AD=A091 530 INDIANA UNIV AT BLOOMINGTON DEPT OF CHEMISTRY F/6 1/2 !
REACTIONS OF METAL-METAL TRIPLE BONDS. 7. ADDITION OF THE MALOG=-=ETC(U}

AUG 80 M H CHISHOLM: C C KIRKPATRICK N00O14~T76-C-0826

UNCLASSIFIED TR-80-3 NL

[




.. '

- me—

PP v A g - = >

ADA091530

0 FILE_COPY

- LEVE:

OFFICE NAVAL RESEARCH
Contract | NOOU1 U-'76-C-@856]

Task No. NR 056-625

N

LTECHNICAL RE@}PB 8d- _w//

RJACTIONQ OF NZTI"\"L‘METAL SRIPLE BONDS. 7. f&éDDITION OF THE
HALOGENS glz, Bro and IZ) AND DIISOPROPYLPEROXIDE TO
' HEXA ISOPROPOXYDIMOLYBDENUM ('D;I-',_M) . DINUCLEAR OXIDATIVE-
ADDITION REACTIONS ACCOMPANIED BY ME‘I‘AL METAL BOND

K

{

\ ORDER CHANGEq FROM THREE TO TWO TO ONE ‘
g"-"*w s o amy. iy PR

i —

P

go 1y

e -
@alcolm H/Chlsholm,/charles C. Klrkpatrlck and John C/Huffman / |4

N

s 2 fre
L/, 7 b am

S TR T A

Department of Chemistry A3
Indiana University L P
Bloomington, Indiana 47L%05

August 29, 1980

Reproduction in whole or in part is permitted for
any purpose of the United States Government

Approved for Public Release: Distribution Unlimited

—"
)/ -
€& S DOCUVTINT TS REST QUALITY Pmcncuu.Wé- [ 7645 b
[~ R R ST E RS 1 0 9

L. ", 1 ‘/)
SIGNTFIC ™7 ' =™ o5 % 1 eg bh gOp 8 O ) . il




[

DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

» »
REPORT DOCUMENTATION PAGE BEFORE COMPLETING EoRM
. REPORT NUMBER 2. GOVT ACCESSION NQ.| 3. RECIPIENT'S CATALOG NUMBER
4. TITLE (and subtite)Reactions of Metal-Meta S. TYPE OF REPORT & PERIOD COVERED
f 7.1 Addition of the Halogens (Clz, Brz ang

I.) and Diisopropylperoxide to Hexaisopropt Technical Report 1980
oxydimolybdenum(M=M). Dinuclear Oxidativefs FErroRMING ORG. REFORT NUMBER

Addition Reactions Accompanied by Metal- -20-3"
7. AUTHOR(s) Metal Bond Order Changes From Thregs™ees ACY OR'GRANY NUMBER(a) |
; To Two to One pRUeTee
t M. H. Chisholm, C. C. Kirkpatric, and
' J._C.  Huffman ’ P ’ "ﬁOOOlu 76-C-0826
s 9. PERFORMING ORGANIZATION NAME AND ADDRESS ~ 10. PROGRAM ELEMENT PROJECT TASK
' Department of Chemistry . ,\pxk° AREA & WORK UNIT NUMBER
i Indiana University S0°
| Bloomington, Indiana 7405
i ; 11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Office of Naval Research August 29, 1980
Department of the Navy . MN“;;°‘P“WS

14. MONITORING AGENCY NAME & AODRESS(If dillerent from Controlling Oltice) 15. SECURITY CLASS. (of this report)

tSa. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thia Report)

Approved for public release: distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, 1 different from Report)

18. SUPPLEMENTARY NOTES

. P e O AR ot B e -

19 KEY WORDS (Continue on reverse side if necessary and identify by block number)

Molybdenum, metal-to-metal triple bonds, oxidative additionm, A 3
alkoxides. ' d

| | |

20. ABSTRACT (Canunuo on reverge aide It necessary and Identity by block number) !
Mog(OPr e (M=M) and PriOOPr react in hydrocarbon solvents,

at room temperatures andlsn the dark, to give the previously

characterized compound Mo?(OPr e (M-M) Moa(OBu e (M=M) fails

to react with either Pr OOPri or But00Bu® and M02 OPr~)e and

Bu OOBu do not react under similar conditions. A reaction

RN S e
T Sa—— '

e e S,

MWL o e

DD , %35, 1473 coimion of 1 nOV 63 15 oBsoLETE
S/N 0102-014-66801

SECURITY CLASSIFICATION OF THIS PAGE (When Data Batered)




LLLURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

pathway involving an initial association reaction is proposed:
Mo2(OR)s + ROOR w== Mo:(OR):(ROOR) —> Mo..(OR)s. M02(0Pri)6
reacts With each of the halogens (Cl., Brz and I») to give
MoZ(OPrl)sX4 (M-1) compounds (X = Cl, Br and I. These reactions
proceed via intermediates, probably Moz(OPri)6X2 compounds

which are lablle toward disproportionation to give Moe(OPr Ye

and Moa(OPr )eX4 compounds. The compounds Moz (OPr')eXs are
thermally unstable and moisture sensitive. In vacuo or under

a nitrogen atmosphere they decompose slowly at room temperature
by the elimination of isopropyl halides. X-ray studies on the
chloro and bromo compounds show that both compounds contain
central Mo-0:Xs4 units that have virtual Dzp symmetry. Each
molybdenum atom is in a distorted octahedral environment

formed by a pair of cis terminal halide ligands, a palr of

trans terminal OPr' ligands and a pair of cis- br1dg1ng OPr
ligands. There are planar Moz(u-0)2X, units and the M-M
distance in both is 2.73 K, which, together with other
characterization data, are indicative of Mo-to-Mo single bonds.
These findings are compareq with earlier work, Crystal data
are as follows for Moz(OPr')sCls,: a =20.722(6) A, b =
9.017(2) &, ¢ = 14.747(4) K, B = 96.02(1)°, V 2922 6(1) A
Z =k, dcalcd = 1.578 g cm”® with space group P2,/a, for

]

Mo»(OPr™)aBrs-1/2CHa: a = 15.204(5) &, b = 12.8%9(5) &,
c =10.535(3) A, B =120.76(1)°, V = 1768.6(1) A%, 2z =1,
deated. = 1.638 g cm™™ with space group P2,/a.

BYy— 7 v.‘/
tr&\;z\ltt“‘ )
pastr VT

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

;T T oRBEAN

s

o e o Y

TN AL L

T T WP o0 NP =0 ori S¥ich s 1 P9 ST NPT, MNPt e ¢ 10 0.4 - TRRRAI ¥°T 5k




INTRODUCTION

In mononuclear transition metal chemistry, the term
xidative-addition® is often used to describe reactions in
which both the oxidation number and coordination number of
the metal are increased by two. The microscopic reverse
reactioa is called reductive elimination, and the two
complementary reactions are incorporated into numerous

catalytic cycles, involving especially the group 8 transition

elements.? We have speculated® that dinuclear compounds of

the transition elements containing metal-to-metal triple

bonds* might also enter into these types of reactions and A
that M-M bond order changes would occur., In this paper we// l)
describe some simple addition reactions involving Moa(OPri)e

(M=M)® in which the Mo-to-Mo bond order is changed in a

stepwise manner from three to two to one.
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RESULTS AND DISCUSSION

Moo (OPr')s + Pr00Pr’. Hydrocarbon solutions of Moe(OPri)s

are pale yellow and upon addition of Pr*00Pr' at room temper-
ature quickly turn green-blue. 1In the presence of a five-

fold excess of the diisopropylperoxide, MOg(OPri)g is formed

virtually quantitatively within 12 h at room temperature. The
latter compound may be isolated by merely stripping the solvent
and excess diisopropylperoxide and can be purified by vacuum
sublimation.® The reaction is accelerated by heat and light,

though the latter is not required at room temperature. Below

[RES PARPR LS X R R TRy
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room temperature the reaction is slow and does not{go to

completion within a period of days. When the reaction was ;;
carried out in a sealed tube within the cavity of an esr é‘
spectrometer, no signals were detected.
The addition of But00Bu® to hydrocarbon solutions of 3
either Moa(OPri)s or M02(0But)6 results in color changes but

little reaction evidently occurs at ambient temperatures since

the Moz2(OR)s compounds are recovered upon sublimation of the
solids obtained by stripping the solvent and excess But00Bu®.

In a similar experiment PrlooPr' was added to Mog(OBut)G:

PRYSIUR PRI T £ PR S IR

again only M02(0But)6 was recovered.

We believe that steric factors are important in deter-
mining the rates of these addition reactions and that the
reactivity order MoZ(OPri)e > Moz(OBut)e which parallels

=

that observed toward Lewis bases,” aryl azides” and molecular

oxygen,'' may be rationalized by the requirement that the
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dialkylperoxide must coordinate to the dimetal center before

0-0 bond cleavage and oxidative addition is achieved.

(i) Moz(0Pr')s + PrlooPrl == Mo»(0Prl).(Priooprl)

(ii) Mo=z(OPrl)s(PriooPr') —> Mo.(0Prl),

Moz (OPrl). + X (X = Cl, Br and I). Mo=(OPri)s in CCl,

reacts rapidly with Clz and Br: to give orange crystalline
solids MOQ(OPri)ﬁX4, where X = Cl and Br, respectively. 1In
hexane Moz(OPri)s and I, react to give MOQ(OPri)GI4 as a
brown solid. The rate of addition follows the order Clz: >
Br> > 1I». When only 1 equivalent of Br. is added slowly
the solution is initially green but with time turns orange as
Mog(OPri)gBr4 crystallizes from solution. The solution con-
tains Moz(OPri)s. Addition of I. (1 equiv) to Moe(OPri)e in
hexane gives an intense green solution from which hexane
soluble green crystals can be isolated. This compound,
believed to be M02(0Pri)612, is currently the subject of

further studies.

