6 ( 3 8 )
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5.5 Crystal data for 30

Empirical formula C4 6 H4 4 B9 NMo
Crystal system orthorhombic
Space group Pn2,c
Unit Cell Dimensions (A): a 9.940(1)
b 20.258 (4)
c 21.032(3)
Volume A3 4235.1
Dcajcd 1.26 g/cm ‘ 3

Z 4
F(000) 1656
T 293 K
Rp 0.0493
Rw 0.0406

Table 1: Fractional atomic coordinates (*104)

X y Z

Mo ( 1) 1 1 1 7 ( 1 ) 0 2 3 0 2

N ( 1) - 8 5 2  ( 8) 2 8 0 ( 6 ) 2 5 9 6 ( 4 )

B (1 ) 4 1 3 3 ( 1 2 ) - 7 9 2  ( 8) 3 0 7 4  ( 7)

B ( 2) 3 1 1 9 ( 1 6 ) - 1 5 1 1 ( 1 0 ) 2 9 3 3 ( 7 )

B ( 3) 1 6 8 9 ( 1 5 ) - 1 4 3 3 ( 1 0 ) 3 4 4 9  ( 7)

B ( 4 ) 1 8 7 0  (1 3) - 6 9 7  ( 1 1 ) 3 9 2 5  ( 6)

B ( 5) 3 3 3 6  ( 1 5 ) - 1 1 6 8 ( 1 5 ) 3 7 1 2 ( 9 )

B ( 6) 3 2 4 7  (1 3) - 9 7 ( 1 2 ) 2 8 8 8 ( 5 )

B ( 7) 8 4 1  ( 1 4 ) - 7 1 5 ( 1 0 ) 3 2 2 6 ( 7 )

B ( 8) 1 8 1 1 ( 1 1 ) 5 ( 1 3 ) 3 4 1 7 ( 5 )

B ( 9) 3 4 0 5  ( 1 5 ) - 3 1 9 ( 1 0 ) 3 6 9 0  ( 7)

C { 1 '  ) 2 9 6 7  ( 10) - 7 8 3  ( 8) 2 4 7 9 ( 5 )

C ( 2 '  ) 1 6 3 6  (1 1) - 1 1 3 6 ( 7 ) 2 6 8 8  ( 6)

C ( 1) 1 1 1 6 ( 1 2 ) - 5 0 1  ( 7) 1 4 30 <4)

C ( 2) - 8 2  ( 1 1 ) - 5 2 7 ( 7 ) 164 5 ( 5 )

C ( 3) 2 1 6 6 ( 1 1 ) 7 2 9  ( 7) 1 8 7 7 ( 5 )

C (4 ) 1 0 1 3 ( 1 2 ) 9 4 8  ( 8) 2 0 1 8 ( 6 )

C ( 5) 1 4 1 0 ( 1 1 ) 6 8 1 ( 9 ) 3 7 2  3 ( 6 )

C ( 6) 1 4 8 ( 1 3 ) 7 5 7  ( 8) 3 9 8 0 ( 6 )

C ( 7) - 3 1 5 8  ( 1 1 ) 7 0 4 ( 1 0 ) 2 9 7 5  ( 7)

C ( 8) - 1 8 6 6 ( 1 2 ) 4 5 0 ( 8 ) 2 7 4 6  ( 6)
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X y Z

C ( 1 0 ) 2 0 1 8  ( 1 0 ) - 1 4 2 8 ( 6 ) 8 0 7 ( 5 )

C d l ) 2 7 0 3  ( 1 0 ) - 1 6 7 9 ( 6 ) 2 8 1 ( 5 )

C ( 1 2 ) 3 3 3 1  ( 1 0 ) - 1 2 5 0 ( 6 ) - 1 4 4 ( 5 )

C ( 1 3 ) 3 2 7 3  ( 1 0 ) - 5 7 0  ( 6) - 4 4 ( 5 )

C ( 1 4 ) 2 5 8 7  ( 1 0 ) - 3 1 9 ( 6 ) 4 8 2 ( 5 )

C ( 9 ) 1 9 6 0  ( 1 0 ) - 7 4 8 ( 6 ) 9 0 7 ( 5 )

C ( 1 6 ) - 2 2 8 4  ( 7) - 1 0 0 7 ( 5 ) 1 9 2 1 ( 3 )

C ( 1 7 * - 3 5 4 0  ( 7) - 1 2 4 4 ( 5 ) 1 7 3 3 ( 3 )

C ( 1 8 ) - 3 9 3 1  ( 7) - 1 2 0 2 ( 5 ) 1 0 9 7  ( 3)

C ( 1 9 ) - 3 0 6 4  ( 7) - 9 2 4 ( 5 ) 64 9 ( 3)

C ( 2 0 ) - 1 8 0 8  ( 7) - 6 8 8 ( 5 ) 8 3 7 ( 3 )

C ( 1 5 ) - 1 4  1 8 ( 7 ) - 7 2 9 ( 5 ) 1 4 7 3 ( 3 )

C ( 2 2 ) 4 5 0 2  ( 1 0 ) 5 1 6 ( 5 ) 1 4 6 4  ( 4)

C ( 2 3 ) 5 7 4 6  ( 1 0 ) 7 4 5  ( 5) 1 2 5 1  (4 )

C ( 2 4  ) 5 9 8 3  ( 1 0 ) 1 4 2 2 ( 5 ) 1 2 0 3  ( 4)

C ( 2 5 ) 4 9 7 6  ( 1 0 ) 1 8 7 0 ( 5 ) 1 3 6 7  (4 )

C ( 2 6 ) 3 7 3 1 ( 1 0 ) 1 6 4 1 ( 5 ) 1 5 8 0  ( 4)

C ( 2 1  ) 3 4 9 4  ( 1 0 ) 9 6 4 ( 5 ) 1 6 2 8  ( 4)

C ( 2 8 ) - 1 6 8 ( 1 0 ) 1 7 7 5 ( 6 ) 1 3 6 8  ( 4)

C ( 2 9 ) - 1 0 2 0  ( 1 0 ) 2 3 1 9 ( 6 ) 1 3 0 8  (4 )

C ( 3 0 ) - 1 5 4 5 ( 1 0 ) 2 6 2 1 ( 6 ) 1 8 5 0  (4 )

C ( 31) - 1 2 1 8 ( 1 0 ) 2 3 8 0 ( 6 ) 2 4 5 1  (4 )

C ( 3 2 ) - 3 6 6 ( 1 0 ) 18 3 6 ( 6 ) 2 5 1 1  ( 4)

C ( 2 7 ) 1 5 9 ( 1 0 ) 1 5 3 4 ( 6 ) 1 9 7 0  ( 4)

C ( 3 4 ) 3 1 0 1 ( 1 0 ) 1 2 4 2 ( 5 ) 4 4 2 2  (4 )

C ( 3 5 ) 4 2 1 5 ( 1 0 ) 1 6 5 0 ( 5 ) 4 5 1 6 ( 4 )

C ( 3 6 ) 4 7 2 7 ( 1 0 ) 2 0 2 0 ( 5 ) 4012 (4)

C ( 3 7 ) 4 1 2 5 ( 1 0 ) 1 9 8 2 ( 5 ) 3 4 14 (4 )

C ( 3 8 ) 3 0 1 1 ( 1 0 ) 1 5 7 5 ( 5 ) 3 3 2 0  (4 )

C ( 3 3 ) 2 4 9 9 ( 1 0 ) 1 2 0 5 ( 5 ) 3 8 2 4 ( 4 )

C ( 4 0 ) - 1 6 2 8 ( 1 0 ) 117 6 ( 6 ) 4 6 6 5 ( 5 )
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Table 1 (cont.T Fractional atomic coordinates (*104)

c  (4 1 )

x  y

2 3 4 4 ( 1 0 )  1 6 6 4 ( 6 )

Z

4 9 8 9 ( 5 )

C {4 2) 1 9 0 9 ( 1 0 )  2 3 1 8 ( 6 ) 4 9 5 9 ( 5 )

C ( 4 3 ) 7 58  (1 0)  2 4 8 5  ( 6) 4 6 2 5 ( 5 )

C< 4 4 ) - 4 2 ( 1 0 )  1 9 9 8 ( 6 ) 4 3 0 1 ( 5 )

C ( 3 9 ) 4 7 7 ( 1 0 )  1 3 4 3 ( 6 ) 4 3 2 1 ( 5 )

Table 2 :  Bond lengths ( A )

N ( l ) - M o ( l )  2 . 1 3 0 ( 1 0 ) B ( 6)  -Mo ( 1) 2 . 4 5 8  ( 1 4 )

B < 7 ) - M o ( l ) 2 . 4 3 9 ( 1 8 ) B ( 8 ) - M o ( 1) 2 . 4 4 3 ( 1 2 )

C ( l '  ) - Mo (1 ) 2 . 4 5 6  ( 1 5 ) C ( 2 ' )  - Mo (1) 2 . 4 9 4 ( 1 6 )

C ( 1)  -MO ( 1) 2 . 0 9 6 ( 1 2 ) C ( 2 ) - Mo ( 1) 2 . 1 1 6 ( 1 4 )

C ( 3 ) - Mo ( 1) 2 . 0 1 7 ( 1 4 ) C ( 4)  - Mo ( 1) 2 . 0 1 4 ( 1 8 )

Mo ( 1)  - N ( 1) 2 . 1 3 0  ( 1 0 ) C ( 8)  - N (1 ) 1 . 1 1 1 ( 1 6 )

B ( 2 ) - B ( l ) 1 . 7 9 6  ( 2 6 ) B ( 5 ) - B (1 ) 1 . 7 3 4  ( 2 7 )

B ( 6 ) - B  ( 1) 1 . 7 0 7 ( 2 8 ) 3 ( 9 ) - B ( l ) 1 . 7 6 6  ( 2 4 )

C d ' ) ' B ( l ) 1 . 7 0 7 ( 1 9 ) B ( 1)  - B ( 2) 1 . 7 9 6  ( 2 6 )

B ( 3 ) - B  ( 2) 1 . 7 9 6  ( 2 4 ) B ( 5 )  - B ( 2) 1 . 7 9 4 ( 2 8 )

C ( l '  ) - B  ( 2 ) 1 . 7 6 5 ( 2 5 ) C ( 2 '  ) - B ( 2) 1 . 7 3 6  ( 2 2 )

B ( 2)  - B ( 3) 1 . 7 9 6  ( 2 4 ) B (4 ) - B ( 3) i . 8 0 4 ( 3 0 )

B ( 5 ) - B  ( 3) 1 . 8 1 0 ( 2 5 ) B ( 7 ) - B ( 3) 1 . 7 4 6 ( 2 8 )

C ( 2 '  ) - B ( 3) 1 . 7 1 1  ( 2 2 ) B ( 3) - B ( 4 ) i . 8 0 4 ( 3 0 )

B ( 5 ) - B ( 4 ) 1 . 7 9 8  ( 2 9 ) B ( 7 ) -  B ( 4 ) 1 . 7 9 0  ( 2 1 )

B ( 8 ) - B  (4 ) 1 . 7 7 9  ( 3 1 ) B ( 9 ) - B ( 4) 1 . 7 7 7  ( 2 4  )

B ( 1)  - B ( 5) 1 . 7 3 4  ( 2 7 ) B ( 2)  - B ( 6) 1 . 7 9 4 ( 2 8 )

B ( 3 ) - B  ( 5) 1 . 8 1 0 ( 2 5 ) B (4 ) - B (5) 1 . ’ 9 8 ( 2 9 )

B ( 9)  - B < 5) 1 . 7 2 2  ( 3 9 ) M e ( M - B ( 6 ) 7 . 4 5 8  ( 1 4 )

B (1 ) - B ( 6) i . 7 0 7  ( 2 8 ) B ( 6 ) - B ( o i 1 . 8 2 1 ( 1 9 )

B ( 9 ) - B ( 6) 1 . 7 5 2  ( 21 ) C (1 ' ) - B ( 6) 1 . 6  58  ( 2 8 )

Mo( l ) -B(7) 2 . 4 3 9  ( 1 8 ) B ( 3) - B (7) 1 . 7 4 6 ( 2 8 )

