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The Chemistry of Cyclopentadienyl and Related Nitrosyl Complexes of
Molybdenum. PartV.! Dihalogenonitrosyl[tris(pyrazolyl)borato]molyb-
denum Complexes, their Alcoholysis, and the Crystal Structure of Chloro-
nitrosylisopropoxo[tris(4-chloro-3,5-dimethylpyrazolyl)boratolmolyb-
denum

By Jon A. McCleverty.” Duncan Seddon, Neil A. Bailey,* and N. W. " Joe * Walker, Chemistry Department,
The University, Sheffield S3 7HF )

Halogenation of [Mo{HB(3,56-R,C3HN;)3}(NO)(CO),] gives [{Mo[HB(35 Rg-4-XC3N,)31(NO)Yo},] (R = X
=H,Y=C,LBrorl,n=2; R=Me,X=H,Y=ClLBr,orl;n=1; R=Me,X=ClorBr,Y =Clor8r,n=1).
These halides react with alcohols affordmg [Mo{HB(3,5-R,-4-XC3N,)3}{NO)Y(OR")] (R’ = Me, Et, P, Bu®,
or CH,CHICH,), the *H and 13C n.m.r. spectra of which are discussed. The crystal structure of [Mo{HB(3,5-Me,-

4- CIC Nz)a}(NO)CI(OPr’)] has been determined by X-ray diffraction methods using counter data and refined by
block-diagonal least-squares procedures, to R 0.047 for 2 450 reflections. The monoclinic unit-cell, space-group
P2,/n, has dimensions @ = 12 268(4), b = 16.041(4), ¢ = 15.033(5) A, B = 91.44(4)° for Z = 4. The molyb-
denum atom has octahedral co-ordination and both the Mo—Cl and, particularly, the Mo—O distances are short.
The Mo—O bond length (1.86 A) indicates significant Mo=OR bonding and p,>d, donation from the alkoxy-

group to the metal is discussed in terms of the apparent co-ordinative unsaturation of the alkoxide complexes.

It has been shown 2 that there are strong analogies be-
tween the behaviour of metal complexes containing tris-

pyrazolylborato-anions, [RB(C,R'R”’,N,),]~, and those
containing the n’-cyclopentadienyl ligand. Thus [HB-
(CgHR,Ny)3]~ reacts® with [Mo(CO),] affording the
carbonylate ion [Mo{HB(C,HR,N,),}(CO),]~, the chem-
istry of which is very similar to that of [Mo(#3-C;Hj;)-
(CO)4]~. Indeed, acidification followed by nitrosylation
of the pyrazolylborate complex afforded [Mo{HB-
(C3HR N,)}(NO)(CO),], in a way entirely similar to the
preparation of [Mo(+5-C,H;)(NO)(CO),].

It has been reported 4 that the reaction of [Mo{HB-
(CsHR,N,) HNOY(CO),] with NOCI gave initially [Mo-
{HB(C;HR,N,)4}(NO),Cl] and then [{Mo[HB(C,;HR,-
N,)3l(NO)CL},]. Although the former has no reported
analogue in n3-cyclopentadienyl molybdenum chemistry,t
the latter is directly comparable to [{Mo(n-C;H;)(NO)-
Cl,},].* Whilst this cyclopentadienyl complex, like its
bromo- % and iodo- ® analogues, has an extensive chem-
istry (reacting readily with tertiary phosphines,5®¢
isocyanides,” hydrazines,® and thiols %9), the chemistry
of the pyrazolylborate has not been explored. The
potential existence of these two parallel series of com-
pounds thus presented a unique opportunity to compare
the relative steric and electronic properties of the HB-
(CgHR,N,); and %°-C;H; ligands.

In this paper, we describe the synthesis of dihalogeno-
complexes, their reactions with alcohols and with some
Lewis bases, and the structure of a representative mem-
ber of the general group of compounds [{Mo[HB(C;HR,-

t [(m®-CsH;)Cr(NO),Cl] is, however, well characterised; T. S.
fé};er and G. Wilkinson, J. Inorg. Nuclear Chem., 1956, 2, 28; 3,

Note added in proof: [Mo(n*-C;H,)(NO),Cl] has recently been

synthesised (R. P. Stewart and G. T. Moore, Inorg. Chem., 1975,
14, 2699).

! Part IV, J. A. McCleverty and D. Seddon, J.C.S. Dalton,
1972, 2588.

2 S, Trofimenko, Accounts Chem. Res., 1971, 4, 117.

3 S. Trofimenko, J. Amer. Chem. Soc., 1969, 91, 588 and 1967,
89, 3904.

4 S. Trofimenko, Inorg. Chem., 1969, 8, 2675.

No),J(NO)XY},] (R=H, n=2; R=DMe, n=1).
Since we began our work, alternative syntheses of
[{Mo[HB(C;H3N,)3(NO)X,}e] (M = Mo or W) have been
briefly mentioned.10

RESULTS

Synthetic Studies.—Halogenation at room temperature
of [Mo{HB(3,5-C;HR,N,};}(NO)(CO),] (R = H or Me) in
CCl, (X = Cl or Br) or hexane (X = I) afforded [{Mo-
[HB(C;HR,N,),J(NO)X,},] (R=H, n=2; R = Me,
#n=1). In CCl,, [Mo{HB(C;HMe,N,);}(CO)y(NO)] re-
acted with iodine giving only [Mo{HB(C;HMe,N,),}-
(NO)Cl,] (see Experimental section). It was essential
that the reaction stoicheiometry was strictly adhered to,
otherwise halogenation of the pyrazole rings occurred.
Indeed, reaction of [Mo{HB(C;HMe,N,);}(NO){CO),]
with an excess of Cl, or Br, afforded [Mo{HB(3,5-Me,4-
X-C4N,)H(NOYX,]. Apparently, specific metal halogen-
ation can also be achieved in dichloromethane at —70
°C.10  All the complexes could be recrystallised from hot
toluene without decomposition, and only [{Mo[HB-
(C3H3N,),](NO)YCl,3,] retained solvent of crystallisation;
satisfactory analytical data were obtained (Table 1).

Unlike their n’-cyclopentadienyl analogues, the new
tris-pyrazolylborato-complexes did not form adducts
with PPh,, AsPh;, PMePh,, or pyridine. Unstable and
uncharacterisable adducts were apparently formed with
methyl isocyanide, and although reactions occurred with
hydrazines, pure products could not be isolated. How-
ever, in neat P(OEt),, the adduct [Mo{HB(C;HMe,N,},}-
(NO){P(OEt)4}Br,] was formed. The reasons for this

5 J. A. McCleverty and D. Seddon, J.C.S. Daltonr, 1972, 2526.

¢ R. B. King, Inorg. Chem., 1967, 6, 30; T. A. James and J. A.
McCleverty, J. Chem. Soc. (4), 1941, 1068.

7 W. G. Kita, J. A. McCleverty, B. Patel, and J. Williams, J.
Organometallic Chem., 1974, 74, C9.

8 W. G, Kita, J. A. McCleverty, B. E. Mann, D. Seddon, G. A.
Sim, and D. I. Woodhouse, J.C.S. Chem. Comm., 1974, 132;
N. A. Bailey, P. D. Frisch, J. A. McCleverty, N. W. J. Walker,
and J. Williams, tbid., 1975, 350.

® J. A. McCleverty and D. Seddon, J.C.S. Dalton, 1972, 2588.

10 M. E. Deane and F. J. Lalor, J. Organometallic Chem., 1974,
87, C19.
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relative inability to form stable adducts are presumably
steric, especially with respect to complexes containing
[HB(C;HMe,N,),]. It is notable that P(OEt); is steric-
ally less bulky than PPhg, having a significantly smaller
‘ cone angle ".11

We discovered that the dihalides dissolved in alcohols
to give deep green or blue solutions from which green or
blue crystals of the alkoxo-halides [Mo{HB(C;HR,N,)3}-
(NO)(OR")X] (R’ = Me, Et, Pri, But, Bus, or C;Hj;) were
isolated. During attempts to recrystallise from ethanol
the pyrazolylborate with X = Br, R = Me, and R’ =
C,H;, alkoxide exchange occurred, giving [Mo{HB(C,-
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such as [{M — X},]*, [{M — NO — X}, X]*, (M —
NO — X},1*, {M — NO — X}NO}*, and [{M — NO —
2X}X]J*, together with fragments derived from [M]*
(n = 1), were detected. All of the other complexes
described herein exhibited only monometallic ions, and
this is consistent with our X-ray structural determin-
ation.