Physicochemical Properties of Moz(OPrl)GX4 Compounds

(X =Cl, Br, I). All the compounds are moisture sensitive

and thermally unstable. They slowly decompose in vacuo

and under nitrogen at room temperature by the elimination

of isopropyl halides. The resultant black molybdenum con-
taining residues are insoluble in all common organic solvents
and have not been characterized. The M02(0Pri)nx4 compounds

are insoluble in hexane and other aliphatic hydrocarbons but

PO DTN 3 TR W e AR




— S

they are appreciable soluble and can be recrystallized from
toluene and benzene solutions. In the mass spectrometer there
were no molybdenum containing ions: the spectra showed intense
Pr-X' ions. When samples were heated in vacuuo to 60°C
isopropyl halides were evolved and were identified by 'H NMR
spectroscopy. Cryoscopic molecular weight determinations

were carried out on both the chloro and bromo compounds:

in both instances low molecular weights were obtained. We
attribute this to the instability of the compounds and to
their ready decomposition by the elimination of PriX. The

'H NMR spectra of all three compounds were similar indicative
of two types of oprl ligands in the ratio 2:1., The spectra
are consistent with the maintenance of the solid state
structure in solution and the two types of OPri ligands can

be assigned to terminal and bridging OPri ligands, both of

which lie in planes of molecular symmetry. One point of
initial concern to us was the anomolous deshielding associated
with one of the methyne protons which increased in the order

I > Br > Cl. As is shown later this can be rationalized

by structural consideratioms.

In order to check whether elimination of PriBr was
reversible we prepared (CD:)=CHBr. Addition of (CDs)=CHBr to
a solution of Moa(OPri)sBr4 in toluene-ds; gave no evidence

(from 'H NMR studies) for the reversible reaction shown below.

i

Mos(OPrl)eBr, == Mo,(0)~(OPrl).Brz + 2 PrlBr
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We conclude that when Moe(OPri)GX4 compounds eliminate Prix,
they do so irreversibly. In this and all other respects

the Mog(OPri)6X4 compounds appear to be analogous to the
tungsten compounds Wz(OR)sCl: (R = Me, Et and n-Pr) studied
by Brubaker and his coworkers™ and originally prepared by
Klejnot.® On the basis of i.r. studies these authors favored
the existence of chloride bridgex. We show, however, that
for melybdenum there are alkoxy bridges and only terminal

halide groups.

Solid State Structures

Moa(OPrl)aC14. In the crystalline state the compound is

composed of discrete molecules of Mog(OPri)6014. An ORTEP
view of the molecule indicating the coordination geometry
and atom numbering scheme is shown in Figure 1. Final atomic
coordinates and thermal parameters are given in Table 1.
Complete listings of bond distances and angles to non-hydrogen
atoms are given in Tables 2 and “, respectively. Bond dis-
tances and angles to hydrogen atoms and non-bonding distances
to %.0 A are given in the supplementary material.

The central Moz0:Cl., unit has virtual Doh symmetry. Each
molybdenum atom is in a distorted octahedral geometry. There
i

are a pair of cis Mo-Cl groups, a pair of trans-terminal OPr

ligands and a pair of cis-bridging opr’t ligands.

MogLQPri)gBr4. This compound crystallized with a molecule

of solvent (toluene) in the unit ceil. The toluene molecule

RS, ) TR R AR N
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was disordered and was refined isotrepically. All hydrogen
atoms (other than those of the solvent molecule) were
located and refined. An ORTEP view of the Moe(OPri)sBr4
molecule showing the coordination gecmetry and the atom
numbering scheme is shown in Figure 2. Final atomic coordin-
ates and thermal parameters are given in Table Y. Complete
listings of bond distances and angles, involving non-hydrogen
atoms are given in Tables 5 and ', respectively.

The central Moz0sBr, unit has virtual Dzh symmetry and a
crystallographically imposed center of inversion relating the
two halves of the dimer. The Mo;(OPri)aBr4 molecule has

rigorous Czp symmetry.

Remarks on Structure and Bonding in Mop(OPr1)6X4 Molecules

The angles subtended at molybdenum to the oxygen and
halide atoms in both MOQ(OPri)nC14 and MOQ(OPri)eBr4 are
remarkably similar and deviate little from those required
for a regular octahedral set of molybdenum atomic hydrid
orbitals. The greatest deviation from linearity for a trams
angle occurs for the mutually trans pair of terminal OPr:.L

VoG

ligands. Here the 0-Mo-0 angle is (averaged) and the
distortion bends these bonds away from the center of the
molecule. This distortion no doubt results from steric
repulsive interactions. Indeed =pace filling models suggest

that steric factors determine the arrangement of the isopropyl

groups and thus confine the methyne protons of the bridging

I T T
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H
opr’t ligands to the Mo2X40z plane and bring about abnormally

short CH----X non-bonding distances, 2.!: A faverage) in 3
MOg(OPrl)6C14 and 2.59 A in Moz (OPr')sBrs. It is this short ‘

distance that we believe is responsible for producing the -

anomalous deshielding of the methyne proton resonances of the
bridging OPri ligands which occur at 6 = 7,90, 7.44 and 7.21
(6 in ppm relative to Me«Si) when X = I, Br and Cl,

respectively.