B ( 4 ) - B ( 7 ) 1 . 7 9 0  ( 2 1 ) B ( 8 ) -  B ( 7) 1 . 7 9 2  ( 3 1 )

C ( 2 '  ) - B ( 7) 1 . 6 2 2  ( 2 2 ) Mo ( 1 ) - B ( 8 ) 2 . 4 4 3 ( 1 2 )

B ( 4 ) -  B ( 8 ) 1 . 7 7 9  ( 31  ) B ( 6 ) — B ( 8 ) 1 . 8 2 1 ( 1 9 )

B ( 7 ) - B ( 8) 1 . 7 9 2 ( 3 1 ) B ( 9)  - B ( 8) 1 . 8 0 8 ( 2 3 )

C ( 5 ) - B ( 8 ) 1 . 5 6 6 ( 3 1 ) B ( 1 ) - B ( 9 ) 1 . 7 6 6  ( 2 4 )

XXVI



Bond lengths (A)

B ( 4 )  - B  ( 9) 1 . 7 7 7  ( 2 4 )

B ( 6 ) - B ( 9 ) 1 . 7 5 2  ( 2 1 )

M o ( l ) - C ( l ' ) 2 . 4 5 6 ( 1 5 )

B ( 2 ) - C ( l ' ) 1 . 7 6 5 ( 2 5 )

C ( 2 ' ) - C ( l ' ) 1 . 5 6 8  ( 1 9 )

B ( 2 )  - C ( 2 '  ) 1 . 7 3 6 ( 2 2 )

B ( 7 ) - C  ( 2 '  ) 1 . 6 2 2  ( 2 2 )

Mo ( 1 )  - C ( 1 ) 2 . 0 9 6 ( 1 2 )

C ( 9 ) - C  ( 1 ) 1 . 4 7 1 ( 1 6 )

C ( 1 )  - C ( 2 ) 1 . 2 7 5  ( 1 7 )

M o ( 1 ) - C ( 3) 2 . 0 1 7  ( 14 )

C ( 2 1 ) - C ( 3 ) 1 . 4 9 8 ( 1 6 )

C ( 3 ) ~ C ( 4 ) 1 . 2 6 4 ( 1 8 )

B ( 8 )  - C ( 5 ) 1 . 5 6 6 ( 3 1 )

C ( 3 3 ) - C ( 5) 1 . 5 3 1 ( 2 0 )

C ( 3 9 ) - C ( 6) 1 . 5 2 1 ( 2 0 )

N ( 1 )  - C ( 8) 1 . 1 1 1 ( 1 6 )

C ( l l ) - C ( 1 0 ) 1 . 3 9 5 ( 1 5 )

C ( 1 0 ) - C ( 1 1 ) 1 . 3 9 5 ( 1 5 )

C ( l l )  - C ( 1 2 ) 1 . 3 9 5 ( 1 6 )

C ( 1 2 ) - C ( 1 3 ) 1 . 3 9 5 ( 1 8 )

C ( 1 3 ) - C ( 1 4 ) 1 . 3 9 5 ( 1 5 )

C (1 ) - C ( 9) 1 . 4 7 1 ( 1 6 )

C ( 1 4  ) - C ( 9) 1 . 3 9 5 ( 1 6 )

C ( 1 5 ) - C ( 1 6 ) 1 . 3 9 5  (1 1 )

C (1 8)  - C ( 1 7 ) 1 . 3 9 5 ( 9 )

C ( 1 9 )  - C ( 1 8 ) 1 . 3 9 5  (1 1)

C ( 2 0 )  - C ( 1 9 ) 1 . 3 9 5 ( 1 1 )

C ( 1 5 )  - C ( 2 0 ) 1 . 3 9 5 ( 9 )

C ( 1 6 )  - C ( 1 5 ) 1 . 3 9 5  (1 1 )

C ( 2 3 )  - C ( 2 2 ) 1 . 3 9 5 ( 1 5 )

C ( 2 2 ) - C ( 2 3 ) 1 . 3 9 5 ( 1 5 )

B { 5 ) - B ( 9) 1 . 7 2 2 3 9 )

B (8)  - B (9) 1 . 8 0 8 2 3 )

B ( 1 ) - C ( l '  ) 1 . 7 0 7 19)

B ( 6)  —C ( 1 '  ) 1 . 6 5 8 2 8 )

Mo ( l )  - C ( 2 '  ) 2 . 4 9 4 1 6 )

B ( 3)  - C ( 2 '  ) 1 . 7 1 1 2 2 )

C ( 1 '  ) - C ( 2 '  ) 1 . 5 6 8 19)

C ( 2)  - C ( 1) 1 . 2 7 5 17)

M o ( 1 ) - C ( 2) 2 . 1 1 6 14 )

C ( 1 5 ) - C ( 2) 1 . 4 3 5 15)

C ( 4)  - C ( 3) 1 . 2 6 4 18)

Mo ( 1 ) -C (4 ) 2 . 0 1 4 18)

C (2 7 ) - C ( 4) 1 . 4 6 2 19)

C ( 6)  - C ( 5) 1 . 374 18)

C ( 5)  - C (6) 1 . 3 7 4 18)

C ( 8)  - C ( 7) 1 . 4 6 4 19)

C ( 7)  - C ( 8) 1 . 4 6 4 19)

C ( 9 ) - C ( 1 0 ) I . 3 9 5 18)

C ( 1 2 )  -C (1 1 ) 1 . 3 9 5 16)

C ( 1 3 )  -C ( 1 2 ) 1 . 195 18)

C ( 1 4 ) - C (1 3) 1 . 3 9 5 15)

C ( 9)  - C ( 1 4  ) 1 . 3 9 5 16)

C ( 1 0 ) - C ( 9) 1 . 3 9 5 18)

.: ( l 7 1 - c  ( I c ) 1 . 195 1 1 )

C ( 1 6 1 - C ( 1 7 t 1 . 3 9 5 1 1 )

;  ( i d  - c  ( 1 8 ) 1 . 3 9 5 9)

C ( 1 8 ) - C ( 1 9 ) 1 . 3 9 5 1 1 )

C ( 1 9 ) - c ( 2 0 ) 1 . 3 9 5 1 1 )

C ( 2)  - C ( 1 5 ) 1 . 4 35 15)

C ( 2 0 ) - C ( 1 5 ) 1 . 3 9 5 9)

C ( 2 1 ) - C ( 2 2 ) 1 . 395 15)

C ( 2 4 ) - C ( 2 3 ) 1 . 3 9 5 16)

X X V I I



Table 2 (cont.V Bond lengths (A)

C ( 2 3 ) - C ( 2 4 ) 1 . 3 9 5 16)

C ( 2 4 ) - C ( 2 5 ) 1 .  3 9 5 15 )

C ( 2 5 ) - C ( 2 6 ) 1 . 3 9 5 15)

C ( 3 ) - C ( 2 1 ) 1 . 4 9 8 16)

C ( 2 6 ) - C ( 2 1 ) 1 . 3 9 5 16)

C ( 2 7 ) - C ( 2 8 ) 1 . 3 9 5 14)

C ( 3 0 ) - C ( 2 9 ) 1 . 3 9 5 14)

C ( 3 1 )  - C ( 3 0 ) 1 . 3 9 5 14)

C ( 3 2 ) - C ( 3 1 ) 1 . 3 9 5 17)

C ( 2 7 ) - C ( 3 2 ) 1 . 3 9 5 14)

C ( 2 8 ) - C ( 2 7 ) 1.  3 9 5 14)

C ( 3 5 )  - C ( 34 ) 1 .  3 9 5 15)

C ( 3 4  ) - C ( 3 5 ) 1 .  3 9 5 15)

C ( 3 5 )  - C ( 3 6 ) 1 .  3 9 5 14)

C ( 3 6 ) - C ( 3 7 ) 1 . 3 9 5 13)

C ( 3 7 )  - C ( 3 8 ) 1.  3 9 5 15)

C ( 5)  - C ( 3 3 ) 1 . 5 3 1 2 0 )

C ( 3 8 ) - C ( 3 3 ) 1 . 3 9 5 14)

C ( 3 9 ) - C ( 4 0 ) 1 . 3 9 5 15)

C ( 4 2 )  —C ( 4 1 ) 1 . 3 9 5 17)

C (4 3)  - C ( 4 2 ) 1 . 3 9 5 15)

C ( 4 4  ) - C (4 3) 1 . 3 9 5 16)

C ( 3 9 ) - C ( 4 4 ) 1 . 3 9 5 17)

C ( 4 0 ) - C ( 3 9 ) 1 . 3 9 5 15)

C ( 2 5 ) - C ( 2 4 ) 1 . 3 9 5 1 5 )

C ( 2 6 )  - C ( 2 5 ) 1 . 3 9 5 1 5 )

C ( 2 1 ) - C ( 2 6 ) 1 . 3 9 5 16)

C ( 2 2 ) - C ( 2 1 ) 1 . 3 9 5 15)

C ( 2 9 )  - C ( 2 8  ) 1 . 3 9 5 17 )

C ( 2 8 ) - C ( 2 9 ) 1 . 3 9 5 17)

C ( 2 9 ) —C ( 3 0 ) 1 . 3 9 5 14)

C ( 3 0 ) - C ( 3 1 ) 1 . 3 9 5 14)

C ( 3 1 ) - C ( 3 2 ) 1 . 3 9 5 17)

C ( 4 ) - C ( 2 7 ) 1 . 4 6 2 19)

C ( 3 2 ) - C ( 2 7 ) 1 . 3 9 5 14 )

C ( 3 3 ) - C ( 3 4 ) 1 . 3 9 5 13)

C ( 3 6 ) - C ( 3 5 ) 1 . 3 9 5 14)

C ( 3 7 ) - C ( 3 6 > 1 . 3 9 5 13)

C ( 3 8 )  - C ( 3 7 ) 1 . 3 9 5 15)

C ( 3 3 ) - C ( 3 8 ) 1 . 395 14)

C ( 3 4 ) - C ( 3 3 ) 1 . 3 9 5 13)

C ( 4 1 ) - C ( 4 0 ) 1 . 395 16)

C ( 4 0 ) - C (4 1 ) 1 . 3 9 5 16)

C ( 4 1 ) —C ( 4 2 ) 1 . 3 9 5 1 7 )

C ( 4 2 ) - C (4 3) 1 . 395 15)

C (4 3 ) —C ( 4 4 ) 1 . 3 9 5 16)

C ( 6)  - C ( 3 9 ) 1 . 52 1 2 0 )

C (4 4 ) - C ( 3 9 ) 1 . 3 9 5 17)

X X V I I I



Table 3: Bond ancles D

B ( 6)  - M o ( 1 ) - N  ( 1 ) 1 3 1 . 9 ( 4 ) B (7 - M o d )  - N d )

-

7 9 . 9 ( 5 )

B ( 7 - M o ( 1 ) - B  ( 6 ) 6 9 . 5  ( 6) B (8 - M o d )  - N d ) 8 8 . 9 ( 5 )

B (8 - M o ( 1 ) - B  ( 6 ) 4 3 . 6 ( 4 ) B (8 - Mo ( 1)  - B ( 7 ) 4 3 . 1  ( 7)

C ( 1 ) - M o ( 1 ) - N ( 1) 1 4 4  . 8 ( 4 ) C( 1 ) - Mo ( 1) - B ( 6 ) 3 9 . 4  ( 6)

C ( 1 ) - M o d )  - B < 7 ) 6 5 . 2  ( 5) C( 1 ) - M o ( l )  - B  ( 8) 6 9 . 3  ( 6)

C (2 ) - M o ( l ) - N ( 1) 1 1 0 . 0  ( 5) C (2 ) - M o ( 1 ) - B ( 6 ) 6 5 . 5 ( 7 )

C (2 ) - M o d )  - B { 7 ) 3 8 . 4 ( 5 ) C (2 ) - M o ( 1 ) - B ( 8 ) 6 8 . 4  ( 8)

C (2 ) - Mo ( 1 )  - C  ( 1 '  ) 3 6 . 9  ( 4) C (1 - M o d )  - N (1 ) 1 1 2 . 5 ( 5 )