Spectral Studies—The BH stretching frequencies in
the ir. spectra of [{Mo[HB(C;HR,N,),J(NO)XY},]
(R=H, n=2; R=Me, n=1; X =Y = halide;
X = halide, Y = OR’) occurred at ca. 2 496 cin’?, with a
shoulder at 2504 cm™ (CHCl; solution) when R =H

HMe,N,);}(NO)(OEt)Br]. On prolonged refluxing of andat ca. 2550 cm™ when R = Me. In the chlorinated
TasBLE 1
Analytical (9,) and molecular-weight data obtained from [{Mo[HB(3,5-R,-4-XC;N,),](NO)YZ},]
Calc. Found M
R X Y Z r*C H N Hal C H N Hal (calc.)
H H CcO CcO 33.4 2.5 24.8 33.8 2.7 25.2
Me H CO CO 42.6 4.6 20.5 42.9 4.9 20.8
H H Cl Cl? 32.8 3.9 21.0 15.6 32.4 3.3 21.3 15.6
H H Br Br 21.6 2.0 19.5 32.1 20.9 2.1 20.0 31.9
H H I I 18.2 1.7 16.5 ¢ 18.4 1.8 16.3 ¢
Mc H Cl Cl 36.4 4.5 19.8 14.4 36.2 4.7 19.6 14.1 529 (494)
Me Cl Cl Cl 30.1 3.2 16.4 29.7 30.0 3.4 16.3 29.1
Me H Br Br 30.9 3.8 16.8 27.4 31.3 3.9 16.7 27.1 634 (583)
Me Br Br Br 22.0 2.3 12.0 48.8 21.4 2.2 11.6 47.0
Me H I I 26.6 3.2 14.5 37.5 27.3 3.3 14.8 37.8 761 (677)
H H Br OMe 26.7 2.9 21.8 17.8 26.6 3.0 21.6 17.9
Me H Cl OEt 40.5 5.4 19.5 7.1 40.6 5.6 19.4 7.2 531 (504)
Me H Cl OPri 41.7 5.6 18.9 6.9 41.6 5.9 18.5 6.9
Me Cl Cl OPri 356.5 3.9 14.8 21.4 35.4 3.9 14.2 20.8
Me H Br OEt 37.2 4.9 17.9 14.6 38.0 5.3 17.8 17.3 557 (548)
Mec Br Br OEt 26.0 3.1 12.5 40.8 25.4 3.0 12.0 41.2
Me H Br OPri 38.4 5.2 17.4 14.2 38.5 5.3 17.1 14.5
Me H Br OC,H, 386 48 175 143 399 54 180 158 562 (562)
Me H I OEt 34.3 4.5 16.5 21.3 36.3 4.9 16.7 20.0 633 (695)
Me H I OPri 35.5 4.8 16.1 20.9 35.7 5.1 16.0 21.0
Me H OEt OEt 44.4 6.2 19.1 43.7 6.0 18.6
Me H Br Bré 37.7 5.5 14.6 11.9 37.6 5.1 14.9 12.2
@ Osmometric determination in CHCl,. ? This molecule contains a mole equivalent of toluene. ¢ Not determined. ¢ Complex
containing one mole equivalent of P(OEt),.
[Mo{HB(C,HMe,N,),}(NO)Br,] in ethanol, or on treat- species [Mo{HB(CzCIMe,N,);}(NO)CI(OPr))], vgm oc-

ment of the ethoxobromide with zinc dust in ethanol
(in an attempt to form [{Mo[HB(C,HMe,N,);](NO)-
(OEt)},]), the diethoxide, [Mo{HB(C;HMe,N,)3}(NO)-
(OEt),] was formed.

The complexes containing [HB(C3H;N,),] were gener-
ally too insoluble in suitable solvents for molecular-weight
determinations. However, those species containing
[HB(C;HMe,N,);] were apparently monomeric in chloro-
form (Table 1) although, generally, the observed molec-
ular weight (osmometric) was always higher (ca. 69%)
than that calculated for a monomeric unit. This sug-
gested that the complexes, particularly those containing
[HB(C,HN,),], might be dimeric in the solid state but
dissociated substantially in solution. Such a situation
was observed in the species [{Mo(n®-C;H;)(NO)XY},]
(n=1or2; X =Y = halide; %% X = halide, Y = SR
and possibly X = Y = SR).? These observations are
supported to some extent by mass spectral information
which indicates the presence of bimetallic ions derived by
fragmentation of [{Mo[HB(CzH3N,);](NO)X,},] (X = Cl
or Br) [{3},]. Thus, ions corresponding to m/e values

curred at 2 558 cm™ (2 570 sh; CH,CI, soln.) while in
[Mo{HB(C;BrMe,N,);}(NO)Br,], vgg == 2 561 cm™. The
NO stretching frequencies (Table 2) in these complexes
occurred in the range 1727—1 636 cm™ (¢f. their -
cyclopentadienyl analogues, 1670 cm™ in KBr), and
were influenced by the electron-withdrawing or -releasing
properties of the X and Y groups. However, vyo in
[Mo{HB(C,HMe,N,);}(NO)X,] was insensitive to X.
Perhaps this may be related to the steric interactions
between X and the pyrazolylborato-ligand. The value
of vno reflects, infer alia, the relative basicity of [HB-
(C;HMe,yN,),] and the electronegativity of the chlorine
atom in the species X = Cl. The replacement of Cl by
Br increases the electron density at Mo, but the steric
effect on the pyrazolylborato-ligand would be to reduce
its basicity by lengthening the Mo-N bonds. These
compensating effects could account for the shifts in vyo.

The unsubstituted pyrazolylborate complexes, with
the exception of [Mo{HB(C;H;N,);}(NO)Br(OEt)], were
too insoluble in suitable solvents for effective 1H n.m.r.

11 C. A. Tolman, J. Amer. Chem. Soc., 1970, 92, 2956.
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spectral measurements. However, the spectra of [Mo-
{HB(3,5-Me,C;HN,) . }(NO)X Y], where X = Y = halide,
were characterised (Table 2) by a group of resonances of
overall intensity 1 and relative intensity 2:1 or 1:2, at
ca. © = 4.0 (due to the 4-H protons), and a further group
of signals, of overall intensity 6 and relative intensity
1:1:2:2 or 1:2:1:2 depending on solvent, in the
range = = 7.40—7.80 (due to the methyl protons). The
spectra are consistent with an overall octahedral geo-
metry for the complexes, a consequence of which is that
one pyrazolyl ring is magnetically inequivalent to the
other two (Figure 1a). Other structures are possible,
such as trigonal prismatic (unlikely on steric grounds) or

J.C.S. Dalton

seven-co-ordination, the seventh ligand being a solvent
molecule. The spectra of these complexes, and their
alkoxide derivatives, exhibited a marked solvent de-
pendence, but this does not require co-ordination by the
solvent which, in any case, seems unlikely on the basis of
molecular models.

At —60 °C, some changes in chemical shift occurred,
but there was no evidence of significant line broadening.
It may be noted that in [Mo{HB(C,HMe,N,),}(NO)CL,)
the methyl resonances are apparently accidentally de-
generate, occurring as a sharp singlet (W; = 5.0 Hz); at
—60 °C in CDCl,, this signal broadened only slightly.