B L s

The observed diamagnetic nature of the compourids and the

O

short Mo-to-Mo distances, 2.771(1) A in Moz (OPr*)sCl, and

2.739(1) A in Moa(OPrl)gqu, are consistent with the view that
these compounds contain Mo-Mo single bonds. Whenever bridging
3 groups are present it is not possible to distinguish unequi-

; vocally between the direct coupling of electron spins (M-M

bonding) and indirect coupling through bridges. However, i

for the Moa(OPr1)6X4 compounds the evidence for direct metal- :
metal bonding is virtually overwhelming. \

1. Though Mo-Mo single bonds vary greatly in length

depending upon oxidation state number and the character of the

ligands present, the distance 2.77 A is rather a normal value.!°

2. The Mo-Mo distances in MOQ(OPri)GX4 compounds may be
compared to the Mo=Mo bond distance, 2.222(2) X, in Mo-(OCHzCMes ):®
and the Mo=Mo bond distances of 2,198(1) and 2.523(1) A found in
Moa(OBut)r(CO)ll and Moz(OPri)Q”, respectively. In both of
tne latter compounds there are bridging OR ligands.

7. In both [MO(OPri)@(NO)!“1a and [Mo{OPr')s(NO)(HNMeo)]2!2




there are planar central Mo.{u-0). groups with Mo-to-Mo

distances of 3.3%35(2) and 5.%00(2) A, respeccively. On
electronic grounds we have argued that these are non-bonding
Mo-to-Mo distances.

", A comparison with the [Nb({OMe). ], structure'? is
particularly pertinent. Niobium and molybdenum are sister
elements differing only in one valence electron. In the
compounds [Nb(OMe)s]= and Moa{OPriBNXA, the metal atoms are in
oxidation state number +5 and in nctahedral coordination
environments. The metal-oxygen distances are similar and the
only major difference concerns the structural parameters of
the central Mz(u-0)> units. For [Nb{OMe)s]z there are two
conformers in the unit cell which yield an averaged Nb-to-Nb
distance of %.5 A and an average Nb-0-Nb angle of 110°. This
contrasts with the much shorter Mo-to-Mo distance [2.735 &
(averaged)] and more acute Mo-0-Mo angle (85°) found in the
MOZ(OPri)”X4 molecules. These structural differences arise
because the dimers are of the type d°-d° (Nb-Nb) and d'-d’
(Mo-Mo) which correspond to M-M bond orders of zero and one,
respectively. The M-M bond in MO;(OPY1)0X4 is easily
pictured as a o-bond arising from the overlap of two tzg-type
d orbitals which, in an octahedral geometry, have lobes
directed in between the oxygen atoms that bridge the two
molybdenum atoms.

Aside from the structural evidence of the M-M bond there

is chemical evidence for its existence. [Nb(OMe)s]- reacts

with pyridine and many other donov molecules'® to give

ek ko thmihe e Vet
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mononuclear adducts of the form Nb{OMc' 1 On the other hand
: Moa(OPri)ﬁBr4 dissolves in pyridine-d without cleavage of the 1
3 dimer: the 'H nmr spectrum is essentially the same as that é
| obtained in toluene-d..

”

A, Finally in 19079 Cotton'" noted: “For any particular

element it is possible empirically to locate a transition
region within the entire range of its known formal oxidation ;F
states in which M-M bonding gains ascendency. With molybdenum :
the influence of the nature ot the bridging ligands is clearly
shown by the fact that with oxygen and chlorine the threshold

of M-M bonding is reached at different oxidation states.

Structural evidesnce for Mo-Mo bonding in the Moz (u-0)2 system |

|
is found!” for the Mo(5+) anion Mo.(0).(Cz204)2(H20)2%" whereas 1.
both structural!® and magnetic'® evidence show that there is

”

no Mo-to-Mo bond in Mo:Cl;.. The structural characterization

of the MOZ(OPr1)5X4 compounds is thus particularly noteworthy.

We now see that for a mixed halide alkoxide of Mo(5+), through
the agency of bridging alkoxide ligands, Mo-Mo bonds are

formed.

The last point of interest in the Mog(OPrl)gX4 structures

concerns the extremely short Mo-0O distances, 1.81 A (averaged)

TR PO ¥ 577 N

associated with the terminal oprl ligands. This is signifi- D
cantly shorter (by 0.00 A or more) than any other Mo-OR A
distance yet reported. Indeed these distances are only slightly
longer than the oxo-molybdenum distance, 1.801(9) K, reported®°

for the green isomer of MoOCl-(PPhEt-)... This distance has

a5 e Moy S T2
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been considared to be a Mo-0 double bond distance when
compared to shorter distances, ca. 1.69 A, normally associated
with Mo-0 triple bonds.®! For the Moa(OPri)6X4 compounds

the short Mo-OR (terminal) distances testify to the ability

of the alkoxy ligand to respond to the increased needs of a
metal to receive m-electron density as its oxidation state

is increased and/or as ligands are replaced by poorer m-

donors?2

LA PP e - e
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CONCLUSTIONS

In this work we have shown that oxidative additions to
a compound conéaining a M=M bond can occur with concomitant
changes in M-M bond order from three to two and one. Pre-
viously we have shown®® that reductive elimination from a
dimolybdenum center can bring about a metal-to-metal bond
order chanze from three to four. The prospects for dinuclear
transition metal chemistry® are thus further emphasized. The
generality and/or limitations of such transformations remains

to be established, however.