C ( 1 - M o ( 1 ) - B  ( 6 ) 1 1 3 . 6 ( 6 ) C (1 - Mo (I ) - 3 ( 7 ) 1 1 4 . 2  ( 6)

C (1 - M o ( 1 ) - B  ( 8 ) 1 4 7 . 3 ( 7 ) C (1 - Mo (1 ) -C (1 ' ) 7 9 . 6  ( 5)

C ( 1 - M o ( 1 ) - C ( 2 '  ) 8 0 . 7  ( 6) C (2 - M o (1 ) - N ( 1 ) 7 8 . 8 ( 5 )

C (2 - M o ( 1 ) - B ( 6) 1 4 0 . 6  ( 6) C (2 - M o ( 1 ) - B ( 7) 9 9 . 1  ( 6)

C ( 2 - Mo ( 1 )  - B  ( 8) 1 4 2 . 0 ( 6 ) C (2 - Mo ( 1)  - C (1 ' ) 1 0 1 . 2  ( 6)

C (2 - M o ( 1 ) - C ( 2 ' ) 8 2 . 2  ( 6) C (2 - M o ( 1 ) - C (1 ) 3 5 . 2  ( 4)

C ( 3 - MO( 1 ) - N ( 1) 1 1 4 . 1  ( 6) C ( 3 - M o ( l ) - 3 ( 6 ) 8 0 . 5  ( 7)

C ( 3 - M o ( 1 ) - B ( 7 ) 1 4 7 . 8 ( 5 ) C (3 - M o ( 1 ) - 5 ( 8 ) 1 0 6 .  1 ( 7)

C ( 3 - M o d )  - C ( l ' ) 9 8 . 8 ( 6 ) C (3 - M o ( 1 ) - C ( 2 '  ) 1 3 5 . 5  ( 4)

C (3 - M o ( 1 ) - C ( 1 ) 8 8 . 1 ( 6 ) C ( 3 - M o ( 1 ) - C ( 2) 1 1 1 . 8 ( 6 )

C ( 4 - M o ( 1 ) - N ( 1 ) 7 7 . 6 ( 6 ) C (4 - M o ( l ) - 3 ( 6 ) 1 0 5 .  6 ( 8)

C ( 4 - M o ( 1 ) - B  ( 7 ) 1 4 2 . 8  ( 5) C (4 - M o d )  -  B ( 8 ) 1 0 7 . 2  ( 6)

C (4 - Mo ( 1 )  - C  d '  ) 1 3 4 . 3  ( 5) C (4 - M o ( 1)  - C ( 2 '  ) 1 7 0 . 8  ( 4)

C (4 - Mo ( 1 )  - C  ( 1 ) 1 0 1 . 7 ( 6 ) C (4 - M o ( 1 ) - C ( 2 ) 1 0 5 . 0  ( 6)

C (4 - M o ( l ) - C ( 3 ) 3 6 . 5 ( 5 ) C (8 - N ( 1)  - Mo ( 1 ) 1 7 7  . 4 ( 1 2 )

B ( 5 - B ( l )  - B  ( 2 ) 6 1 . 0 ( 1 2 ) B (6 - B ( 1 ) - B ( 2) 1 1 0 . 0 ( 1 1 )

B ( 6 - B ( 1 ) - B  ( 5 ) 1 0 7 . 7  ( 1 3 ) B ( 9 - B ( 1 ) - B ( 2) 1 0 9 . 4  ( 1 1 )

B ( 9 - B ( l ) - B ( 5 ) 5 8 . 9 ( 1 3 ) B ( 9 - B ( l ) - B ( 6) 6 0 . 6 ( 9 )

C ( 1 ) - B ( 1 ) - B ( 2 ) 6 0 . 4 ( 1 0 ) C ( 1 ) - B ( l )  - B ( 5) 1 0 5 . 2 ( 1 1 )

XXIX



Table 3 (cont.): Bond angles (°)

B ( 6 )  - B  ( 8 )  - B  ( 4 )

B ( 7 )  - B  ( 8 )  - B  ( 4 )

B ( 9)  - B  ( 8 )  - M o d )  

B ( 9 ) - B ( 8 ) - B (6)

C ( 5 )  - B ( 8 ) - Mo ( 1)

C ( 5 )  - B ( 8 ) - B  ( 6 )

C ( 5 )  - B ( 8 ) - B ( 9)

B ( 5 )  - B  ( 9 )  —B ( 1)

B ( 6 )  - B ( 9 ) - B ( l )

B ( 6 )  - B ( 9 ) - B ( 5 )

B ( 8 )  - B  ( 9 )  - B  ( 4)

B ( 8 )  - B  ( 9)  - B  ( 6 )  

B ( 2 ) - C ( l ' ) - M o ( l )  

B ( 6 )  - C  ( 1 '  ) - Mo ( 1)  

B ( 6 ) - C  ( 1 '  ) - B ( 2)

C ( 2 '  ) - C (1' ) - B  (1) 

C (2 ' ) - c d '  ) - B  ( 6) 

B ( 3)  - C ( 2 '  ) - M o d )  

B (7) - C  ( 2 ' ) -Mo{1) 

B ( 7 )  - C ( 2 '  ) - B ( 3 )  

C ( l '  ) - C  ( 2 '  ) - B ( 2 )  

C ( l '  ) - C ( 2 ' ) - B ( 7 )  

C ( 9 )  - C (1) - M o d )  

C d )  ~C ( 2  ) - M o ( l )

C ( 1 5 )  - C ( 2 ) - C ( 1)

C ( 2 1 )  - C ( 3 ) - Mo ( 1)  

C ( 3)  - C M )  - M o ( l )

C ( 2 7 ) - C M ) - C ( 3 )

C ( 3 3 ) - C ( 5 ) - B  ( 8)

C ( 3 9 ) - C ( 6 ) - C ( 5)

C ( 9 )  - C d O ) - C ( l l )

C ( 1 3 )  —C ( 1 2 )  - C d l )

1 0 4  . 5  ( M )  

6 0 . 2 ( 1 2 )

1 2 3 . 4  ( 9)  

5 7 . 7 ( 8 )  

1 0 9 . 0 ( 1 2 )  

1 2 3 . 3 ( 1 7 )  

1 1 4 . 2 ( 1 2 )  

5 9 . 6  ( 1 1 )  

5 8 . 1  ( 1 1 )

1 0 6 . 2  ( 1 4 )  

5 9 . 5 ( 1 1 )  

61 . 5 ( 9 )

1 3 3 . 3  ( 8)

7 0 . 3  ( 8)  

1 1 3 . 9 ( 1 1 )  

1 1 1 . 2  ( 1 0 )

1 1 2 . 2  ( 1 0 ) 

1 2 9 . 5 ( 1 0 )

6 9 . 0  ( 9)

6 3 . 1  ( 1 1 )

6 4 . 3  ( 1 0 )  

1 1 1 .6 (1 2 ) 

1 4 4 . 9  ( 8)

7 1 . 6 ( 8 )

14 1 . 9 ( 1 0 )  

1 4 7 . 5 ( 9 )

7 1 . 8 ( 1 0 )  

1 4 2 . 6 ( 1 3 )  

1 1 8 . 9 ( 1 1 )  

1 3 0 . 2 ( 1 3 )

1 2 0 . 0  ( 1 1 )

1 2 0 . 0  ( 1 0 )

B ( 7 ) - B ( 8 ) - Mo ( 1 )

B ( 7 ) - B ( 8 ) —B ( 6 )

B ( 9)  - B ( 8 ) - B  (4 )

B(9) -B(8)-B(7)

C ( 5 ) — B ( 8 ) - B ( 4 )

C ( 5)  - B  ( 8 )  - B ( 7 )

B ( 4)  - B ( 9 ) - B  ( 1 )

B ( 5 ) — B ( 9 ) - B  ( 4 )

B(6)-B(9)-B(4)

B ( 8)  - B ( 9 ) - B ( l )

B ( 8)  - B ( 9 ) - B ( 5 )

B ( 1 ) - C ( 1 '  ) - Mo ( 1)

B ( 2)  - C ( l '  ) - B  ( 1 )

B ( 6 ) - C ( l '  ) - B ( l )

C ( 2 '  ) - C ( l '  ) - M o d )  

C ( 2'  ) - C ( 1 ' ) - B  ( 2 )  

3 ( 2 )  - C ( 2 '  ) - Mo ( 1 )

5 ( 3) - C ( 2 '  ) - B ( 2 )

B(7)-C( 2 ' ) -B(2) 

C ( l '  ) ~ C ( 2 '  ) - M o ( l )  

C ( 1 '  ) - C ( 2 '  ) - B ( 3 )

C ( 2 ) - C ( 1 )  - Mo (1 )

C ( 9)  - C (1 ) - C ( 2 )

C ( 15)  -C ( 2 )  - Mo (1 )

C (4 ) - C ( 3)  - Mo ( 1 )

C ( 21 ) - C ( 3 )  - C (4 )

C ( 2 7 )  - C (4 ) - Mo ( 1 )

C ( 6)  - C ( 5 )  - B  ( 8 )

C ( 33)  - C ( 5 )  - C ( 6 )

C ( 7)  - C ( 8 )  - N (1 )

C ( 1 2 ) - C ( l l ) - c ( 1 0 )  

C ( 1 4  ) - C (1 3) - C  ( 1 2  )

6 8 . 3  ( 7)  

1 0 1 . 2 ( 1 4 )  

5 9 . 4 ( 1 0 )  

1 0 4  . 4 ( 1 6 )

1 1 7 . 4  ( 1 0 )  

1 3 1  . 8 ( 1 0 )  

1 0 8  . 7 ( 1 3 )

6 1 . 8  ( 1 2 )

1 0 7 . 5  ( 1 1 )  

1 0 8 . 9 ( 1 1 )  

1 0 9 . 6 ( 1 4 )  

1 2 8  . 8 ( 1 0 )

6 2  . 3 ( 1 0 )  

6 1 . 0 ( 1 0 )  

7 2 . 8  ( 7)  

6 2  . 5 ( 1 0 )  

1 3 2 . 5 ( 9 )  

6 2  . 8 ( 9 )  

1 1 5 . 9 ( 1 1 )

7 0 . 2  ( 8)  

1 1 3 . 5 ( 1 0 )  

7 3 . 2 ( 8 )

14 1.6(11) 

1 4 6 . 0 ( 8 )  

7 1 . 6 ( 1 0 )  

1 4 0 . 3 ( 1 3 )  

1 4 5 . 5 ( 9 )  

1 1 9 . 5 ( 1 4 )  

1 2 0 . 9 ( 1 4 )  

1 7 6 . 1 ( 1 4 )

1 2 0 . 0  ( 1 2 )

1 2 0 . 0  ( 1 1 )

XXX



Table 3 (cont.): Bond angles (°)

C ( l ' ) - B ( 1 ) - B (6) 58 . 1 ( 10)

B (3) ~B (2) -B (1) 105. 8( 13)

B ( 5 ) - B ( 2 ) -B (3) 60 . 5( 10)

C (17 ) - B ( 2 ) -B ( 3) 100 . 7( 12)

C (2' ) -B (2) -B (1) 99 . 8( 12)

C(2'  ) -B (2) -B (5) 101. 7( 13)

B (4 ) -B (3) -B (2 ) 109 . 2( 13)

B ( 5 ) - B ( 3 ) -B (4) 5 9 . 7 ( 12)

B (7) - B ( 3 ) -B (4) 60. 5 (11)

C(2'  ) - B( 3)  -B (2 ) 59.  3 (9)

C ( 2 ' ) - B ( 3 ) - B (5) 102 .1 (12)

B (5) -B(4)  -B(3) 60. 3 (12)

B ( 7 ) - B ( 4 ) - B ( 5 ) 104 .4 (12)

B (8) - B ( 4 ) -B (5) 107. 5( 12)

B (9) -B (4) -B (3) 106. 7 (12)

B ( 9 ) - B ( 4 ) -B(7) 105. 7 (11)

B (2 ) -B (5) - B( l ) 61 .2 (11)

B ( 3 ) -B ( 5 ) - B (2) 59. 8 (10)

B (4) -B (5) -B (2) 109. 6 (12)

B ( 9 ) -B ( 5 ) — B (1) 61 . 5( 13)