While the spectra of the alkoxides, [Mo{HB(3,5-

TABLE 2
NO Stretching frequency and *H n.m.r. spectral data obtained from tris(pyrazolyl)borato-molybdenum complexes,
{MoXY (NO)[HB(3,5-R,C;HN,]5}a]

1H n.m.r. data

A

Complex
P -~ . ILr. data p
X Y R (vyo/cm™Y) Solvent 0./°C
Cl Cl H 1727%
1710
1 700} ¢
Cl Cl Me 1720% CDCl, +4-30
1702°¢
(CD,),CO +30
CeDy +30
Cl Cl Me (4-Cl) 1705°¢ CDCly +30
Br Br H 1724%
1 710}
1700/ ¢
Br Br Me 1720°% CDCl, +30
1702 ¢
CDCl, —60
CDCl,/ +30
(CDy),CO
—60
CyDs +30

T Ase Comment
4.04 >1s o} c HMe,N,
7.60 18 s; CsH(CHy),N,
3.84 2 s
.8 2 } 3 S} cyHMe,N,
7.50 1 s
7.55 2
7.60 1 } z CsH(CHS)iNz
7.66 2 s
4.56 1 s
4os ! }3 5} e EMe,N,
7.43 1 s
7.60 2 s
400 1 }18 S}(:aﬂ(czqa).‘,;\r2
8.17 2 s
7.58 s
7.60 :
765 Z}CaCI(CHa)zhz
7.77 s
4.00 2 s
4.05 T1s Shomen,
7.41 1
7.48 1
755 2 }18 :}C_.,H (CH,),N,
7.58 2 s
4.00 2 sl C,HMe,N
4.05 1 } 3 s} s e

4.8—5.8 1 br; BH

7.47 1 s

7.54 1 ]

760 2 }18 Z}C;,H(C}Ia)aNz
7.67 2 s

4.02 2 s .
413 1 } 3 s} CoHMe, N,
7.52 1 s

;.gg } 18 s pC,H(CH,),N,

. S
3.91 s P
301 I3 SheHneN,
7.49 5
7.51 18 S\ CH(CH),N,
7.54 s
7.69 s
4.46 1 s .

476 2 } 3 s} CoHMe,N,
7.30 1 s

7.60 2

798 i }13 Z}CaH(CH,,)zNZ
8.23 2 s,
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TaBLE 2 (Continued)

Complex 1H n.m.r. data
. N , Lr. data . A -
X Y R (vNofcm™2) Solvent 6./°C T Ase Comment
Br Br Me (4-Br) 1722% (4-bromodimethylpyrazolide)
I 1 H 1 716s }b
1 680sh
1 700s }c
1 656sh
I I Me 17102 CDCl, +30 3.96 1 S
: 4.18 2 }3 s} CyHMe,N,
1705 }t: 7.25 1 s
h . S .
1 856< T ;}18 S}C;,H(CHS)ZNZ
b 7.83 % S
CDCl —60 3.87 s) ~
? 4.07 313 JCHMeN,
4.66—5.60 1 br; BH
7.24 1 S
789 : }18 :}CsH(CHs)zNz
7.82 2 S
CD,),CO +30 3.84 1 s !
(€ 3.96 118 ScHNeN,
7.28 1 s
. s
T > }18 S}CaH (CH,),N,
7.84 2 s
cl OEt  Me 16760 cDCl, +30 3843 5 m; CH,Me and C,HMe,N,
7.44 1 s
. 1 S
s 2}18 S SCH(CH,),N,
7.60 2 S
8.45 3 t; CH,CH,(Jax = 6.0 Hz)
Cl1 OEt Me (4-Cl) 1704 CDCl, +30 4.03 2 m; ABpair, Jag = 11.0Hz;
Ta = 4.12,t5 = 3.94; CH,Me
(Jam = 7.0 Hz)
7.48 s
7.58 s
7.62 18 s pC,CI(CHy),N,
7.65 s
7.70 s
8.41 3 t] CH,CH, (Jur = 7.0 Hz)
Cl OPr! Me 16742 CDClg +30 3.50 2 quintet, CHMe, (Jarx = 6.0 Hz)
4.15 1 s
4.21 143 s $C,HMe,N,
4.30 1 s
7.48 1 S
To8 ; }18 :}csH(CHa) N,
7.64 2 S,
8.45 6 dd, sepn. 25.0 Hz, CH(CHj),
§ (]HH = 6.0 HZ)
Cl OPr!  Me (4-Cl) 16820 cDCl, 430 3.47 1 quintet, CHMe, {Jug 6.0 Hz)
1681° 7.50 s
7.58 s
7.62 18 s »C,Cl(CH,),N,
7.66 s
7.68 s
8.46 6 dd, sepn. 25.0 Hz, CII(CH,),
(Jrr = 6.1 Hz)
Br OEt  Me 1673% cDcl, +30  3.9—4.4 5 m; CH,Me and C;HMe,N,
7.562 s
7.64 }18 s VC,H(CH,),N,
7.70 S
8.45 3 t; CH,CH, (Jum = 7.2 Hz)
Br OPri  Me 16745 cDCl, +30 3.67 1 quintet., CHMe, (Jgu = 6.0 Hz)
4.25 1 s
4.30 143 s $CsHMe,N,
4.34 1 S
7.48 1 s
780 2 }18 :}CaH (CH,),N,
7.67 1 S
8.43 6 dd, sepn. 29.0 Hz, CH(CH,),
(JHH = 6.0 HZ)
(CD,),CO +30 3.56 1 quintet, CHMe,y(/ug = 6.6 Hz)
3.97 1 s
4.08 153 s $C,HMe,N,
4.17 1 S
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Complex

Lo A Ty
X Y R

Br OC;H; Me

Br OBu!  Me

Br OMe H

Br OEt H

I OEt Me

I OPrt Me

OEt OEt Me

Lr. data
(VN() | cm‘l)

1679°

16767

16772

1678°%

1673°

1636°

J.C.S. Dalton
TaBLE 2 (Continued)
1H n.m.r. data
‘Solvent 0:/°C T Ae Comment -
7.652 s
7.57
759 }18 :}C,H(CHa) 2N,
7.62 s
8.46 6 dd, sepn. 28.0 Hz, CH(CH,),
(Jrm = 6.0 Hz)
CDCl, +30 3.82 2 m; CH,CH=CH,
ECRE PR N
4.60—4.90 3 m; CH,CH=CH, and CH,CH=CH,
7.48 3 s
7.64 12 s »C;H(CH,),N,
7.67 3 s,
CDCl, +30 415 1 s
4.20 153 s »C3HMe,N,
4.27 1 S
4.48 2 dd, sepn. 3.0 Hz, CH,CHMe,
(]KK = 7.0 HZ)
7.49 S
7.62 18 s »C;H(CH,),N,
7.65 s
7.95—8.056 1 brm; CH,CHMe,
8.98 6 dd, sepn. 5.0 Hz, CH,CH(CH,),
(]HH = 60 I‘IZ)
CDCl, +30 2.06 d
2.21 2<dd (J = 2.0 Hz) »3,5 protons of C;H,N,
2.33 dd
3.65 t
3.74} 1 {t (J = 2.0 Hz) p4-protons of C;H,;N,
3.78 t
4.50 1 s O-CH,
CDCl, +30 2.07 1 d
2.21 1 d
297 2 }6 d }3,5-protons of C;H N,
2.37 2 dd
3.68 1 t, ] = 2.0Hz
3.70—3.84 2 } 3 twooverlapping t 4-proton of
J =2.0Hz stigiNe
4.26 2 ABpair, Jaz = 11.0 Hz; 14 == 4.15
vp = 4.37; CH,Me (Jgg = 6.5 Hz)
8.44 3 t, CH,CH, (Jum = 6.5 Hz) -
CDCl, +30 4.17 1 S
4.20 1556 s pC3HMe,N,
4.22 1 s,
4.35 2 AB pair, Jup = 11.6 Hz, 14 = 4.20
B = 4.49; CH2CH, (]gn = 7.0
Hz)
7.60 1 s
7.67 1
762 1 }18 :}cm (CH,),N,
7.66 3 s
8.43 3 t, CH,CH, (] = 7.0 Hz)
CDCl, +30 3.74 1 quintet, CHMe, (Jurg = 6.0 Hz)
4.19 ‘ s
4.21 s ey,
7.49 s
7.54 s
7.61 18 s SC,H(CHy),N,
7.66 S
7.67 s
8.41 6 dd, sepn. 35.0 Hz, CH(CHy),
(]HH = 60 HZ)
CDCl, +30 o 13 Sjemen, 4
4.55 4 AB pair, Jag = 10.5 Hz, 74, = 4.67,
g = 4.43; CH,Me (Jgu = 7.0 Hz)
7.48 6
7.72 12 o} CsH(CH).N,
8.59 6 t; CH,CH, (Jgg = 7.0 Hz)
@ Relative intensity. ¢ CHCI, solution. ¢ KBr disc.