S C
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3 EXPERIMENTAL SECTION

General Procedures. All preparations and operations
were carried out under a dry and oxygen-free atmosphere or

; in vacuo, using standard Schlenk techniques.®* Hexane,

toluene and benzene were dried and freed from dissolved
molecular oxygen by distillation from a solution of the

solvent, benzophenone, phenylether and sodium. Carbon tetra-

P T o o e Do

‘* chloride was distilled over P>0s under a nitrogen atmosphere.
Samples were stored and handled in a Vacuum Atmospheres
Company Dri Lab system.

NMR spectra were obtained from a Varian Associates XL-

100 spectrometer. Infrared spectra were recorded on a

Perkin Elmer 273 infrared spectrophotometer. Mass spectra

sertion, courtesy of Mr. Peter Cook, Queen Mary College,

were obtained on an AEl MS 902 by the method of direct in- '
{
London. 1

Materials. M02(0Prl)e and M02(OBut)6 were prepared 2l

§A L

as described previously.® PriOOPri and But00Bu® were pre-
pared by reacting CH3zSOsR (R = Bu® and Prl, respectively)

with H-0- in alkaline medium.25,26

CD3:CHBrCD: was prepared
by the reaction between PBrz and CDsCHOHCDs;. The latter

compound was made from the reaction between acetone-ds

(Merch-Sharp and Dohme) and LiAlH,, followed by acid
hydrolysis.

High purity Cl.. was purchased from Matheson and was
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used without further purification. 1. was purified by
sublimation. Solutions of bromine in carbon tetrachloride
were standardized by addition of KI followed by titration of

the liberated I, with standard solutions of NasS-0s.

i

Moz (OPr™)s + PriOOPr . Moz(OPri)s (0.54 g, 0.97 mmol)

was dissolved in hexane (50 mL). To this yellow solution

priooprt (0.5 mL, 5.0 mmol) was added. The solution immediately

began to turn green, and upon stirring overnight (ca. 12 h)
became blue. The solvent was stripped and the remaining solids
sublimed at 80°C, 10~® torr. The 'H NMR spectrum, i.r.

'W spectrum and mass spectrum of the blue sublimate corresponded 1
to that of MOz(OPri)g. Trace quantities of unreacted MOz(OPri)e

were detected.

In a similar situation Moz(OPrl)G and ButOOBut, and,
Mog(OBut)G and each of But003u® and Prlo0Pr! were found not
to react: though the solution took on a green appearance

F only the Mo-(OR)s compounds were recovered upon sublimation.

] Moo (OPr™)sCl.,. Moa(OPrl)s (0.%2 g, 0.£5 mmol) was

dissolved in CCl, (175 mL) in a 500 mL round bottomed flask.
Clz (1.70 mmol) was condensed into a Urey tube to provide a

pressure of 0.08 Atmos at 22°C by way of a calibrated vacuum

manifold. The Urey tube was connected to the flask containing !
the hexane solution of Moe(OPrl)G under 1 Atmos (nitrogen gas
\? + solvent vapor) by a glass tube fitted with stopcocks. The

chlorine gas was then allowed to stowly diffuse toward the

Nl i e

e g




;
hexane solution of Moz(OPrl)s. After 3 days the solution was
brown and red-brown crystals had formed at the bottom of the
reaction vessel. These were recrystallized from toluene to
give red crystals of Moe(OPri)sC14. The results of several

analyses varied considerably, depending largely upon the age

of the sample. E.g., Analysis Caled: C, 31.39; H, 6.15;

cl, 20.71%. Found: C, 25.87; H, 5.67; Cl, 23.13%. Crystals
for X-ray studies were freshly prepared, kept cold (ca. -15°C)
prior to mounting in the liquid nitrogen boil-off cold stream.
Infrared data obtained from a Nujol mull between CsI plates:

260 m, 305 m, ):10 m, )-135 w, NSM m, J%99 S, 596 m, 612 W, 639 8,

728 w, 833 s, 868 s, 897 s, 960 vs, 989 s, 1098 vs, 1134 m, 3;
1169 m, 1262 w, 1310 s, 1320 m and 2900 vs cm™!. 'H nmr data
obtained from toluene-dg solutions at 100 MHz, 22°C: & = }

1

0.94 (d, 12H); 1.73 (d, 6H); 5.58 (septet, 2H) and 7.21 “i

(septet, 1H), J4y = 7.0 Hz. 6 in ppm relative to MesSi.