B ( 9 ) - B ( 5 ) - B (3) 108. 9( 15)

B (1) - B ( 6 ) -Mo (1 ) 128. 7( 13)

B (8) - B ( 6 ) - B  ( 1 ) 110. 9( 14)

B (9) - B ( 6 ) -B ( 1 ) 61. 4( 11)

C { 1 ' ) -B(6)  -Mo(l ) 70. 2 (7)

C ( 1 ' ) - B ( 6 ) - B (8) 106. 2( 13)

B (3) -B (7) -Mo( 1 ) 130. 9 (9)

B ( 4 ) — B ( 7 ) - B ( 3 ) 61. 4 (11)

B ( 8 ) - B ( 7 ) - B (3) 111. 0( 12)

C (2' ) - B (7) -Mo ( 1 ) 72. 6 ( 8)

C (2 ' ) -B(7)  -B ( 4 ) 107. 7 (12)

B ( 4 ) - B ( 8 ) -Mo (1) 125 . 6( 14)

C ( 1 ' ) - B  ( 1 ) - B ( 9) 1 0 4 . 7 ( 1 0 )

B ( 5 ) - B ( 2 ) - B ( l ) 5 7 . 8 ( 1 2 )

C ( 1 '  ) - B ( 2 ) - B  (1 ) 5 7 .  3 ( 9)

C ( 1 '  ) - B ( 2 ) - B ( 5) 1 0 0 . 4  ( 1 5 )

C ( 2 '  ) - B ( 2 ) - B ( 3) 5 7  . 9 ( 9 )

C ( 2 '  ) - B ( 2 ) - C ( l '  ) 5 3 . 2  ( 9)

B ( 5)  - B ( 3 ) - B ( 2 ) 5 9 . 7  ( 1 0 )

B ( 7)  - B  ( 3)  - B ( 2) 1 0 7 . 0  ( 1 3 )

B ( 7 ) - B ( 3 ) - B < 5) 1 0 5 . 7  ( 1 6 )

C ( 2 '  ) - B ( 3 )  - B (4 ) 1 0 3 . 3 ( 1 4 )

C (2 ' ) - B  ( 3 ) - B ( 7 ) 5 6 . 0  ( 9)

B ( 7 ) - B  (4 ) - B ( 3) 5 8 .  1 ( 1 1 )

B ( 8 ) - B ( 4 ) - B ( 3) 1 0 8 . 9 ( 1 2 )

B (8 ) - B ( 4 )  - B (7 ) 6 0 . 3 ( 1 0 )

B ( 9)  - B ( 4 ) - B ( 5) 5 7  . 6 ( 1 2 )

B ( 9)  - B (4 ) - B ( 8) 6 1 . 1 ( 1 0 )

B ( 3 ) - B (5) -3 ( 1 ) 1 0 7 . 9 ( 1 2 )

B (4 ) - B (5) - B ( 1 ) 1 0 9 . 3 ( 1 7 )

B ( 4)  - B ( 5 ) - B ( 3) 6 0 . 0 ( 1 1 )

B ( 9)  - B ( 5)  - B ( 2) 1 1 1 . 5 ( 1 5 )

B ( 9)  - 3  ( 5 ) -3 ( 4 > 6 0 .  6 ( 1 3 )

B ( 8 ) -B(b) -Mo ( 1 ) 6 7 . 8 ( 6 )

B ( 9)  - B ( c ) -Mo ( 1 ) 1 2 5 . 4  ( 9)

B ( 9)  - B ( 6)  - B ( 8) 6 0 . 8  ( 9)

C ( 1 '  ) - B ( 6 ) - B (1 ) 6 0 . 9 ( 1 1 )

C ( 1 ' ) - B ( 6 ) - B ( 9) 1 0 7 . 4  ( 1 6 )

B ( 4)  - B ( 7)  -Mo ( 1 ) 1 2 5 . 3  ( 1 1 )

01r-CD1CO0Q 6 8  . 6 ( 8 )

B ( 8)  - B ( 7 » - B ( 4 ) 5 9  . 5 ( 1 1 )

C ( 2 '  ) - B ( 7)  - B ( 3) 6 0 . 9 ( 1 0 )

C ( 2 ' ) - B ( 7 ) - B ( 8 ) 1 0 8 . 7  ( 1 1 )

B (6) -B ( 8 ) -Mo(l ) 68 . 6(6)

XXXI



Table 3 (cont.V. Bond angles (°)

C ( 9 ) - C ( 1 4 ) - C  ( 1 3 ) 1 2 0 . 0  ( 1 2 ) C  ( 1 0 - C  ( 9 ) - C  ( 1 ) 1 1 8 . 1  ( 1 1 )

C  ( 1 4 )  - C  ( 9 )  - C  ( 1 ) 1 2 1 . 6 ( 1 2 ) C  ( 1 4 - C  ( 9 ) - C  ( 1 0 ) 1 2 0 . 0  ( 1 0 )

C ( 1 5 ) - C ( 1 6 ) ~ C ( 1 7 ) 1 2 0 . 0  ( 7 ) C  ( 1 8 - C  ( 1 7 - C ( 1 6 ) 1 2 0 . 0  ( 7 )

C ( 1 9 )  - C ( 1 8 ) - C ( 1 7 ) 1 2 0 . 0  ( 8 ) C  ( 2 0 - C  ( 1  9 - C  ( 1 8 ) 1 2 0 . 0  ( 7 )

C  ( 1 5 )  - C  ( 2 0 )  - C  ( 1 9 ) 1 2 0 . 0  ( 7 ) C  ( 1 6 - C  ( 1  5 - C  ( 2 ) 1 2 1 . 1  ( 8 )

C ( 2 0 ) - C ( 1 5 ) - C ( 2 ) 1 1 8 . 8 ( 8 ) C  ( 2 0 - C  ( 1  5 - C  ( 1 6 ) 1 2 0 . 0  ( 8 )

C  ( 2 1 )  - C  ( 2 2 )  - C  ( 2 3 ) 1 2 0 . 0  ( 1 0 ) C  ( 2 4 - C  ( 2  3 - C ( 2 2 ) 1 2 0 . 0  ( 1 0 )

C ( 2 5 ) - C ( 2 4 ) - C ( 2 3 ) 1 2 0 . 0 ( 1 0 ) C  ( 2 6 - C  ( 2 5 - C  ( 2 4 ) 1 2 0 . 0 ( 1 0 )

C ( 2 1 ) - C ( 2 6 ) - C ( 2 5 ) 1 2 0 . 0  ( 1 0 ) C  ( 2 2 - C  ( 2 1 - C  ( 3 ) 1 2 0 . 8  ( 1 1 )

C  ( 2 6 )  - C  ( 2 1 )  - C  ( 3 ) 1 1 9 . 1 ( 1 0 ) C  ( 2 6 - C  ( 2 1 - C ( 2 2 ) 1 2 0 . 0  ( 1 0 )

C  ( 2 7 )  - C  ( 2 8 )  - C  ( 2 9 ) 1 2 0 . 0  ( 1 0 ) C  ( 3 0 - C  ( 2 9 - C ( 2 8 ) 1 2 0 . 0  ( 9 )

C ( 3 1 ) - C ( 3 0 ) - C ( 2 9 ) 1 2 0 . 0  ( 1 1 ) C  ( 3 2 - C  ( 3 1 - C ( 3 0 ) 1 2 0 . 0  ( 1 0 )

C ( 2 7 ) - C ( 3 2 ) - C  ( 3 1 ) 1 2 0 . 0 ( 9 ) C  ( 2 8 - C  ( 2 7 - C  ( 4  ) 1 1 8 . 8  ( 1 0 )

C  ( 3 2 )  - C  ( 2 7 )  - C  ( 4  ) 1 2 1 . 1  ( 1 0 ) C  ( 3 2 - C  ( 2 7 - C ( 2 8 ) 1 2 0 . 0 ( 1 1 )

C ( 3 3 ) - C ( 3 4 ) - C ( 3 5 ) 1 2 0 . 0  ( 9 ) C  ( 3 6 - C  ( 3 5 - C ( 3 4 ) 1 2 0 . 0  ( 9 )

C ( 3 7 )  - C ( 3 6 )  - C ( 3 5 ) 1 2 0 . 0  ( 1 0 ) C  ( 3 8 - C  ( 3 7 - C ( 3 6 ) 1 2 0  . 0 ( 9 )

C ( 3 3 ) - C ( 3 8 ) - C ( 3 7 ) 1 2 0 . 0  ( 9 ) C  ( 3 4 - C  ( 3 3 - C  ( 5 ) 1 1 7 . 8 ( 1 0 )

C  ( 3 8 )  - C  ( 3 3 )  - C  ( 5 ) 1 2 1 . 7 ( 9 ) C  ( 3 8 - C  ( 3 3 - C ( 3 4 ) 1 2 0 . 0  ( 1 0 )

C ( 3 9 ) - C ( 4 0 ) - C  ( 4 1 ) 1 2 0 . 0  ( 1 1 ) C  ( 4 2 - C  ( 4  1 - C  ( 4 0 ) 1 2 0 . 0  ( 1 0 )

C  ( 4  3 )  - C  ( 4 2 )  - C  ( 4 1 ) 1 2 0 . 0  ( 1 1 ) C  ( 4 4 - C  ( 4  3 - C  ( 4 2 ) 1 2 0 . 0  ( 1 1 )

C ( 3 9 ) - C ( 4 4 ) - C ( 4 3 ) 1 2 0 . 0  ( 1 0 ) C  ( 4 0 - C  ( 3 9 - C  ( 6 ) 1 1 2 . 9 ( 1 1 )

C ( 4 4 )  - C ( 3 9 ) - C ( 6 ) 1 2 7 . 0 ( 1 0 ) C  ( 4 4 - C  ( 3 9 - C ( 4 0 ) 1 2 0 . 0 ( 1 1 )
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5.6 Crystal data for 31

Empirical formula 
crystal system 
space group
Unit Cell Dimensions (A): a
b
c
<x(°)
p
Y 3
Volume A
U caicd
z
F(000)
T
Rf
Rw

C 1 4 H 2 9 M 0 O 2 P  2  

triclinic 
P 1 (no.2) 
9.710(1) 
13.803 (4) 
17.696 (3) 
86.06 (2)
88.63 (1) 
78.12(1) 
2315.4 (7)
1.39 g/cm 
4
984 
293 K 
0.052 
0.057

-3

Table 1: Fractional atomic coordinates (*10 ) 

x y
M o l e c u l e  a

Mo 0 . 1 5 3 0 2  (6) 0 . 6 4 6 8 6 ( 4 ) 0 . 3 6 9 5 3  ( 3)

PI 0 . 1 1 3 2  (2) 0 . 8 2 6 2 ( 1 ) 0 . 4 0 8 5 ( 1 )

P2 0 . 0 0 9 9  (2) 0 . 6 8 8 1 ( 1 ) 0 . 4 8 8 6 ( 1 )

01 0 . 2 7 2 5  (6) 0 . 4 6 2 0 ( 4 ) 0 . 4 7 8 4 ( 3 )

02 - 0 . 0 7 9 7  (6) 0 . 5 2 2 3 ( 4 ) 0 . 3 6 1 5  ( 3)

Cl 0 . 2 3 0 4  (8) 0 . 5 3 1 7 ( 5 ) 0 . 4 4 1 3  ( 4)

C2 - 0 . 0 0 2 1  (7) 0 . 5 7 2 6 ( 5 ) 0 . 3 6 5 5 ( 4 )

C3 - 0 . 0 3 6 1 ( 6 ) 0 . 7 7 1 6 ( 5 ) 0 . 4 0 5 9  ( 3)

C4 0 . 1 7 2 9  (6) 0 . 7 3 1 7 ( 5 ) 0 . 4 7 9 2 ( 4 )

C5 - 0 . 1 7 8 2  (7) 0 . 8 1 8 6 ( 5 ) 0 . 3 7 2 1  (4)

C6 - 0 . 2 6 6 8  (9) 0 . 7 4 2 4 ( 8 ) 0 . 3 6 1 7  (7)