Me,C HN,)o}(NO)X(OR)], have an overall similarity to
their dihalide precursors, with the addition of resonances
due to the R groups, their detailed appearances vary
significantly. These changes may be attributed to the

inequivalence of all three pyrazolyl rings which is a
consequence of ‘ octahedral ' geometry (Figure 1b) (and
also of seven-co-ordination if that occurred). Thus, for
example, there are three, rather than two, signals due to
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4-H in the spectra of [Mo{HB(3,5-Me,C;HN,);}X(OR)]
(X =Cl, Br, or I, R = Et, Pr!, or Bul). No attempt
was made to assign precisely the methyl group reson-
ances, but it was clear from their relative intensities and
chemical shifts that they too differed significantly from
those of their dihalide precursors.

The lack of a plane of symmetry in the alkoxo-halide
causes the methylene proton resonances in [Mo{HB(3,5-
Me,C;HN,)5}X(OR)] (R = CHy,Me or CH,CHMe,) to
appear as AB pairs. While full analysis of these signals

N N
X > NO X NO
N N N N
X OR

a b

Ficure 1

is complicated by their overlap with the 4-H signals of
the pyrazolyl ring, in the halogenated species [Mo{HB-
(8,5-Me,-4-CIC3N,)3}H(NO)CI{OEt)] and in [Mo{HB(Cs-
H,N,);}(NO)Br(OEt)] these multiplets may be clearly
seen and assigned. In the isopropoxides, the methyl
resonances of the alkoxide group occur as a double
doublet, the separation between the two doublets in-
creasing in the order Cl < Br << I. The spectra of the
diethoxo-species, [Mo{HB(3,5-Me,CsHN,);}(NO)-
(OEt),], were distinctly different, particularly in the
form of the ethyl group resonances, to those of the mono-
ethoxo-complexes. Of singularity in the spectra of the
alkoxides is the occurrence of the a-proton resonances of
the alkoxo-group at ~-values in the range 3.5—4.5.
These protons do not exchange with D,O, and although
their signals broaden somewhat at —60 °C they do not
show a significant increase of [,y or changes in the values
of TA and T B

(i) The shifts could occur because of proton interaction
with the metal. Indeed, unusual shifts of proton reson-
ances have been observed in the spectra of frans-
[PdBr{C,(CO,Me),}(PPhy),] (low field),* [PtCl,(MeN:S:
NMe)(PEt,)] (low field),’® and [Mo{Et,B(CsH;N,),}(n*-2-
R-C;H,)(CO),] (R = H or Ph) (high field).!%15 In all
these compounds, interaction between the unique
hydrogen(s) and the metal has been substantiated
crystallographically. If such an interaction were to
occur in the compounds reported in this paper, the metal
atoms configuration would increase from 16 to 18 by
virtue of the association of the electrons of one «-C-H
bond with the Mo atoms. This would be analogous, but
not identical, to the situation in [Mo{Et,B(CsH3N,),} (-
2-R-C;H))(CO),] (R =H or Ph).#* In these diethyl
bispyrazolylborates, there is an interaction between one

12 D, M. Roe, P. M. Bailey, K. Moseley, and P. M. Maitlis,
J.C.S. Chem. Comm., 1972, 1273.
28‘;’ J. Kuyper and K. Vrieze, J. Organoinetallic Chen., 1974, 74,

14 F.'A, Cotton and A. G. Stanislowski, J. Amer. Chem. Soc.,
19765, 97, 5074.
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hydrogen atom of a methylene group and the metal, and
variable-temperature H n.m.r. spectral studies have
established 1% that there is a rapid exchange of sites be-
tween the proton which is close to the metal and the
other which is more distant. It must be observed that
in these compounds the methylene resonances were
shifted to kigh field and were split into relatively higher-
and lower-field components as the temperature was
lowered. In the alkoxides, however, the shifts are to
low field and do not apparently split as the temperature is
lowered. = A further point is that the t-value of the
a-proton in the isopropoxide does #of occur at an average
of vs and v of the «-CH, resonances in the comparable
ethoxides. This does not, of course, militate entirely
against a Mo - - - H-C interaction.

(ii) The protons on the «-C atom could be deshielded
by neighbour anisotropy effects associated with the NO
or X groups but, again, some form of methylene proton
exchange process, as mentioned in (i), would be expected.

(iii) The protons could be deshielded because of ring-
current effects associated with the pyrazolyl rings. This
can probably be discounted, however, since molecular
models of [Mo{HB(3,5-Me,C;HN,);}(NO)X(OPr')] sug-
gested that the required conformation would be severely
sterically strained.

(iv) Since the metal atom in the compounds under dis-
cussion is electron deficient (formally a 16-electron
system), and is bonded to the strong =-acceptor NO and
the electronegative X, the group [Mo{HB(C,HR,N,)s}-
(NO)X] must be strongly electron withdrawing. Conse-
quently, there should be a net withdrawal of electron
density from the alkoxo-group, the effect manifesting
itself in a substantial deshielding of the «-C and «-hydro-
gen atoms. Indeed, in species such as [WF;(OMe)] and
cis-[WF,(OMe),),*¢ the fluorometallic group is strongly
electron withdrawing, and the protons resonate at low
fields (v = 4.3—4.7 depending upon solvent). Similar,
but less dramatic, effects have been observed ¥ in to_cm,
of [{M(OCH,CHICH,),},] (M= Ge, x=4, n=1;
M=Ti, =4 =2, M=Ta, x=5, n =2), the
low-field shift (with respect to the free alcohol) being
greatest in the transition-metal alkoxides. The 13C
n.m.r. spectra of [Mo{HB(3,5-Me,C;HN,),}(NO)(CO),]
and [Mo{HB(3,5-Me,C,HN,);}{NO)Br(OPr')] were ob-
tained in CDCl,, that of the first at ambient temperature
and at —60 °C. The spectral assignments are listed in
Table 3. The spectrum of the dicarbonyl nitrosyl is, in
fact, better resolved at —60 °C than at ambient tempera-
ture, and although the positions of the carbon nuclei
shifted slightly as the temperature was lowered the ap-
pearance of the spectrum as a whole does not change,
indicating that the compound is not fluxional. The
expected inequivalences of the 1¥C resonances of the

15 F. A. Cotton, T. LaCour, and A. G. Stanislowski, J. Amer.
Chem. Soc., 1974, 96, 7564.

18 W. McFarlane, A. Noble, and J. M. Winfield, J. Chem. Soc.
(4), 1971, 948; F. E. Brinckman, R. B. Johannesen, and L. B.
Handy, J. Fluorine Chem., 1972, 1, 493.

17 P. N. Kapoor, S. K. Mehrotra, R. C. Mehrotra, R. B. King,
and K. C. Nainan, Inorg. Chim. Acta, 1975, 12, 273.
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pyrazolylborate ligand in this compound were observed,
e.g. the 4-C atom of the pyrazolide group appeared as a
doublet, of approximate ratio 2:1. The major differ-
ences between the spectrum of the dicarbonyl nitrosyl

J.C.S. Dalton

metal-nitrosylsystem,achlorine atom, and anisopropoxo-
group. The three pyrazolyl rings, A trans to Cl(2), B
trans to N(3), and C frans to O(2), are each coplanar,
with a maximum deviation from planarity of 0.006 A,

TaBLE 3
13C N.m.r. spectra® of [{HB(3,5-Me,C,HN,);}Mo(NO)(CO),], A, and [{HB(3,5-Me,C,HN,),)Mo(NO)Br(OPr!)}, B

A (Room temp.)

8 (p.p.-m.)
Compound (peak ht.)
HB[3,5-(CH,),(C;HN,)], 12.49 (32.5%,)
12.68 (18.3)
14.37 (26.1)
14.74 (13.5)
OCH(CH,),
HB(3,5-Me,C;HN,],, 4-C 106.42 (88.6)
HB(3,5-Me,C,HN,),, 3,5-C 144.52 (8.9)
151.31 (8.9)

151.68 (16.6%,)
Carbonyl CO

@ Chemical shifts 4+-0.2 p.p.m. at 22.62 MHz with reference to internal SiMe, in CDCl,;

internal reference.

and that of [Mo{HB(3,5-Me,C;HN,),;}(NO)Br(OPrt)]
were, of course, the lack of carbonyl signals and the occur-
rence of isopropoxy-carbon nuclei resonances in the
latter. Furthermore, the patterns of resonances of the
carbon atoms in the pyrazolide rings were more complex,
in accord with the lower symmetry of the compound.
For the unique C atom of the OPr! group, 8§ = 88.40,
while that of the free alcohol occurs nearly 25 p.p.m.
nearer to SiMe,. Thus extensive deshielding of this
atom occurred, presumably because the effective electro-
negativity of the O atom to which it is bound has been
increased by the electron-withdrawing [Mo{HB(C4R,-
HN,),}(NO)Br] group.