HH
Addition of 1 equivalent of Cl: to M02(0Pr1)6 in

CCl, gave only a mixture Moz(OPrl)s aad MO?(OPri)sC14 under

analogous conditions to those described above. Addition of A
greater than 2 equivalents of Cl. lead to destruction of

Moe(OPri)6C14 and formation of hydrocarbon insoluble products.

ey

Mos(OPri)sBre. Moz(OPrl), (1.161 g, 2.12 mmol) was

dissolved in CCls (80 mL). The solution was cooled to 0°C in
an ice-bath and a solution of Br> in CCl, (*.2 mmol of Brz)
was added slowly by syringe. The solution immediately turned

green, and then red as an orange precipitate formed. The

R A e . St
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solution was stirred and warmed to room temperature and the
orange precipitate was collected by filtration and then
crystallized from toluene. The results of several elemental
analyses were erratic and inconclusive [e.g., anal. caled.
for Moz(OPri)eBr4: C, 24,96; H, ".89; Br, 3>.014%. Found:
C, 25.12; H, 4.79; Br, 33.684). The crystals for X-ray

studies were freshly prepared, kept cold (ca. -15°C) and
taken directly from the mother liquor to the point of data
collection in the liquid nitrogen boil-off cold stream. The
crystals grown from toluene evidently contain toluene in the
unit cell. This solvent is lost if the crystals are dried
in vacuo, since they then fail to diffract X-rays and they

show no evidence of toluene in the infrared, 'H nmr or

A

mass spectrum. I.r. data obtained from a Nujol mull between

=TT

CsI plates: 280 w, 328 w, 399 m, 30 w, 5 m, 491 s, 583 m,
597 w, 629 vs, 721 w, 805 m, 823 s, 867 s, 888 s, 895 s,
9% vs, 982 s, 1014 s, 1092 vs, 1130 s, 1161 s, 1259 m,

1%16 s, 1267 s and 2940 vs em™!. 'H nmr data obtained from

toluene-ds at 100 MHz, 22°C: 6 = 0.91 (d, 12H), 1.55 (d, 6H),

ppm relative to Me,Si.

3
5.28 (septet, 2H) and 7.44 (septet, 1H); Jyg = 7.0 Hz. 6 in i
}
Under analogous conditions to those described above the i

4

addtion of 1 equivalent of Br, to Moz(OPrl)p gave green

solutions which slowly turned orange as Moz(OPri)sBr4 was

precipitated from solution. The mother liquor contained only

Mop(OPri)n. Addition of greater than ” equivalents of Br:

gave only Mog(OPri)gBr4 and unreacted Br. in the CCl, solution.
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Moz (OPrt)o1,. Moe(OPri)a (0.790 g, 1.44% mmol) was

dissolved in hexane (30 mL). To this solution, cooled to

ca. 0°C, I» (0.531 g, 2.88 mmol) dissolved in hexane (ca. 100
mL) was added dropwise. The solution turned green and

brown precipitate formed. The precipitate was collected by
filtration, dried in vacuum, and is formulated as MOz(OPri)614
on the basis of its similar properties to the other
M02(0Pri)nx4 compounds (X = Cl and Br). From the green

hexane solution, green crystals have been obtained and these
are the subject of continuing studies. The brown solids were
thermally unstable and elemental analyses were not sought,

'H nmr data for Moz(OPri)614 obtained in tolucene-ds; at 100 MHz,
22°C: 6 =1.07 (d, 12Hz), 2.00 (d, 6H), 5.72 (septet, 2H) and
7.90 (septet, 1H); Jgg = 7.0 Hz. & in ppm relative to
MesSi. 1I.r. data obtained from a Nujol mull between CsI
plates in the range 200 - 1500 em~!': 250 m, %00 w, 402 m,

W2 w, 45 m, 500 s, 590 m, 612 w, 640 s, 725 m, 830 s,

g2 s, 898 s, 956 vs, 990 s, 1093 vs, 1134 m, 1168 m, 1308 s

and 1540 w,

Thermal Stability of Moa(OPrl)GBr4. A solid sample of

Mog(OPri)gBr4 was heated in vacuo to 60°. The sample rapidly
darkened with the evolution of a gas giving within 1 h a
black molybdenum containing substance which was insoluble

in all common organic solvents. The volatile product of this
i

decomposition was identified as Pr

Br.
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Attempts to obtain a mass spectrum of Moe(OPri)aqu by the
method of direct insertion yielded pripget (m/e at 122 and 12%)
as the ion of high mass.
NMR tube samples of Mog(OPri)uqu in toluene-d. stored at
ca. 0"C showed significant quantities of PriBr. When heated
to +60°C rapid decomposition occurred yielding black solids
and PriBr, which was identified by 'H nmr spectroscopy.
Addition of (CDa)2CHBr to a toluene-dg solution of
Moe(OPri)aBr4 showed no exchange of isopropyl groups of the type
shown below, which would be expected if elimination of PriBr

was reversible.