C7 - 0 . 1 6 1 5  ( 10 ) 0 . 8 6 8 5  (8) 0 . 2 9 6 7 ( 5 )

C8 - 0 . 2 5 2 4  ( 11 ) 0 . 8 9 0 8 ( 8 ) 0 . 4 2 6 4 ( 6 )

C9 0 . 2 8 8 3  (7) 0 . 7 2 8 6  (5) 0 . 5 3 6 5 ( 4 )

CIO 0 . 2 4 6 0  (9) 0 . 8 1 9 9  (7) 0 . 5 8 1 3  (5)

C l l 0 . 4 2 5 7  (8) 0 . 7 3 4 7  (8) 0 . 4 9 6 3 ( 5 )

C12 0 . 3 0 4 4  ( 1 2 ) 0 . 6 3 9 5  (8) 0 . 5 9 1 2 ( 6 )
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Table 1 (cont.): Fractional atomic coordinates (*104)

X y Z

C13 0 . 1 9 4 4  (7) 0 . 7 2 8 4 ( 5 ) 0 . 2 4 9 9  ( 4)

C14 0 . 3 4 0 7  (7) 0 . 6 9 9 2 ( 5 ) 0 . 2 9 7 1  ( 4)

B1 0 . 3 8 4 5  ( 9 ) 0 . 5 7 7 8 ( 6 ) 0 . 3 2 3 2 ( 5 )

B2 0 . 2 4 6 3  (9) 0 . 5 2 3 7 ( 6 ) 0 . 2 8 3 7 ( 5 )

B3 0 . 1 2 1 4  ( 1 0 ) 0 . 6 3 0 1 ( 6 ) 0 . 2 3 7 6 ( 5 )

B4 0 . 4 7 5 1  ( 1 0 ) 0 . 6 3 0 4 ( 7 ) 0 . 2 4 5 0 ( 5 )

B5 0 . 3 4 9 2  ( 10 ) 0 . 7 3 2 6 ( 7 ) 0 . 2 0 0 0 ( 5 )

B6 0 . 2 1 2 7  ( 1 0 ) 0 . 6 8 1 0  (7) 0 . 1 6 1 1 ( 5 )

B7 0 . 2 5 1 8  ( 1 1 ) 0 . 5 5 1 7  (7) 0 . 1 8 1 1 ( 5 )

B8 0 . 4 1 2 6  ( 1 1 ) 0 . 5 1 8 8 ( 7 ) 0 . 2 3 2 9 ( 5 )

B9 0 . 3 9 1 7 ( 1 0 ) 0 . 6 1 4 4  (7) 0 . 1 5 9 6 ( 5 )

j l e c u l e b

Mob 0 . 1 3 1 4 9  ( 6) 0 . 1 5 5 1 1 ( 4 ) 0 . 1 4 9 5 1 ( 3 )

P l b 0 . 1 5 1 4  (2) 0 . 3 1 3 9 ( 1 ) 0 . 0 7 2 0 ( 1 )

P2b - 0 . 0 1 2 0  ( 2) 0 . 1 9 5 3 ( 1 ) 0 . 0 2 9 6 ( 1 )

0 1 b - 0 . 1 5 5 2  (6) 0 . 1 0 3 6 ( 6 ) 0 . 2 0 2 9 ( 4 )

0 2 b 0 . 1 5 6 9  (8) - 0 . 0 5 1 7 ( 4 ) 0 . 0 8 4 2 ( 4 )

C l b - 0 . 0 5 4 5  (8) 0 . 1 2 6 8 ( 7 ) 0 . 1 8 1 8 ( 5 )

C2b 0 . 1 5 0 9  ( 9) 0 . 0 2 4 8  (5) 0 . 1 0 3 8 ( 4 )

C3b 0 . 1 6 7 4  ( 7) 0 . 2 0 6 4  (5) 0 . 0 2 1 6  (4)

C4b - 0 . 0 2 0 8  ( 7) 0 . 2 9 5 4 ( 5 ) 0 . 0 9 0 4  ( 4)

C5b 0 . 2 7 9 7 ( 8 ) 0 . 1 6 9 0 ( 6 ) - 0 . 0 3 7 7  (4)

C6b 0 . 2 6 5 2  ( 12 ) 0 . 0 6 8 8 ( 8 ) - 0 . 0 6 3 7  (6)

C7b 0 . 4 2 5 1  (9) 0 . 1 6 2 8 ( 9 ) - 0 . 0 0 8 2  (5)

C8b 0 . 2 5 5 9  ( 10) 0 . 2 4 4 8  (8) - 0 . 1 0 4 9  ( 5)

C9b - 0 . 1 4 9 7  (8) 0 . 3 6 9 0 ( 6 ) 0 . 1 1 6 4  (4)

ClOb - 0 . 1 7 7 1 ( 1 2 ) 0 . 4 5 4 9 ( 8 ) 0 . 0 5 7 4  (6)

C l l b - 0 . 1 2 3 7 ( 1 1 ) 0 . 4 0 9 6  (7) 0 . 1 9 0 6 ( 5 )

C12b - 0 . 2 7 7 6  ( 11 ) 0 . 3 2 4 4 ( 9 ) 0 . 1 2 1 7 ( 9 )

C13b 0 . 3 5 3 8  (7) 0 . 1 7 1 0 ( 5 ) 0 . 1 9 5 8 ( 4 )

C14b 0 . 2 2 8 3  (7) 0 . 2 3 6 6  (5) 0 . 2 4 4 0  (4)

B i b 0 . 1 1 8 6 ( 9 ) 0 . 1 6 6 9  (7) 0 . 2 8 4 2  ( 5)

B2b 0 . 1 8 9 9  (8) 0 . 0 4 0 0 ( 6 ) 0 . 2 5 7 2  (4)

B3b 0 . 3 4 3 8  (8) 0 . 0 5 1 2 ( 6 ) 0 . 1 9 7 5  ( 5)

XXXIV



Table 1 (cont.'I: Fractional atomic coordinates (*104)

X y Z

B4b 0 . 2 4 8 4  ( 10 ) 0 . 2 0 5 4  ( 7) 0 . 3 3 9 1 ( 5 )

B5b 0 . 3 9 7 4 ( 9 ) 0 . 2 1 1 3  ( 6) 0 . 2 8 1 9  (5)

B6b 0 . 4 7 0 6  (9) 0 . 0 9 0 7 ( 6 ) 0 . 2 5 4 3  (5)

B7b 0 . 3 6 6 7  (9) 0 . 0 0 7 9 ( 6 ) 0 . 2 9 5 8  (5)

B8b 0 . 2 2 5 3 ( 9 ) 0 . 0 7 9 8  ( 6 ) 0 . 3 4 9 5  (5)

B9b 0 . 3 9 7 9 ( 1 0 ) 0 . 1 0 6 9 ( 6 ) 0 . 3 4 8 4 ( 5 )

Table 2: Bond lengths (A)

Mo-CBa 1 . 8 8 7  (1) Mo- CPa

Mob-CBb 1 . 8 8 5  (1) Mob-CPb

Mo- PI 2 . 5 6 5  (2) Mo- P2

Mo- Cl 1 . 9 9 5  (7) Mo-C2

Mo-C3 2 . 3 5 5  (6) Mo-C4

MO-C13 2 . 3 9 3  ( 7) Mo- C14

Mo- Bl 2 . 4 0 3  (8) MO-B2

Mo-B3 2 . 3 9 5  ( 8) P1- C3

P1- C4 1 . 7 6 1 ( 6 ) P2 - C3

P2-C4 1 . 8 0 6  (7) O l - C l

0 2 -C2 1 . 1 3 2 ( 1 0 ) C3- C5

C4-C9 1 . 5 2 0 ( 1 0 ) C5- C6

C5-C7 1 . 4 8 0 ( 1 2 ) C5- C8

C9- C10 1 . 5 1 5 ( 1 2 ) C 9 - C 1 1

C9-C12 1 . 4 9 6 ( 1 3 ) C 1 3 - C 1 4

C13- B3 1 . 6 8 4 ( 1 2 ) C 1 3 - B 5

C13- B6 1 . 7 3 6 ( 1 1 ) C 1 4 - B 1

C14- B4 1 . 7 3 5 ( 1 1 ) C 1 4 - B 5

B1- B2 1 . 8 3 8 ( 1 3 ) B1 - B 4

B1- B8 1 . 8 3 2 ( 1 3 ) B2 - B3

B2- B7 1 . 8 3 2 ( 1 3 ) B2 - B8

B3- B6 1 . 7 8 4 ( 1 3 ) B3 - B 7

2 . 1 0 7 ( 1 )  

2.112(1) 
2 . 5 2 9  (2)  

1 . 9 9 4 ( 8 )  

2 . 3 6 6  (7)  

2 . 4 0 6  ( 7)

2 . 3 8 1  (8)  

1 . 7 6 9  (7)

1 . 8 0 5 ( 6 )  

1 . 1 3 5 ( 8 )  

1 . 5 1 7 ( 9 )

1 . 5 1 2  ( 1 4 )  

1 . 4 9 7 ( 1 3 )  

1 . 5 1 2 ( 1 1 )  

1 . 6 2 9 ( 9 )

1 . 7 3 5 ( 1 2 )  

1 . 6 7 7 ( 1 1 )  

1 . 7 5 3 ( 1 1 )  

1 . 8 1 2  ( 13 )  

1 . 8 5 5 ( 1 1 )  

1 . 8 2 1 ( 1 4 )  

1 . 8 1 5 ( 1 2 )

XX X V



Table 2 (c o n tj: Bond lengths (A)

B 4 - B 5

B4 - B 9

B5 - B 9

B6 - B9

B 7 - B 9

Mob- P l b

Mo b - C l b

Mob- C3b

Mo b - C l 3 b

Mo b - B i b

Mob- B3b

P l b - C 4 b

P 2 b - C 4 b

0 2 b - C 2 b

C 4 b - C9 b

C5 b - C7 b

C 9 b - C l 0 b

C 9 b - C l 2 b

C 1 3 b - B 3 b

C 1 3 b - B 6 b

C l 4 b - B 4 b

B l b - B 2 b

B l b - B 8 b

B 2 b - B 7 b

B 3 b - B 6 b

B 4 b - B 5 b

B 4 b - B 9 b

B 5 b - B 9 b

B 6 b - B 9 b

B 7 b - B 9 b

1 . 8 1 6 ( 1 2 )  

1 . 7 7 9 ( 1 4 )  

1 . 7 9 3 ( 1 4 )  

1 . 7 9 2 ( 1 3 )  

1 . 7 8 ( 2 )

2 . 5 4 4  (2)  

1 . 9 8 7 ( 9 )  

2 . 3 6 5 ( 6 )  

2 . 3 8 3 ( 7 )

2 . 3 9 9  (8)

2 . 3 9 4  (7)  

1 . 7 6 2 ( 8 )  

1 . 7 9 6 ( 7 )  

1 . 1 2 4 ( 1 0 )  

1 . 5 2 4 ( 1 0 )  

1 . 5 0 0  ( 12)

1 . 5 1 1 ( 1 3 )  

1 . 4 9  (2)  

1 . 6 7 4 ( 1 1 )  

1 . 7 2 4 ( 1 0 )  

1 . 7 1 4  ( 10 )  

1 . 8 3 7  ( 1 2 )  

1 . 7 9 1 ( 1 1 )  

1 . 8 2 0 ( 1 2 )  

1 . 7 9 8  ( 13 )  

1 . 7 5 8  ( 13 )

1 . 7 7 5  ( 12 )  

1 . 7 9 6  ( 12)

1 . 8 0 3  ( 13 )  

1 . 7 8 5  ( 1 3 )

B 4 - B 8

B5 - B6

B6 - B7

B7 - B8

B8 - B9

Mob- P2b

Mob- C2b

Mob- C4b

Mob- C14b

Mob- B2b

P l b - C 3 b

P 2 b - C3 b

O l b - C l b

C3b- C5b

C5b- C6b

C5b- C8b

C 9 b - C l l b

C 1 3 b - C 1 4 b

C 1 3 b - B 5 b

C 1 4 b - B l b

C l 4 b - B 5 b

B l b - B 4 b

B 2 b - B 3 b

B 2 b - B 8 b

B 3 b - B 7 b

B 4 b - B 8 b

B 5 b - B 6 b

B 6 b - B 7 b

B 7 b - B 8 b

B 8 b - B 9 b

1 . 7 9  ( 2 )  