X-Ray Structural Studies.—Because of the unusual *H
and 13C n.m.r. spectral features of these alkoxide com-
plexes, and their potential structural implications, and in
view of the interest in this class of pyrazolylborate com-
pounds,>14:15 we have undertaken a single-crystal X-ray
diffraction study of a representative complex, [Mo{HB-
(3,5-Me,4-CIC,N,) J(NOYCI(OPr')]  (see Experimental
section for details).

Final atomic co-ordinates and anisotropic temperature
factors (with e.s.d.s in parentheses) are given in Tables 4
and 5, interatomic distances and angles in Table 6, and
final observed and calculated structure factors in a
Supplementary publication No. SUP 21774 (23 pp., 1
microfiche).*

The molecular structure is shown in Figure 2. The
molybdenum atom has an octahedral environment in-
volving a tridentate tris-pyrazolylborate ligand, a linear

* For details see Notices to Authors No. 7 in J.C.S. Dalton,
1975, Index issue.

18 1., J. Guggenberger, C. T. Prewitt, P. Meakin, S. Trofimenko,
and J. R. Jesson, Inorg. Chem., 1973, 12, 508.

A (—860°C) B

3 (p.p.m.) 3 (p.p.m.)

(peak ht.) (peak ht.)
12.80 (37.1%,) 12.50 (34.79%,)

12.98 (19.5) 12.68 (57.1)

14.50 (36.8) 12.86 (54.6)

14.86 (17.4) 13.89 (39.6)

14.56 {36.5)

15.41 (35.2)

24.39 (42.9)

(25.30) (14.8)

25.85 (46.0)

88.40 (72.5)

. 107.45 (101.8)

106.23 (65.4) {lovés (99.4)

144.52 (30.5) 143.48 (21.3)

145.06 (17.7) 144.94 (24.6)

146.22 (23.8)

151.07 (8.8) 152.77 (49.2)

151.31 (42.6) 154.23 (32.0)

225.33 (16.2)

excluding substituents;

chemical shifts increase to low field w.r.t.

the maximum deviation of a

terminal substituent is 0.045 A. The bond lengths and

TABLE 4

Final atomic co-ordinates for
[Mo{HB(3,5-Me,-4-CIC,N,),},(NO)Cl(OPri)]

Atom xla y|b zle
Mo(1) —0.024 64(7) 0.212 90(8) 0.111 14(6)
Cl(1A) 0.413 8(3) 0.060 6(3) 0.063 1(3)
Cl(1B) —0.218 1(3) 0.200 6(2) —g%ilig %2;
Cl(1C 0.126 9(3) 0.569 6( .
C1E2) ) —0.185 452) 0.290 9(2; 0.138 5(2)
N(1A) 0.136 3(6) 0.175 2(5) 0.069 6(5)
N(24A) 0.179 9(6) 0.210 6(5) —0.004 2(5)
C(1A) 0.280 5(8) 0.177 8(7) —0.016 9(7)
C(2A) 0.299 4(8) 0.121 7(7) 0.049 9(7)
C(3A) 0.208 1(8) 0.120 2(6) 0.102 6(6)
C(4A) 0.351 8(9) 0.201 0(9) —0.092 9(8)
C(5A) 0.186 7(10) 0.067 2(8) 0.184 7(8)
N(1B) —0.065 7(6) 0.222 6(5) —0.034 5(5)
N(2B) 0.012 1(6) 0.250 5(5) —0.092 3(5)
C(1B) —0.025 3(8) 0.248 2(6) —0.177 1(6)
C(2B) —0.130 5(8) 0.217 3(7) —0.174 8(6)
C(3B) —0.154 7(8) 0.201 1(6) —0.085 1(6)
C(4B) 0.038 0(10) 0.277 4(9) —0.255 2(7)
C(5B) 0.259 7(9) 0.168 4(8) —0.048 8(8)
N(1C) 0.056 2(6) 0.334 6(5) 0.092 6(5)
N(2C) 0.101 4(6) 0.351 7(5) 0.011 2(5)
C(10) 0.132 5(8) 0.432 6(6) 0.007 6(6)
(2C) 0.106 2(8) 0.468 1(6) 0.089 4(7)
C(30) 0.059 9(8) 0.406 8(6) 0.141 7(7)
C(4C) 0.184 2(8) 0.472 6(7) —0.072 2(8)
C(5C) 0.020 6(9) 0.414 1(7) 0.233 6(6)
B(1) 0.121 1(9) 0.280 4(8) —0.055 8(7)
N(3) 0.009 5(6) 0.207 1(6) 0.225 7(5)
0o(1) 0.032 5(7) 0.202 6(6) 0.301 9(4)
0(2) —0.084 7(6) 0.106 8(4) 0.097 7(4)
C(6) —0.111 4(10) 0.042 1(7) 0.161 1(7)
C(7) —0.232 1(13) 0.049 0(10) 0.182 1(12)
C(8) —0.078 9(13) —0.041 3(7) 0.121 4(10)
HC(6) —0.073(9) 0.049(7) 0.216(7)
HB(1) 0.170(9) 0.301(8) —0.112(7)

angles within the pyrazolylborate ligand compare very
well with those surveyed by Guggenberger ef al.,18 and the
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TABLE &
Anisotropic temperature factors
exp[— (By1h? + byok? + bygl® + boahl + byshl 4 brahk)]
bll b22 33 23 13 b12
Mo(1) 0.005 70(1) 0.003 16(0) 0.003 47(1) —0.000 11(1) 0.001 55(1) 0.000 33(2)
CI(1A) 0.008 26(4) 0.008 27(4) 0.008 78(4) 0.000 41(6) 0.000 76(6) 0.007 87(6)
CI(1B) 0.009 06(4) 0.008 48(3) 0.005 03(2) —0.000 33(5) —0.004 25(5) —0.002 34(7)
C1(1C) 0.012 43(5) 0.003 19(2) 0.007 92(3) —0.001 65(4) —0.003 51(7) —0.000 64(5)
Cl(2) 0.006 48(3) 0.004 63(2) 0.006 36(2) —0.000 51(4) 0.002 47(4) 0.001 70(5)
N(14) 0.005 4(1) 0.003 6(1) 0.003 6(1) 0.000 2(1) 0.001 5(1) 0.001 3(1)
N(2A) 0.005 1(1) 0.003 8(1) 0.004 0(1) —0.000 8(1) 0.002 3(1) 0.001 2(1)
C(1A) 0.005 9(1) 0.004 2(1) 0.005 0(1) —0.002 5(1) 0.002 2(2) —0.001 1(2)
C(2A) 0.006 6(1) 0.004 2(1) 0.005 3(1) —0.001 4(2) —0.000 6(2) 0.002 7(2)
C(3A) 0.005 5(1) 0.004 1(1) 0.004 3(1) —0.001 2(1) —0.000 1(2) 0.001 8(2)
C(4A) 0.007 5(1) 0.007 9(1) 0.007 1(1) 0.002 6(2) 0.008 2(2) 0.001 0(2)
C(5A) 0.010 9(2) 0.005 5(1) 0.005 3(1) 0.003 1(2) —0.000 5(2) 0.005 8(2)
N(1B) 0.006 1(1) 0.003 2(1) 0.004 2(1) 0.001 1(1) 0.001 2(1) —0.000 6{1)
N(2B) 0.005 8(1) 0.003 1(1) 0.003 3(1) —0.000 1(1) 0.000 8(1) —0.000 6(1)
C(1B) 0.007 1(1) 0.003 8(1) 0.003 8(1) —0.001 1(1) —0.000 2(2) 0.000 8(2)
C{2B) 0.007 1(1) 0.004 6(1) 0.003 8(1) —0.000 7(2) —0.000 9(1) 0.001 3(2)
C{3B) 0.006 1(1) 0.003 0(1) 0.005 2(1) —0.000 7(1) —0.001 7(2) 0.000 5(1)
C(4B) 0.001 0(2) 0.007 8(1) 0.003 5(1) 0.001 7(2) 0.002 7(2) —0.002 4(3)
C(5B) 0.006 8(1) 0.007 4(1) 0.006 2(1) 0.000 2(2) 0.001 7(2) —0.006 1(2)
N(1C) 0.005 7(1) 0.003 3(1) 0.003 8(1) —0.000 1(1) 0.001 8(1) 0.000 9(1)
N(2C) 0.006 4(1) 0.003 2(1) 0.003 6(1) 0.000 6(1) 0.000 3(1) —0.000 3(1)
c(10) 0.005 5(1) 0.003 5(1) 0.004 6(1) 0.000 6(1) —0.002 2(2) —0.000 8(1)
C(2C) 0.006 7(1) 0.003 1(1) 0.005 4(1) —0.000 3(1) —0.003 0(2) 0.000 4(2)
C(3C) 0.004 5(1) 0.003 7(1) 0.005 4(1) —0.000 6(1) —0.002 3(2) 0.000 7(1)
C(4C) 0.008 9(2) 0.004 8(1) 0.005 8(1) 0.003 6(2) 0.000 6(2) —0.002 8(2)
C(5C) 0.009 5(2) 0.004 7(1) 0.003 4(1) —0.002 1(1) 0.007 2(2) 0.004 6(2)
BQ) 0.006 1(1) 0.003 7(1) 0.003 6(1) —0.000 3(2) 0.002 7(2) 0.000 3(2)
N(3) 0.007 6(1) 0.004 4(1) 0.003 7(1) 0.000 7(1) 0.002 6(1) 0.001 7(2)
o(1) 0.012 9(1) 0.007 2(1) 0.003 3(1) 0.000 8(1) 0.001 8(1) 0.002 8(2)
0(2) 0.008 0(1) 0.003 4(1) 0.004 1(1) 0.000 0(1) 0.002 3(1) —0.000 9(1)
c(8) 0.011 0(2) 0.003 3(1) 0.005 9(1) 0.001 7(1) 0.002 9(2) —0.001 9(2)
c{7) 0.015 1(3) 0.007 7(2) 0.014 0(2) 0.007 1(3) 0.020 2(4) 0.000 9(3)
C(8) 0.015 9(3) 0.003 2(1) 0.009 3(2) —0.000 7(2) 0.000 6(1) 0.000 1(3)