Moo (OCH(CHz ). )sBra + (CD3)2CHBr (excess) -—»
MOz(OCH(CDa)Q)GBr4 + (CH@)QCHBI'

X-ray Structural Determinations. General operating

procedures and computational techniques have been described

previously 27

Moa(QPri)6C14. A crystal of dimensions 0.22 X 0.18 X 0.28 mm

was mounted in a nitrogen filled glove bag and transferred to the
liquid nitrogen boil-off cold stream of the diffractometer. The
cell dimensions from %0 reflections at -172' with MoKﬂ N

0.71069 A) were a = 20.722(6) A, b =0.617(2) A, ¢ =

1h.7h7(h) A, B = 90.02(1)°, V =2922.G(1) A%, Z = !,

dcalcd. = 1.578 and space group P2,/a.

A total of it rellections were collected including

redundancices and reduced to ' unique amplitudes by using




standard moving-crystal moving-detector techniques with the

following values: scan speed = .0 deg min~!, scan width =
2.0 + dispersion, single background time at extremes of scan =
5 s, aperture size = 3.0 X “,0 mm. The limits of data
collection were 5° < 26 < 50", The number of reflections with

F > 2.3%g(F), based on counting statistics, was 4285, Due to

the nearly uniform size of the crystal and low linear absorption
coefficient (g = 12.35 cm™!) no absorption correction was
applied.

The structure was solved using direct methods. Hydrogen
atoms were apparent in a difference Fourier synthesis based :
on phases from the non-hydrogen atoms. Since several of the i
hydrogen atom parameters diverged upon refinement they were
placed in idealized positions (dC-H = 0.95 5, Biso =1 + Biso
of connected atom) and fixed during the final cycles of the
full matrix refinement. The final residuals are: R(F) =

0.01'22 and Rw(F) = 0.0l/6, The goodness of fit for the last

cycle was 1.05 and the maximum &/c was 0.05.

Several atoms located on the periphery of the molecule
possess rather large anisotropic thermal parameters, the
largest being C(17) with an isotropic equivalent®' of 12.! ATZ,
These excessive parameters are attributed to thermal motion
as opposed to disorder or sample decomposition, as evidenced
by the facts that the hydrogen atoms were located in the

course of refinement and four reflections chosen as standards

and monitored during data collection exhibited only statistical
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fluctuations. Errors based on the variance-covariance matrix
are larger by nearly 50% for those atoms with “large” thermal

parameters compared to errors not involving these atoms.

Moz (OPrt)sBrs. Crystallization of M02(0Pri)eBr4 from

toluene gave crystals which decrepitated upon drying in vacuo.

Consequently, crystals were grown in toluene solution and a
crystal was selected and taken directly from the mother liquor,
to the goniostat using inert atmosphere handling techniques.
The crystal dimensions were 0.08 X 0,20 X 0.4 mm. All data
were collected at -171°C.

The cell dimensions obtained from 4! reflections at

-171°C with MoK, (X 0.71069 A) were a = 15.204(5) A, b =
12.849(5) A, ¢ =10.535(3) A, B =120.76(1)°, V =

1768.6(1) Xs, Z =154 d =1.638 g cm™® and

calcd.
space group P2,/a.

A total of 1155 reflections were collected and reduced to

313! unique amplitudes by using standard moving-crystal moving-

detector techniques with the following values: scan speed =

! scan width = 2.0 + dispersion, single background _E

4 0 deg min~
time at extremes of scan = 10 s, aperture size = 3.0 X %,0 mm.
The limits of data collection were 5° < 208 < 50°. The number
of reflections with F > 2.,33¢(F), based on counting statistics,
was 2618. The data were corrected for absorption: 1linear

1

absorption coefficient = 51.92) cm™', with minimum and maximum

corrections of 0.149 and 0.616, respectively.

4
The structure was solved using direct methods and lies 3
‘§§
&
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on a center cf symmetry. A disordered solvent molecule was

located and refined isotropically. (Details are given in the
supplementary materials). All hydrogen atoms (other than
those associated with the solvent molecule) were also located
and refined. The final residuals are R(F) = 0.0Y77 and

Rw(F) = 0.0472. The goodness of fit for the last cycle was

1.250 and the maximum A e was 0.05,
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: Table !. Fractional Coordinates for the M02C14(0Pri)6 Molecule

4 Nt 4 1
Atom 107x 10ty 107z ‘OBiso
Mo(1) -117%%.8(2) S NYER 5252 .5 (%) 20
Mo(2) -12%8.5(2) 1382.7(") 1756.3(3) 17
C1{3) -ok2(1) 2054(1) 4813 (1 27
c1zn) -1bng 5565 (1) %560?15 31
; Cl$5 -005 (1} -c2a(7 ) 13571 20
CL(S ~120n(1 1578§1) 1211 z0
057 -g21 (2} 1122(3) 30h1(2 2L
c(¢ -i51 (5] 52 (51 5596(5 ) b
cla) “8Tp (b SRR 7578(5) AL
C(10) 2@553) =5 (7) Z813(5) 55
0{11) =155 (1) 2514 (%) 1975(2) 21
c(12} 1991 (3 1322(0) 1550(5) 37
C§13) -‘3519(3) 1JJ.:111(8) 1778 7) &
c(1'1) -1028(3) 55005(7) 1182(5) Lg
0/15) -1871 2% 2502( %) 370555) &
chég -22@353 2071 (7 Lis1(5) Lg
c(17 -2190({7) 130%(9) 1999(9) 121
cl:8) =20%0 (3 20u3(12) Lon% (6 gl
0(19) -346(1; 2598 (3) 5013%23 17
cfgug 91(2) RS 5% 357007 20
C;21 725E2§ 1187 (C 3620 (1) 26 §
cl22) Lidfe) 5970(5 2583 ( 1§ 27
0(23) -2001 (2§ 5601(3 195313 277
c(at) -2H58é3) =ah7(e) 16b925) 35
c(25) -2529(3) -1512(7) 2791 (%) 58
c(an -3117%(3) 308 (7) 1h05(5) LL 1
0l27 ~486 (1 1958 (3 1351 (2 1%
C$28§ -5h§2 182’>§5§ 550 7§ 1€
Cc(29 599(2 135406 1095(4 24
clza 23504 3107 (5 177 (1§ 2F