1 . 8 0 0 ( 1 5 )  

1 . 7 5 9 ( 1 3 )  

1 . 7 8 9 ( 1 4 )  

1 . 7 6 9  ( 1 3 )  

2 . 5 3 3  ( 2 )  

1.  995  (8)  

2 . 3 7 7 ( 6 )  

2 . 3 9 0 ( 7 )

2 . 3 9 7  ( 8 )  

1 . 7 6 3 ( 7 )  

1 . 7 8 1 ( 7 )  

1 . 1 3 8 ( 1 1 )  

1 . 5 3 0 ( 1 0 )  

1 . 5 2 1  ( 1 4 )  

1 . 5 1 9  ( 1 2 )

1 . 5 0 9 ( 1 3 )  

1 . 6 2 3 ( 9 )  

1 . 7 4 9 ( 1 1 )  

1 . 6 9 1 ( 1 2 )  

1 . 7 4 7 ( 1 1 )  

1 . 7 9 4  ( 14 )  

1 . 8 3 6 ( 1 2 )  

1 . 8 2 0  ( 1 2 )

1 . 8 0 4  ( 1 2 )

1 . 7 9 0 ( 1 3 )  

1 . 7 6 8  ( 12 )

1 . 7 8 5 ( 1 3 )

1 . 8 1 1 ( 1 2 )  

1 . 7 9 0  ( 1 4 )

X X X V I



Table 3: Bond angles (°)

P1-MO-P2 6 2 . 5 7 ( 6 ) P I - M o - C l

P1-MO-C2 1 2 2 . 9  (2) P1-MO-C3

P1-MO-C4 4 1 . 6  (2) P1- MO- C13

P1-MO-C14 8 1 . 3  (2) P l - M o - B l

P1-MO-B2 1 5 0 . 5  (2) P1-MO- B3

P2-MO-C1 7 7 . 6 ( 2 ) P2-MO-C2

P2-MO-C3 4 3 . 2 ( 1 ) P2-MO-C4

P2-MO-C13 1 3 7 . 8  (2) P2- MO- C14

P2-MO-B1 1 4 3 . 6  (2) P2-MO- B2

P2-MO-B3 1 4 0 . 3  (2) C1-MO-C2

C1-MO-C3 1 2 0 . 6  (2) C1-MO-C4

C1-MO-C13 1 4 3 . 3  (3) C1-MO- C14

C l - M o - B l 7 3 . 8 ( 3 ) C1-MO-B2

C1-MO-B3 1 2 2 . 7  (3) C2-MO-C3

C2-MO-C4 1 1 8 . 4  (3) C2-MO- C13

C2-MO-C14 1 4 3 . 8  (3) C 2 - M o - B l

C2-MO-B2 7 7 . 9  (3) C2-MO-B3

C3-MO-C4 6 0 . 6  (2) C3-MO- C13

C3-MO-C14 1 1 7 . 2  (2) C 3 - M o - B l

C3-MO-B2 1 4 8 . 4  (3) C3-MO-B3

C4-MO-C13 1 1 7 . 1 ( 2 ) C4-MO- C14

C4 - Mo - B l 1 0 9 . 1  (3) C4-MO-B2

C4-MO-B3 1 5 6 . 3  (3) C13- MO- C14

C 1 3 - M o - B l 7 0 . 0 ( 3 ) C13- MO- B2

C13-MO-B3 4 1 . 2  (3) C 1 4 - M o - B l

C14-MO-B2 7 1 . 2  (3) C14- MO- B3

B1 - Mo- B 2 4 5 . 2  (3) B1- MO- B3

B2-MO-B3 45  . 7  (3) MO-P1-C3

MO-P1-C4 63 . 1  (2) C 3 - P 1 - C 4

MO-P2-C3 6 3 . 3  (2) MO-P2-C4

C 3 - P 2 - C 4 8 2 . 5  (3) M o - C l - 0 1

Mo- C2- 0 2 1 7 2 . 9 ( 6 ) MO-C3- P1

MO-C3-P2 7 3 . 6 ( 2 ) MO-C3-C5

1 2 1 . 8 ( 2 ) 

4 1 . 9 ( 2 )  

8 0 . 6  (2)  

1 1 6 . 1  (2)  

1 1 5 . 0  (2)  

7 5 . 6 ( 2 )  

4 3 . 1 ( 2 )

1 3 9 . 5  (2)  

1 4 6 . 9 ( 2 )

8 1 . 1 ( 3 )  

8 0 . 3  (3)  

1 1 0 . 2  (3)  

7 8 . 9  (3)  

8 1 . 0 ( 2 )  

1 1 2 . 5 ( 3 )

1 2 0 . 6  (3)

7 4 . 8  (3)  

9 5 . 6  (2)

1 5 7 . 0  (3)  

1 0 5 . 9  (2)

9 7 . 6 ( 2 )

1 5 1 . 0  (3)  
3 9 . 7 ( 2 )

7 1 . 6 ( 3 )

4 0 . 8  (3)

7 0 . 3  (3)

7 5 . 4  (3)  

6 2 . 7 ( 2 )

8 4 . 8  (3)  

6 3 . 6 ( 2 )

1 7 5 . 1  (7)  

7 5 . 4 ( 2 )

1 3 4 . 3  ( 5)

X X X V I I



Table 3 (cont.): Bond angles (°)

P 1 - C 3 - P 2 9 5 . 5  ( 3) P 1 - C 3 - C 5

P 2 - C 3 - C 5 1 3 1 . 0  ( 5) MO-C4-P1

MO-C4-P2 7 3 . 2  (2) MO-C4-C9

P 1 - C 4 - P 2 9 5 . 7  (3) P 1 - C 4 - C9

P 2 - C 4 - C9 1 3 0 . 4  ( 5) C3 - C5 - C6

C3- C5- C7 1 1 0 . 9  ( 6) C3 - C5 - C8

C6 - C5- C7 1 0 7 . 2 ( 8 ) C6 - C5 - C8

C7 - C5- C8 1 1 1 . 2  (7) C 4 - C 9 - C 1 0

C 4 - C 9 - C 1 1 1 1 0 . 4  ( 6) C4 - C9 - C1 2

C 1 0 - C 9 - C 1 1 1 0 7 . 5  (7) C1 0 - C 9 - C 1 2

C 1 1 - C9 - C 1 2 1 1 1 . 4  (7) MO-C13- C14

MO-C13-B3 6 9 . 5  (4) MO-C13-B5

MO-C13-B6 1 2 8 . 7  (5) C 1 4 - C 1 3 - B 3

C 1 4 - C 1 3 - B 5 6 2 . 7  ( 4) C 1 4 - C 1 3 - B 6

B 3 - C 1 3 - B 5 1 1 6 . 2  (6) B 3 - C 1 3 - B 6

B 5 - C 1 3 - B 6 6 2 . 5  ( 5) MO-C14-C13

MO-C14-B1 6 9 . 5  (4) MO-C14-B4

MO-C14-B5 1 2 9 . 2  (5) C 1 3 - C 1 4 - B 1

C 1 3 - C 1 4 - B 4 1 1 1 . 7  (5) C 1 3 - C 1 4 - B 5

B 1 - C 1 4 - B 4 64 . 1 ( 5 ) B 1 - C 1 4 - B 5

B 4 - C 1 4 - B 5 62 . 8 ( 5 ) MO-B1-C14

MO-B1-B2 6 6 . 8 ( 4 ) M o - B l - B 4

Mo - B l - B 8 1 2 1 . 9  ( 5) C 1 4 - B 1 - B 2

C 1 4 - B 1 - B 4 5 9 . 5 ( 5 ) C 1 4 - B 1 - B 8

B 2 - B 1 - B 4 1 0 8 . 0 ( 6 ) B 2 - B 1 - B 8

B 4 - B 1 - B 8 5 9 . 0 ( 5 ) MO-B2-B1

MO-B2-B3 6 7 . 5 ( 4 ) MO-B2-B7

Mo- B2- B8 1 2 3 . 6 ( 6 ) B 1 - B 2 - B 3

B 1 - B 2 - B 7 1 0 5 . 9 ( 6 ) B 1 - B 2 - B 8

B 3 - B 2 - B 7 5 9 . 0 ( 5 ) B 3 - B 2 - B 8

B 7 - B 2 - B 8 5 8 . 7 ( 5 ) MO-B3-C13

Mo- B3- B2 6 6 . 8 ( 4 ) MO-B3-B6

MO-B3-B7 1 2 2 . 4 ( 5 ) C 1 3 - B 3 - B 2

C 1 3 - B 3 - B 6 6 0 . 0 ( 5 ) C 1 3 - B 3 - B 7

B 2 - B 3 - B 6 1 0 7 . 6 ( 6 ) B 2 - B 3 - B 7

1 2 6 . 9  ( 5)  

7 5 . 3  (2)  

1 3 4 . 7 ( 4 )  

1 2 7 . 2  (5)  

111 . 8 ( 6 ) 

1 0 7 . 1 ( 6 )  

1 0 8 . 6  (7)  

1 0 7 . 2 ( 5 )  

1 1 2 . 4  (7)  

1 0 7 . 8  ( 7)

7 0 . 6  ( 3)  

1 3 1 . 1  ( 4)  

1 1 3 . 0 ( 5 )  

1 1 1 . 7 ( 5 )

6 2 . 9 ( 5 )  

6 9 . 7 ( 3 )  

1 2 9 . 8 ( 5 )  

1 1 2 . 7 ( 6 )

6 1 . 6  ( 4)  

1 1 6 . 7 ( 6 )

6 9 . 7  ( 3)  

1 2 5 . 7 ( 5 )  

1 0 4 . 9 ( 5 )  

1 0 3 . 6 ( 6 )

5 9 . 5 ( 5 )  

6 8 . 0 ( 4 )  

1 2 2 . 3 ( 5 )  

1 0 5 . 3 ( 6 )  

6 0 . 1  ( 5)  

1 0 5 . 6 ( 6 )  

6 9 . 3 ( 4 )  

1 2 6 . 0 ( 6 )  

1 0 4 . 0 ( 6 )  

1 0 3 . 5 ( 6 )  

5 9 . 9 ( 5 )

X X X V I I I



Table 3 (cont.): Bond angles (°)

B 6 - B 3 - B 7

C 1 4 - B 4 - B 5

C 1 4 - B 4 - B 9

B 1 - B 4 - B 8

B 5 - B 4 - B 8

B 8 - B 4 - B 9

C 1 3 - B 5 - B 4

C 1 3 - B 5 - B 9

C 1 4 - B 5 - B 6

B 4 - B 5 - B 6

B 6 - B 5 - B 9

C 1 3 - B 6 - B 5

C 1 3 - B 6 - B 9

B 3 - B 6 - B 7

B 5 - B 6 - B 7

B 7 - B 6 - B 9

B 2 - B 7 - B 6

B 2 - B 7 - B 9

B 3 - B 7 - B 8

B 6 - B 7 - B 8

B 8 - B 7 - B 9

B 1 - B 8 - B 4

B 1 - B 8 - B 9

B 2 - B 8 - B 7

B 4 - B 8 - B 7

B 7 - B 8 - B 9

B 4 - B 9 - B 6

B 4 - B 9 - B 8

B 5 - B 9 - B 7

B 6 - B 9 - B 7

B 7 - B 9 - B 8

P l b - M o b - C l b

P l b - M o b - C 3 b

P l b - M o b - C 1 3 b

P l b - M o b - B l b

58 . 5 ( 5 )

59 . 1 ( 4 )

103 . 7  (6)

61 . 1 ( 5 )

10 7 . 3  (7)

59 . 3 ( 6 )

103 . 3  (6)

10 3 . 4  (7)

103 . 3  (6)

107 . 4  (7)

59 . 9 ( 5 )

58 . 7 ( 5 )

103 . 4 ( 6 )

61 . 6 ( 5 )

1 0 8 . 5 ( 6 )

60 . 0 ( 6 )

1 0 9 . 7 (6)