Mo - - - B distance of 3.30 A is typical of tridentate
pyrazolylborate ligands where the B atom cannot inter-
act with the metal atom for steric reasons. The nitrosyl

FIGURE 2

group is linear [179.4(8)°] and the Mo~N and N-O bond
lengths [1.764(8) and 1.176(11) A, respectively] are
typical values for molybdenum nitrosyls of the type
Mo(NOQ)3+ 819

1% T. F. Brennan and I. Bernal, Inorg. Chim. Acta, 1973, 7, 283.

2 F. A. Cotton and J. G. Norman, jun., J. Amer. Chem. Soc.,
1972, 94, 5697.

The Mo—O bond length [1.863(7) A] is considerably
shorter than the formal Mo™-O single bond found in
[Mo,(O,CCF,),(pyr),] 2 [2.116(6) A] and the metal-
terminal oxygen single-bond lengths in the Mo complex
K[Moy(OH),(0,CMe) (C;oH,0,N,)] (2.11—2.14 4).21  In-
deed this length is also shorter than Mo-O single-bond
distances observed in other carboxylate and related com-
pounds of MoV and MoYL22 This shortening of the
Mo-O bond implies a significant degree of bond-order
multiplicity, presumably arising from p,—» d, don-
ation from O to the co-ordinatively unsaturated Mo
atom. This idea is supported by the occurrence of a
relatively large bond angle at O(2) [132.4(6)°] which
might be expected to be substantially smaller if no
n-donation was present; a similar situation has been
observed in [WCl,(OMe),].22 The Mo-Cl bond length
[2.380(3) A] is shorter than published data for Mo"-Cl
distances (2.42—2.56 A),24 but is comparable to the Mo—Cl
(terminal) bond length in Csy[Mo,Cly] (2.38 A).25 This,

21 G. C. Kneale, A. J. Geddes, Y. Sasaki, T. Shibahara, and
A. G. Sykes, J.C.S. Chem. Comm., 1975, 356.

22 B. Spivac and Z. Dori, J.C.S. Dallon, 1973, 1173; F. A.
Cotton, S. M. Morehouse, and J. S. Wood, Inorg. Chem., 1964, 3,
1603; F. A. Cotton and S. M. Morehouse, tbid., 1965, 4, 1377.

23 1.. B. Handy, Acta Cryst., 1975, B31, 300.

24 S, Chaiwasie and R. H. Fenn, Acta Cryst., 1968, B24, 525;
A. Mawby and G. E. Pringle, J. Inorg. Nuclear Chem., 1972, 34,
517; R. M. Kirchner, J. A. Ibers, M. S. Saran, and R. B. King,
J. Amer. Chem. Soc., 1973, 95, 5775; M. O. Visscher and K. G.
Caulton, ibid., 1972, 94, 5923.

2 R. Saillant, R. B. Jackson, W. E. Streib, K. Folting, and
R. A. D. Wentworth, Inorg. Ckem., 1971, 10, 1453.
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again, may imply some degree of =-donation from Cl
to Mo.*

While the alkoxides appear to be formally co-ordin-
atively unsaturated, the electron deficiency at the metal
is compensated for, to some extent, by p,-donation from

TABLE 6
Interatomic distances and angles in
[Mo{HB(3,5-Me,-4-CIC,N,),}{NO)Cl(OPrt)]

Bond lengths (A),
parentheses

with estimated standard deviations in

Mo(1)—Cl(2) 2.380(3) O(2)—C(6) 1.445(13)
Mo(1)—-N(3) 1.764(8) C(6)—C(7) 1.525(20)
Mo(1)—0(2) 1.863(7) C(6)—C(8) 1.532(18)
N(3)-0(1) 1.176(11)
Bond lengths within pyrazolyl rings

Ring A Ring B Ring C
Mo(1)-N(1) 2.172(8) 2.239(8) 2.211(8)
N(1)—-N(2) 1.368(11) 1.382(10) 1.383(11)
N(2)-C(1) 1.358(13) 1.344(12) 1.353(12)
C(1)-C(2) 1.364(15) 1.384(14) 1.399(14)
C(2)—C(3) 1.389(14) 1.413(14) 1.390(14)
C(3)—N(1) 1.333(12) 1.360(12) 1.373(12)
C(1)—C(4) 1.503(16) 1.499(16) 1.514(15)
C(2)—ClI(1) 1.719(11) 1.713(10) 1.698(11)
C(3)—C(5) 1.527(16) 1.506(16) 1.479(15)
N(2)-B(1) 1.533(14) 1.510(14) 1.546(14)

Bond angles within pyrazolyl rings (°), with e.s.d.s in paren-
theses

Ring A Ring B Ring C
Mo(1)—N(1)—N(2) 119.7(5) 119.7(5) 118.5(5)
Mo(1)—-N(1)—C(3) 132.4(6) 133.4(6) 133.2(6)
N(2)-N(1)—C(3) 107.9(7) 106.8(7) 107.5(7)
N(1)-N(2)—C(1) 109.2(7) 111.2(7) 110.1(7)
N(1)-N(2)-B(1) 121.6(7) 119.6(7) 120.1(7)
C(1)-N(2)—B(1) 129.0(8) 129.2(8) 129.4(8)
N(2)—C(1)—C(2) 106.9(9) 106.5(8) 106.5(8)
N{(2)—C(1)-C(4) 123.9(9) 124.2(9) 124.2(9)
C(2)-C(1)—C(4) 129.2(10) 129.3(9) 129.3(9)
C(1)—C(2)—C(3) 107.8(9) 107.9(9) 108.4(9)
C(1)—C(2)—CI(1) 125.8(8) 127.2(8) 124.5(8)
C(3)—C(2)—CI1(1) 126.3(8) 124.9(8) 127.0(8)
C(2)—C(3)—N(1) 108.1(9) 107.6(8) 107.4(8)
C(2)—C(3)—C(5) 128.9(9) 127.7(9) 128.3(9)
N(1)—C(3)—C(5) 123.0(9) 124.6(9) 124.2(9)

Other bond angles
Mo(1)—N(3)—O(1) 179.4(8) C(7)—C(6)—C(8) 113.8(11)
Mo(1)—0(2)—C(6) 132.4(6) N(2A)—-B(1)-N(2B) 110.7(8)
O(2)—C(6)—C(7)  109.0(10) N(2A)—B(1)-N(2C) 106.9(8)
0O(2)—-C(6)—C(8) 107.7(9) N(2B)-B(1)-N(2C) 108.7(8)
Some non-bonding distances (4)

Mo(1) - - - B(1) 3.300(11) N(38) - - - HC(6) 2.69(12)
Mo(1) - - - HC(6) 3.17(12) O(1) - - - HC(6) 2.97(12)

H%{ﬁ) position used for geomnetry assumes a C(6)—HC(6) of
1.08 A.

the alkoxo-group. This donation from the O atom is
thus responsible for the n.m.r. spectral deshielding of the
C and H atoms, as discussed earlier.