Note 1: The isotropic thermal parameter listed for those
atoms refined anisotropically are the isotropic
equivalent. Hamilton, W. C. Acta Crystalog. 13590, 12,
09,

Note 2: Numbers in parenthesis in this and all following
tables refer to the error in the least significant
digits.
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Bond Angles in Degrees for the Moy(OPri)nCI: Molecule
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(0Pr1)6C14 Molecule

Bond Angles in Degrees for the Mo:

(continued)

Table 3.
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Table 4. Fractional Coordinates for the Mo-(OPr')sBr; Molecule

Atom 10%x 10%y 10% 10B, o
| Mo(1) =50 1) G () 2900.2(1) 11
3 Br(2 11hu§12 ~1hhg 1% 511751; 19
: BrE;% -1071(1 -1527%(1 ) 6560 (1 2%
o(l)"  -112:(3] SR (n) 9295 (5 12
' C§5‘ —2201<5; 9L () 5“07g8 15
: clés 2091 (¢ EL(L) £009(9) 23
} c(7) -258 /() -65"(7) Gh2li(9) 21
. 0 8) _1b5sg> );};5/)4) 7,:91 5) ]_L‘L
(9] S 16) 77506) F2h5 L) 18
, cl1i0) 559583 1h27/82 (199 10; 25
clii)  -1%/5(7) 131708 ) 5157 (10 28 :
‘ o(i2) go§4) “loho () 98§w(5; 15 ]
C(13) LT -29:9(¢) 9'/&29 2% ;
: Cc(14 1010(9) -35h2 52 11102 11; 35 8
% (15 -918(11) -3%37(3 ) 9725 (18 39 ,
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Bond Listances in Angstroms for the Moa(OPrl)cBr4
Molecule
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Table ©. Bond Angles in Degrees for the M02(0Pr1)58r4 Molecule

>>
o]
(@]
>
=]
a9
-
(14

Mo(1)’ Mo(1 Br(2) 139.6(0;
Mo(1)’ Mo(1 Br(?) 136.8(0
Mo(1)’ Mo{1 O(j‘ ’ j«'?.flé
Mo(1)’ Mo(! o(h 7,11
Mo(1l)’ Mogl 0?8 95.7(1
Mo 12’ Mo(1 0(12; 5.4 1%
Br(2 Mo(1 Br (3 83.6(0
Br(2 Mo(1 0 f ’ 19%.2 %
Br(2 Mo(1 o(* 73,
BréQ Mo( 1 0o(8 85.8(1
Bré? Mo( 1 0 122 85.8(1
%ﬂi’; vl 0 g oirn
r{o> .
Br(3 Mo(1 0(8 86 .0(2
Br(?%) MoEl o(12) 85.8%2
oga Mo(1 o 4) ok, 3(2
0 b; Mo§l) 0(8) 93.5(2
oln’ Mo (1 0(8) 94.3(2)
IR < 1 N 5 11
(o} .
0(3) Mo(1 o(12 168.952
Mo(l)’ ol Mo(1) 85.7(2
Mo(1l ofu c(5 134 o4
Mo(1)’ 0 § c(5 iio.2 ?
Mo(1 0 Cc(9 7741
Mo(1 0(12) C(13 148, 4(5
o c(5 C(O 109.3(6
ot C(5 Cc(7 109.3(6
c(6 C(5 c(7 116.0(7
0o(8 c(9 Célog 108.1§6
0(8 C(9) c(11 107.3(6
c(1o C(9) c(11 115.0 8§
o(12 c(13 c(ih 108.2(7
o(l2 c(13 c(15 109.2(7
c(1h C(13 c(15 113%.%5(9




Figure 1.

Figure

>

Captions to Figures

An ORTEP view of the Mogclq(OPri)n molecule
showing the atom numbering scheme used in the
Tables. The hydrogen atoms have been omitted
for clarity; atoms are drawn at the 10%

probability level,

An ORTEP view of the MoZBr4(0Prl)e molecule
showing the atom numbering scheme used in the
Tables. Atoms are drawn at the %0% probability

level. Hydrogen atoms have been omitted for

clarity.
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