1 0 8 . . 6 ( 7 )

1 0 8  .. 7 (7)

1 0 8 . . 9 ( 8 )

5 9 . . 5 ( 6 )

59 .. 9 ( 5 )

1 0 7  . 6 ( 7 )

6 1 . 0 (5)

1 0 8  . 0 (6)

59 . 9 (6)

1 0 9  . 4 ( 6 )

6 0 . 8 (6)

10 8  . 1 ( 7 )

59 . 1 ( 5 )

6 0 . 6 ( 6 )

1 2 1 . 4 (2)

4 1 . 9 (2)

8 2 . 5 (2)

1 1 5  . 5 (2)

C 1 4 - B 4 - B 1

C 1 4 - B 4 - B 8

B 1 - B 4 - B 5

B 1 - B 4 - B 9

B 5 - B 4 - B 9

C 1 3 - B 5 - C 1 4

C 1 3 - B 5 - B 6

C 1 4 - B 5 - B 4

C 1 4 - B 5 - B 9

B 4 - B 5 - B 9

C 1 3 - B 6 - B 3

C 1 3 - B 6 - B 7

B 3 - B 6 - B 5

B 3 - B 6 - B 9

B 5 - B 6 - B 9

B 2 - B 7 - B 3

B 2 - B 7 - B 8

B 3 - B 7 - B 6

B 3 - B 7 - B 9

B 6 - B 7 - B 9

B 1 - B 8 - B 2

B 1 - B 8 - B 7

B 2 - B 8 - B 4

B 2 - B 8 - B 9

B 4 - B 8 - B 9

B 4 - B 9 - B 5

B 4 - B 9 - B 7

B 5 - B 9 - B 6

B 5 - B 9 - B 8

B 6 - B 9 - B 8

P l b - M o b - P 2 b

P l b - M o b - C 2 b

P l b - M o b - C 4 b

P l b - M o b - C 1 4 b

P l b - M o b - B 2 b

56 . 4 ( 4 )

102 . 8 ( 6 )

107 . 2 ( 6 )

10 8 . 0 ( 7 )

59 - 8 ( 5 )

55 . 7  (4)

58 . 8  (5)

58 . 1 ( 4 )

102 . 4 ( 6 )

59 . 1 ( 5 )

57 . 1 ( 5 )

103 - 7 ( 6 )

108 . 2  ( 6)

109 . 0 ( 6 )

59 . 9  (5)

61 . 1 ( 5 )

60 . 4 ( 5 )

59 . . 8 ( 5 )

108  .. 3 (7)

60 .. 9 (6)

60 .. 4 ( 5 )

107 . 9 ( 6 )

109  . 4 ( 6 )

109 . 4 (6)

59 . 9 (6)

6 1 . 1 ( 5 )

109 . 4 (7)

60 . 3 (5)

109 . 5 (7)

108 . 3 (7)

63 . 09 (7)

122 . 8 (2)

4 1 . 8 (2)

8 1 . 0 ( 2 )

1 5 1 . 7 (2)

XXXIX



Table 3 (conO : Bond angles (°)

P l b - M o b - B 3 b 117 . 8 ( 2 )

P 2 b - Mo b - C 2 b 75 - 8 ( 2 )

P 2 b - Mo b - C 4 b 42 . 8 ( 2 )

P 2 b - M o b - C 1 4 b 140 . 2  (2)

P 2 b - M o b - B 2 b 145 . 2  ( 2)

C l b - M o b - C 2 b 82 . 1 ( 4 )

C l b - M o b - C 4 b 79 . 7  (3)

C l b - M o b - C 1 4 b 1 1 1 . 4 ( 3 )

C l b - M o b - B 2 b 77 . 4 ( 3 )

C 2 b - Mo b - C3 b 80 . 9 ( 3 )

C 2 b - Mo b - C1 3 b 10 9 . 6 ( 3 )

C 2 b - M o b - B l b 12 1 . 3  ( 3)

C2 b - Mo b - B3 b 72 . 9  ( 3)

C 3 b - Mo b - C1 3 b 97 . 3  ( 2)

C 3 b - M o b - B l b 156 . 8 ( 3 )

C3 b - Mo b - B3 b 109 . 2  ( 3)

C4 b - Mo b - C1 4 b 98 . 8 ( 2 )

C4 b - Mo b - B2 b 149 . 6 ( 2 )

C1 3 b - Mo b - C 1 4 b 39 . 8 ( 2 )

C 1 3 b - Mo b - B 2 b 71 . . 6 ( 3 )

C 1 4 b - M o b - B l b 4 1 . . 4 ( 3 )

C 1 4 b - Mo b - B 3 b 7 0 . . 1 ( 3 )

B l b - M o b - B 3 b 74 . 6 ( 3 )

M o b - P l b - C 3 b 63 . 6 ( 2 )

C 3 b - P l b - C 4 b 83 . 5 ( 3 )

Mo b - P 2 b - C 4 b 6 4 . 0 ( 2 )

M o b - C l b - O l b 174 . 5 (7)

M o b - C 3 b - P l b 74 . 5 (2)

Mo b - C3 b - C5 b 133 . 1 ( 4 )

P l b - C 3 b - C 5 b 127 . 3 (6)

M o b - C 4 b - P l b 74 . 2 (2)

Mo b - C4 b - C9 b 134  . 3 (5)

P l b - C 4 b - C 9 b 128 . 9 (6)

C 3 b - C 5 b - C 6 b 1 1 1 . 5 (7)

C 3 b - C 5 b - C 8 b 106  . 4 (6)

P 2 b - M o b - C l b 76 . 9 ( 2 )

P 2 b - Mo b - C3 b 42 -5 (2)

P 2 b - Mo b - C1 3 b 139 . 3  (2)

P 2 b - M o b - B l b 143 - 1 (2)

P 2 b - Mo b - B3 b 141 . 1 ( 2 )

C l b - M o b - C 3 b 119 -3 (3)

C l b - M o b - C 1 3 b 143 . 1 ( 3 )

C l b - M o b - B l b 74 . 0 ( 3 )

C l b - M o b - B 3 b 120 . 3  (3)

C2 b - Mo b - C4 b 118 - 3 (3)

C 2 b - Mo b - C 1 4 b 142 . 5  (3)

C 2 b - Mo b - B 2 b 77 - 9 ( 3 )

C 3 b - Mo b - C4 b 59 . 3  ( 2)

C 3 b - Mo b - C 1 4 b 117 . 1 ( 2 )

C 3 b - Mo b - B2 b 150 . 8  (2)

C 4 b - Mo b - C 1 3 b 119 . 8  (2)

C 4 b - M o b - B l b 109 . 1 ( 3 )

C 4 b - Mo b - B 3 b 159 . 3  (3)

C 1 3 b - M o b - B l b 70 . 1 ( 3 )

C 1 3 b - Mo b - B 3 b 41 . 0  (3)

C 1 4 b - Mo b - B 2 b 1 1 .. 8  (3)

B l b - M o b - B 2 b 4 5 . . 0 ( 3 )

B 2 b - Mo b - B 3 b 45 .. 1 ( 3 )

M o b - P l b - C 4 b 64 . 0 ( 2 )

M o b - P 2 b - C 3 b 63 . 7 ( 2 )

C 3 b - P 2 b - C 4 b 82 . 0 (3)

Mo b - C2 b - O2 b 173 . 5 (7)

M o b - C 3 b - P 2 b 73 . 8 (2)

P l b - C 3 b - P 2 b 97 . 1 ( 3 )

P 2 b - C 3 b - C 5 b 130 . 4 (6)

M o b - C 4 b - P 2 b 73 . 3 (2)

P l b - C 4 b - P 2 b 96 . 6 (3)

P 2 b - C 4 b - C 9 b 128 . 8 ( 6 )

C 3 b - C 5 b - C 7 b I l l . 3 (6)

C 6 b - C 5 b - C 7 b 110 . 1 (8)
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Table 3 (cont.): Bond angles (°)

C 6 b - C 5 b - C 8 b 1 0 8 . 8  (7)

C 4 b - C 9 b - C 1 0 b 1 0 7 . 4  (7)

C 4 b - C 9 b - C 1 2 b 1 1 1 . 7  (8)

C 1 0 b - C 9 b - C 1 2 b 1 0 7 . 7 ( 8 )

Mo b - C 1 3 b - C 1 4 b 7 0 . 3 ( 3 )

Mo b - C 1 3 b - B 5 b 1 3 0 . 2  (4)

C 1 4 b - C 1 3 b - B 3 b 1 1 2 . 8 ( 5 )

C 1 4 b - C 1 3 b - B 6 b 1 1 1 . 4 ( 5 )

B 3 b - C 1 3 b - B 6 b 6 3 . 9 ( 5 )

Mo b - C 1 4 b - C1 3 b 6 9 . 9  (3)

Mo b - C 1 4 b - B 4 b 1 2 9 . 4 ( 5 )

C 1 3 b - C 1 4 b - B l b 1 1 1 . 9  (5)

C 1 3 b - C 1 4 b - B 5 b 6 2 . 4  (4)

B l b - C 1 4 b - B 5 b 1 1 4 . 7 ( 5 )

M o b - B l b - C 1 4 b 6 9 . 0 ( 4 )

M o b - B l b - B 4 b 1 2 4 . 5  ( 5)

C 1 4 b - B l b - B 2 b 1 0 5 . 4 ( 6 )

C 1 4 b - B l b - B 8 b 1 0 5 . 1 ( 6 )

B 2 b - B l b - B 8 b 6 0 . 2  (5)

M o b - B 2 b - B l b 6 7 . 5 ( 4 )

Mo b - B 2 b - B 7 b 1 2 2 . 2  (5)

B l b - B 2 b - B 3 b 1 0 4 . 4 ( 6 )

B l b - B 2 b - B 8 b 5 8 . 6  ( 4)

B 3 b - B 2 b - B 8 b 1 0 6 . 0 ( 6 )

M o b - B 3 b - C 1 3 b 6 9 . 2  ( 3)

Mo b - B 3 b - B 6 b 1 2 5 . 3  (5)

C 1 3 b - B 3 b - B 2 b 1 0 5 . 5  ( 5)

C 1 3 b - B 3 b - B 7 b 1 0 4 . 5  ( 6)

B 2 b - B 3 b - B 7 b 6 0 . 0  (5)

C 1 4 b - B 4 b - B l b 5 7 . 6 ( 5 )

C 1 4 b - B 4 b - B 8 b 1 0 4 . 1 ( 6 )

B l b - B 4 b - B 5 b 1 0 9 . 2  (6)

B l b - B 4 b - B 9 b 1 0 8 . 8 ( 6 )

B 5 b - B 4 b - B 9 b 6 1 . 1 ( 5 )

C 1 3 b - B 5 b - C 1 4 b 5 5 . 3  (4)

C 7 b - C 5 b - C 8 b 1 0 8 . 6 ( 8 )

C 4 b - C 9 b - C l l b 1 1 1 . 4 ( 7 )

C 1 0 b - C 9 b - C l l b 1 0 7 . 6 ( 8 )

C l l b - C 9 b - C l 2 b 1 1 0 . 8 ( 9 )

M o b - C 1 3 b - B 3 b 6 9 . 8  (4)

Mo b - C 1 3 b - B 6 b 1 3 0 . 0  (5)

C 1 4 b - C 1 3 b - B 5 b 6 2 . 3  (4)

B 3 b - C 1 3 b - B 5 b 1 1 5 . 1  (5)

B 5 b - C 1 3 b - B 6 b 6 1 . 2 ( 5 )

M o b - C 1 4 b - B l b 6 9 . 6  (4)

M o b - C 1 4 b - B 5 b 1 2 9 . 9  (4)

C 1 3 b - C 1 4 b - B 4 b 1 1 0 . 8 ( 5 )

B l b - C 1 4 b - B 4 b 6 3 . 6 ( 5 )

B 4 b - C 1 4 b - B 5 b 6 1 . 0 ( 5 )

M o b - B l b - B 2 b 6 7 . 4 ( 4 )

M o b - B l b - B 8 b 1 2 3 . 4 ( 5 )

C 1 4 b - B l b - B 4 b 5 8 . 8 ( 5 )