It appears, therefore, that the only known pyrazolyl-
borate complexes of molybdenum which are likely to be
co-ordinatively unsaturated are [Mo{HB(3,5-Me,C,-
HN,);}(NO)X,] and [Mo{Ph,B(C4H;N,)s}(CO)e(2-Ph-73-

* Assuming that the covalent radius of Cl is 0.99 A, whereas
that of sp3-and sp?-hybridised O is 0.74 and 0.57 A, respectively,2
the calculated Mo—O single bond distance, assuming no p,—d,
bonding in the Mo—Cl bond and therefore calculating the Mo
values to be 1.39 A, is ca. 2.11 A (sp3-0). If the O atom is sp?

hybridised, the Mo—O distance would be ca. 1.94 A, in reasonable
agreement with that observed. )
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C;H,)1.% 1In the former, however, some p.—d, donation
from X to the metal must be expected and even in the
latter it has been proposed that the =-electrons of a
(boron) phenyl group may interact, albeit weakly, with
the metal.

Finally, it may be noted that while the species
[{Mo[HB(C3R,HN,),](NO)X,},] readily react with alco-
hols, affording alkoxides, such a reaction had not
previously been observed in the comparable #5-cyclo-
pentadienyl compounds, although [{(n3-C;H,;)Mo(NO)-
X,},] reacts with thiols affording %8 [{(75-C;H;)Mo(NO)-
X(SR)},]. However, we have observed recently that
[{(n%-CsH;)Mo(NO)I},] reacts with methanol or benzyl
alcohol affording [{(»3-C;H;)Mo(NO)I(OR)},] (R = Me or
CH,Ph),?® and that the chemical shifts of the «-protons
occur at normal positions.

EXPERIMENTAL

All reagents were used as purchased without further puri-
fication, except K[HB(C,H;N,),] and K[HB(3,5-Me,C,-
HN,),] which were prepared as described in the literature.2?

Molecular weights were determined osmometrically. I.r.
spectra were obtained using Infracord 457 and PE 180
spectrophotometers and n.m.r. spectra were obtained with
Varian HA100 and Jeol PFT100 instruments.

Microanalyses were performed by the Microanalytical
Laboratory of this Department. All yields are quoted
relative to the starting material.

Dicavbonyinitrosyl{tris(pyrazolyl)boratolmolybdenum, [Mo-
{HB(C;H;N,),}(NO)(CO),].—A solution of K[HB(C,H,N,),]
(13.5 g) and [Mo(CO)s] (10.5 g) in dry tetrahydrofuran
(thf) (200 ml) was refluxed, with stirring, under N, over-
night. After cooling, acetic acid (3.0 g) was added and stir-
ring continued for 10 min. N-Methyl-N-nitrosotoluene-p-
sulphonamide {(mnts) (8.6 g) in thf (100 ml) was then
added, stirring being maintained for a further hour, and re-
fluxing being recommenced after that for a further 30 min.
The mixture was then cooled, filtered, through Hyflosuper-
cel, and the filtrate was evaporated to dryness in vacuo.
The residue was washed with hot ethanol and the product
obtained by recrystallisation from chloroform-ethanol as
orange crystals (10.8 g, 659,).

Dicavbonylnitrosyl[tris(3,5-dimethylpyrazolyl)boratomolyb-
denum, [Mo{HB(3,5-Me,C,HN,),}(NO)(CO),].—A solution of
K[HB(3,5-Me,C,HN,),] (71.0 g) and [Mo(CO),] (55.0 g) in dry
thf (500 ml) was stirred and refluxed overnight. The
solution was then cooled and acidified with acetic acid
(15.0 g). This mixture was stirred for 1.5 h, and then
treated with mnts (45.0 g) in dry thf (150 ml). The
solution was again stirred overnight, and the solvent was
then evaporated in vacuo. The orange—yellow residue was
dissolved in chloroform, and the solution filtered, the filtrate
being evaporated ¢n vacuo. The crude product could be
obtained by washing the residue with ethanol, and purifi-
cation was effected by crystallisation from chloroform—
ethanol. The product was obtained as orange crystals (84.0
g 82%).

26 C. A. Coulson, ‘Valence,” Oxford University Press, 2nd edn.,
p. 189.

27 F. A. Cotton, B. A. Frenz, and C. A. Murillo, J. Amer. Chem.
Soc., 1975, 97, 2118.

28 M. M. Hunt and J. A. McCleverty, work to be published.

2 S. Trofimenko, J. dmer. Chem. Soc., 1967, 89, 3170 and 6288.
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Dichloro(nitrosyl)[tris(3,5-dimethylpyrazolyl)boratolmolyb-
denum, [{Mo[HB(3,5-Me,C,HN,);](NO)Cl;},].—Chlorine gas
(11) in an N,-stream was bubbled through a solution of
[Mo{HB(C,HMe,N,),}(NO)(CO),] (2.0 g) in CCl, (100 ml).
After 2 h, the yellow solid which had precipitated was
filtered off, washed with CCl, and n-pentane, and recrystal-
lised from toluene. The product was obtained as fine yellow
needles (1.0 g, 45%,).

The compound was also prepared by Soxhlet extraction
of iodine (2.0 g) over 2 days into a solution of [Mo{HB-
(C;HMe,N,)  HNO)(CO),] (4.0 g) in CCl, (200 ml). The pre-
cipitate which had formed was then filtered off and dried in
vacuo (2.0 g, 459,). The tris(pyrazolyl)borato-analogue,
[{Mo[HB(C,H;N,);](NO)Cl,},], was prepared similarly
(45%,).

Dibyomo(nitrosyl)(tvis(3,5-dimethylpyrazolyl)boratolmolyb-
denum, [Mo{HB(3,5-Me,C,HN,),}(NO)Br,].—To a carbon
tetrachloride solution (100 ml) of [Mo{HB(C,;HMe,N,);}-
(NO)(CO),] (3.0 g) was added a solution of bromine (1.0 g) in
CCl, (50 ml). After stirring for 1 h, light petroleum (10 ml,
b.p. 40—60 °C) was added, and the mixture was stirred over-
night. The precipitate which had formed was filtered off,
washed with CCl, and n-pentane, and dried in vacuo. A
further amount of the complex was obtained by evaporation
of the filtrate obtained above, and washing of the residue as
described. The product was obtained as an orange-brown
microcrystalline powder (3.1 g, 81%,).

Dibromo(nitrosyl)[tris(pyrazolyl)boratolmolybdenum, [Mo-
{HB(C,H;N,);}(NO)Br;].—A mixture of bromine (1.0 ml)
and [Mo{HB(C,H,N,);}(NO)(CO),] (7.2 g) in dichloro-
methane (150 ml) was stirred under N, for 30 min. To this
was added n-pentane (50 ml) and the mixture was stirred for
a further 30 min. The product, which precipitated, was
filtered off and washed with dichloromethane, being then
air-dried, and was obtained as an orange powder (6.5 g,
70%).

Di-iodo(nitrosyl)(tris(3,5-dimethylpyrazolyl)boyatolmolyb-
denum, [Mo{HB(3,5-Me,C,HN,);}(NO)I,].—Iodine (3.0 g)
was Soxhlet-extracted into a solution of [Mo{HB(C,HMe,-
N,)5}(NO)(CO),] (6.0 g) in methylcyclohexane (250 ml).
After 12 h, the mixture was cooled to ca. —10 °C, and the
black solid which precipitated was filtered off and dried %
vacuo. The product was obtained as a black microcrystal-
line powder (7.5 g, 889%,).