B 2 b - B l b - B 4 b 1 0 8 . 3 ( 6 )

B 4 b - B l b - B 8 b 5 9 . 9 ( 5 )

Mo b - B2 b - B3 b 6 7 . 4  (3)

Mo b - B2 b - B 8 b 1 2 2 . 1 ( 5 )

B l b - B 2 b - B 7 b 1 0 5 . 3 ( 6 )

B 3 b - B 2 b - B 7 b 5 9 . 1 ( 4 )

B 7 b - B 2 b - B 8 b 5 9 . 7  (5)

Mo b - B3 b - B 2 b 6 7 . 5  (3)

Mo b - B3 b - B7 b 1 2 3 . 1  (5)

C 1 3 b - B 3 b - B 6 b 5 9 . 4 ( 5 )

B 2 b - B 3 b - B 6 b 1 0 8 . 5 ( 6 )

B 6 b - B 3 b - B 7 b 5 9 . 4 ( 5 )

C 1 4 b - B 4 b - B 5 b 6 0 . 4 ( 5 )

C 1 4 b - B 4 b - B 9 b 1 0 6 . 4 ( 6 )

B l b - B 4 b - B 8 b 6 0 . 0 ( 5 )

B 5 b - B 4 b - B 8 b 1 0 9 . 3  (6)

B 8 b - B 4 b - B 9 b 6 0 . 3  (5)

C 1 3 b - B 5 b - B 4 b 1 0 3 . 1 ( 6 )
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Table 3 (cont.): Bond angles (°)

C 1 3 b - B 5 b - B 6 b 5 8 . 7  (5) C 1 3 b - B 5 b - B 9 b 1 0 4 . 3 ( 6 )

C 1 4 b - B 5 b - B 4 b 5 8 . 5  (4) C 1 4 b - B 5 b - B 6 b 1 0 3 . 8  (6)

C 1 4 b - B 5 b - B 9 b 1 0 4 . 1 ( 6 ) B 4 b - B 5 b - B 6 b 1 0 8 . 4  (7)

B 4 b - B 5 b - B 9 b 5 9 . 9  (5) B 6 b - B 5 b - B 9 b 6 0 . 8  (5)

C 1 3 b - B 6 b - B 3 b 5 6 . 7  (4) C 1 3 b - B 6 b - B 5 b 6 0 . 1  (4)

C 1 3 b - B 6 b - B 7 b 1 0 3 . 2 ( 6 ) C 1 3 b - B 6 b - B 9 b 1 0 5 . 0  (5)

B 3 b - B 6 b - B 5 b 1 0 8 . 3 ( 6 ) B 3 b - B 6 b - B 7 b 6 0 . 4 ( 5 )

B 3 b - B 6 b - B 9 b 1 0 8 . 2 ( 6 ) B 5 b - B 6 b - B 7 b 1 0 8 . 2 ( 6 )

B 5 b - B 6 b - B 9 b 6 0 . 4 ( 5 ) B 7 b - B 6 b - B 9 b 5 9 . 7 ( 5 )

B 2 b - B 7 b - B 3 b 6 0 . 9 ( 5 ) B 2 b - B 7 b - B 6 b 1 0 9 . 7  (6)

B 2 b - B 7 b - B 8 b 6 0 . 2 ( 5 ) B 2 b - B 7 b - B 9 b 1 0 9 . 5 ( 6 )

B 3 b - B 7 b - B 6 b 6 0 . 1  (5) B 3 b - B 7 b - B 8 b 1 0 7 . 7 ( 5 )

B 3 b - B 7 b - B 9 b 1 0 8 . 8  (6) B 6 b - B 7 b - B 8 b 1 0 7 . 9  (6)

B 6 b - B 7 b - B 9 b 6 0 . 7 ( 5 ) B 8 b - B 7 b - B 9 b 5 9 . 7 ( 5 )

B l b - B 8 b - B 2 b 6 1 . 2 ( 5 ) B l b - B 8 b - B 4 b 6 0 . 1  (5)

B l b - B 8 b - B 7 b 1 0 7 . 6 ( 6 ) B l b - B 8 b - B 9 b 1 0 8 . 3 ( 6 )

B 2 b - B 8 b - B 4 b 1 0 9 . 2 ( 6 ) B 2 b - B 8 b - B 7 b 6 0 . 2  (5)

B 2 b - B 8 b - B 9 b 1 0 9 . 2 ( 6 ) B 4 b - B 8 b - B 7 b 1 0 6 . 3 ( 6 )

B 4 b - B 8 b - B 9 b 5 9 . 5  ( 5) B 7 b - B 8 b - B 9 b 5 9 . 4  (5)

B 4 b - B 9 b - B 5 b 5 9 . 0 ( 5 ) B 4 b - B 9 b - B 6 b 1 0 6 . 1  (6)

B 4 b - B 9 b - B 7 b 1 0 8 . 0 ( 7 ) B 4 b - B 9 b - B 8 b 6 0 . 3  (5)

B 5 b - B 9 b - B 6 b 5 8 . 8 ( 5 ) B 5 b - B 9 b - B 7 b 1 0 7 . 0 ( 6 )

B 5 b - B 9 b - B 8 b 1 0 7 . 6 ( 6 ) B 6 b - B 9 b - B 7 b 5 9 . 7 ( 5 )

B 6 b - B 9 b - B 8 b 1 0 8 . 0  ( 7 ) B 7 b - B 9 b - B 8 b 6 0 . 9  (5)

Cl - Mo- CBa 1 0 8 . 0  ( 2) C l - Mo - CP a 1 0 1 . 0  (2)

C2-Mo-CBa 1 0 8 . 3  ( 2 ) C2- Mo- CPa 1 0 0  . 4  (2)

CBa-Mo- CPa 1 4 1 . 6 7  ( 3) Cl b - Mo b - CBb 1 0 7 . 3  (2)

Cl b - Mo b- CPb 1 0 0 . 1 ( 2 ) C2b- Mob- CBb 1 0 6 . 9 ( 2 )

C2b- Mob- CPb 1 0 0 . 3  ( 2) CBb-Mob- CPb 1 4 3 . 4 6  (3)

CB a n d  CP a r e  t h e c e n t r o i d s  o f t h e  C2B3 f a c e o f  t h e  c a r b o r a n i

an d  t h e  P2C2 r i n g r e s p e c t i v e l y i n  m o l e c u l e s  a a n d  b .
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Summary

The reaction o f  [Mo(Ti2-PhC2P h){P (O M e)3}2(T1-C 5H 5)][B F 4] XI w ith  R M gX  (R  =  Et, 

GH2Ph) g iv es com plexes [M o(r|2-PhC2P h)(R ){P (O M e)3}(r|-C 5H 5)] (R = Et 1, CH2Ph  

2). Com pound 1 reacts w ith  CO to form  [M o{r |2=C (P h )C (P h )C (E t)0}(C O )-  

{P (O M e)3}(r |-C 5H 5)] 3 containing an oxam etallacycle. H eating a solution  o f  com plex  

2 in presence o f  diphenylacetylene affords the param agnetic 17 electron com plex  

[M o(r|6-C 6Ph6)(ri-C 5H 5)] 4 , w h ose structure w as determ ined by X -ray crystal

lography. For the form ation o f  4  a radical m echanism  is proposed.

On addition o f  a lly l m agnesium  brom ide to XI a com plex  w ith  a a-b on d ed  ally l group  

is form ed, w h ich  could  not be isolated. H ow ever, after addition o f  trim ethylphosphite  

to the reaction m ixture the com plex  [M o{r|2-C (Ph)=C (Ph)C H 2C H =C H 2}{P (O M e)3}2- 

(r|-C 5H 5)] 5 is form ed, the structure o f  w h ich  w as resolved  by X -ray diffraction. The 

m echanism  o f  this reaction probably invo lves a [3 ,3]-sigm atropic rearrangement.

U nexpected ly , the reaction o f  XI w ith  CH2(M gI)2 affords the zw itterion ic com plex  

[M o(ri2-PhC2Ph){ri2-P(O M e)2O BF2O P(O M e)2}(Ti-C5H 5)] 6. The structure o f  6 w as 

established by an X -ray diffraction study. Treatment o f  6 w ith  K [H B B u 3s] y ie ld s the 

anionic r|2-v in yl com plexes K [M o(r|2=C (Ph)C (H )P h){r|2-P (O M e)2O B F2O P(O M e)2}- 

(t]-C 5H 5)] 9. Protonation o f  9 generates an unsaturated /nm y-stilbene com plex  

[M o (^ r a -P h H C 2P hH ){r|2-P(O M e)2O B F2O P(O M e)2}(Ti-C5H 5)] A , w h ich  w as treated 

in  s itu  w ith  CO or trim ethylphosphite to g ive  [M o(L )2{r|2-P(O M e)2O B F2O P(O M e)2}- 

(ri-C5H 5)] (L = CO 11, P(O M e)3 12).

A ddition o f  phosphaalkyne to A  affords [M o {q 2-P(O M e)2O B F2O P (O M e)2}(r |2-P=
t 2C B u)(rj-C 5H 5)] 14, the first com plex  in w hich  a phosphaalkyne adopts an rj (4e) 

bonding m ode. 14 reacts w ith  a second m olecu le o f  phosphaalkyne to g iv e  the 

diphosphacyclobutadienyl com plex  [M o{r|2-P(O M e)2O B F2O P(O M e)2} {r|4- 

P2C2(B ut)2}(r1-C 5H 5)] 15.

A ddition  o f  tw o equivalents o f  diphenylphosphine to [M o(N C M e)(r| -PhC2Ph)2(r|- 

C5H 5)][B F 4] LXIX g iv es  the com plex  [M o(PPh2H )2(Ti2-PhC2Ph)(r|-C 5H 5)][B F 4] 16,



which can be deprotonated with Li[N(SiMe3)2] or K[BHBus3] to afford the phosphide 

complex [Mo(PPh2)(PPh2H)(r|2-PhC2Ph)(ri-C5 H5)] 17.

The carbaborane complexes [closo-3,3-(r|2-PhC2R)2-3-CO-3,1,2-MoC2B9H {j] (R= Ph 

18, R= Me 19) were synthesised by protonation of [NEt4][c/o^o-3,3-(CO)2-3-(ri3- 

C3H5)-3,l,2-MoC2B9Hn ] XXXII in the presence of the respective acetylene. Addition 

of trimethylphosphite to 18,19 and \closo-3,3 -(r|2-MeC2Me)2-3 -CO-3,1,2- 

MoC2B9H11] XXXIV yields the &A-phosphite complexes [c/as’o-3-(r|2-RC2R,)-3,3- 

{P(OMe)3}r 3,l,2-MoC2B9Hn ] (R= R’= Ph 22; R= Ph, R’= Me 23; R= R’= Me 24).

Treatment of 24 with but-2-yne at 90°C gives the complex [c/oyo-3,3-(r| -MeC2Me)2- 

3-{P(OMe)3}-3,l,2-MoC2B9Hn ] 26, while treatment with diphenylacetylene yields 

[c/oso-3-(r|2-MeC2Me)-3-(Ti2-PhC2Ph)-3-{P(OMe)3}-3,l,2-MoC2B9Hu ] 27, which is 

also obtained when 22 is treated with but-2-yne. However, under the same conditions, 

22 reacts with diphenylacetylene to give [closo-?>-(r\2-PhC2Ph)-3,3 - {P(OMe)3}2-8- {cr- 

/rara-C(Ph)=C(H)Ph}-3,l,2-MoC2B9H10] 28, whose structure was confirmed by X- 

ray crystallography. 28 is the product of an exo-polyhedral rearrangement, for which a 

mechanism involving two metal centres is proposed. A similar exo-polyhedral 

rearrangement reaction is observed when 18 is refluxed in acetonitrile yielding [closo- 

3,3-(Ti2-PhC2Ph)2-3-(NCMe)-8-{a-/r^-C(Ph)=C(H)Ph}-3,l,2-MoC2B9H10] 30.

Protonation of XXXII followed by addition of P=CBul gives the diphosphacyclo- 

butadienyl complex [c/o5o-3,3-(CO)2-3-{r|4-P2C2(But)2}-3,l,2-MoC2B9H11] 31.