Di-iodo(nitrosyl)(tris(pyrazolyl)boratolmolybdenum, [Mo-
{HB(C,H,N,),}(NO)I,].—To a stirred solution of [{HB-
(CsH,N,) 3 }Mo(NO)(CO),] (1.8 g) in dichloromethane (100
ml) was added, slowly, iodine (1.2 g) dissolved in dichloro-
methane (250 ml). After the addition was complete, the
mixture was stirred for a further 10 min, then evaporated to
dryness in vacwo. The residue was maintained in vacuo
until all iodine had sublimed away from it, and the product
was isolated as a black solid (2.1 g, 78%,).

Dibromo(nitrosyl)[tris(4-bromo-3,5-dimethylpyrazolyl)bor-
atolmolybdenum, [(Mo{HB(4-Br-3,5-Me,C,N,); {NO)Br,].
—The complex was prepared in the same way as [Mo{HB-
(CsHMe,N,),}(NO)Br,] using a slight excess of bromine (3.0
g). Excess of bromine was removed from the complex by
washing with n-pentane. The product was obtained as a
dark brown solid (3.0 g, 599%).

Dichlovo(nitrosyl)[tris(4-chlovo-3,5-dimethylpyrazolyl)boy-
atolmolybdenum,  [Mo{HB(4-Cl-3,5-Me,C;N,),}(NO)Cl,].—
This complex was obtained in a similar way from [Mo{HB-
(CsHMeyN,) 3 (NO)(CO),] using a slight excess of Cl,.

Chloro(ethoxo)nitrosyltris(3,5-dimethylpyrazolyl)bovato]-
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molybdenum, [Mo{HB(3,5-Me,C,HN,),}(NO)CI(OEt)].—
The dichloride, [Mo{HB(C,HMe,N,),}(NO)Cl,], was refluxed
in ethanol for 30 min. On cooling, large blue crystals of the
complex formed, which were analytically pure and were not
recrystallised (yield quantitative). The corresponding com-
plexes [Mo{HB(3,5-Me,C,XN,);}(NO)Y,] (X =4-H or
4CL,Y=C,R="Pri; X=4H, Y = Br, R = Etor Pri)
were prepared similarly. The species where X = 4-H,
Y = Br, R = Et could not be obtained pure despite several
attempted  recrystallisations. [Mo{HB(C;H,N,);}(NO)-
(OMe)Br] was prepared in the same way.

Bromo(ethoxo)nitrosyl[tris(3,5-dimethylpyrazolyl)borato]-
molybdenum, [Mo{HB(3,5-Me,C,HN,),}(NO)Br(OEt)].—
A mixture of [Mo{HB(C;HMe,N,),}(NO)Br,] (2.0 g) and
ethanol (20 ml) was refluxed for 4 h in methylcyclohexane
(100 ml). After cooling, filtration, and evaporation of the
filtrate, the complex was obtained as blue crystals (1.0 g,
509,). The compound could be recrystallised from ethanol.
[Mo{HB(3,5-Me,C,HN,);}(NO)Br(OR)] where R = Bu! or
Bu® were prepared similarly.

Alternatively, a mixture of [Mo{HB(3,5-Me,C;HN,);}-
(NO)Br,] and allyl alcohol (10 ml) in methylcyclohexane
(100 ml) was refluxed for 3 h. On cooling and evaporation
of the deep green solution, a green microcrystalline complex,
probably  [Mo{HB(C,HMe,N,),}(NO)Br(OC,H;)],  was
formed. Recrystallisation of this from dichloromethane-
ethanol afforded [Mo{HB(C,;HMe,N,),}(NO)Br(OEt)] as
sky-blue crystals.

Allyloxo(bromo)nitrosyl[tris(3,5-dimethylpyrazolyl)borato]-
molybdenum, [Mo{HB(3,5-Me,C;HN,),}(NO)Br(OC;H;)].—
This complex was prepared as described above and was
purified chromatographically on alumina using light
petroleum (b.p. 40—60 °C) as eluant. After evaporation of
the eluant, the complex was obtained as green crystals (ca.
209,).

Diethoxo(nitrosyl)(tris(3,5-dimethylpyrazolyl)borato]molyb-
denum, [Mo{HB(3,5-Me,C;HN,);}(NO)(OEt),]. The prep-
aration of this complex was similar to that of [Mo{HB-
(CsHMe,N,), }(NO)CI(OEt)] except that zinc dust was added.
After refluxing the mixture for 3 b, it was filtered while hot
and the filtrate partially evaporated in vacuo until crystal-
lisation began. The product was isolated as brown crystals
(ca. 50%,).

Dibromo(nitrosyl)(triethyl phosphite)(tris(3,5-dimethylpyr-
azolyl)boratolmolybdenum, [Mo{HB(3,5-Me,C;HN,);}(NO)-
{P(OEt),}Br,].—This complex was prepared in the same
way as [Mo{HB(C;HMe,N,);}(NO)Br(OEt)], using P(OEt),
instead of ethanol as the solvent/reactant. The complex
was isolated as a brown insoluble powder.

Mass Spectral Data.—The mass spectra were obtained
using AET MS9 and MS12 spectrometers at 200 °C and 70 eV
ionising voltages. The spectral data of selected compounds
are shown here, with m/e values, relative intensities (in
parentheses) and tentative peak assignments (peaks based
on %2Mo).

[{(Mo[HB(C,H,N,),](NO)CL},], [Mls: mfe = 738 (10),
[M, — 2C1]*; 708 (6) [M, — 2C1 — NOJ*; 678 (8), [M, —
2C1 — 2NO)*; 641 (5), [M, — 3Cl — 2NO]*; 464 (40)
[M 4+ NOJ*; 404 (24), [M]*; 3874 (100), [M — NOJ*;
339,334 (42), [M — NO — CH]* and [M — 2CI]*; 3804 (25),
[M — NO — 2Cl]*. Metastable ions at m/e = 588 and 689
established the fragmentation processes [M, — 2Cl —
NOJ*—>[M, — 3Cl — 2NO]* and [M, — 2CI]*—>[M, —
2C1 — NOJ*.

[{Mo[HB(CyH;N,)5](NO)Br, ],

[M1,: mle = 954

(8),


http://dx.doi.org/10.1039/DT9760000898

908

[M, — NOJ*; 905 (2), [M,— Br]*; 875 (3), [M,—
NO — Br]*; 845 (10) [M, — 2NO — Br]*; 826 (15),
[M, — 2Brl*; 796 (27), [M, — NO — 2Br]*; 782 (16),

[M, — 2Br — 2NO + O]*; 766 (13), [M, — 2Br — 2NOJ*;
717520, [M, — NO — 3Br]* and fragmentation of pyr-
azolide residues; 492 (32), [M]*; 462 (100), [M — NOJ*;
413 (27), [M — Br]*; 395 (30), [M — NO — C,H,N,1*;
382 (50), [M — NO — Br — H]* and subsequent fragment-
ation of pyrazolide residues. Metastable ions at m/e = 433
and 315 established the fragmentation processes [M]*—
[M — NO}* and [M — NOJ*—>[M — NO — Br — H*], re-
spectively.

[{Mo[HB(C,H3N,);](NO)I,},], [Mls: mfe = 588, [M)*;
461, [M — IJ*; 431, [M — NO — I1*; 334, [M — 2I]*;
304, [M — NO — 2I1* (all peaks of approximately equal
intensity).

The general mass-spectral fragmentation behaviour of
these complexes is strongly reminiscent of that of [{(%°-
C;H;)Mo(NO)X,},] (X = Cl, Br, or I).

[Mo{HB(3,5-Me,C,HN,),}(NO)Br(OPrl)], [M]: m/e = 556
(30), [M]*; 526 (30), [M — NOI*; 497 (<10), [M —
OPri]*; 483 (100), [M — NO — Pri]*, 434 (30), [M — Br —
Pri]*;- 418 (10), [M — Br — OPri]*; 404 (40), [M —
NO — Br — Pri]*; 388 (40), [M' —- NO — Br — OPri]*,

Crystal Data.—C,H,,BMoN,0,Cl,, M = 621, mono-
clinic, @ = 12.268(4), b = 16.041(4), ¢ = 15.033(5) A, B =
91.44(4)°, U = 2957.5 A3, Dy = 1.386 (by flotation),
Z =4, D,= 1.39. The space-group was P2,/n (non-
standard P2,/c, No. 14, C§;) from systematic absences,
Ol —h +1=2n+1, 0k0 — % = 2n + 1. Mo-K, radi-
ation (A = 0.710 69 A) was used; w(Mo-K,) = 8.22 cm™L.

Preliminary Weissenberg and precession photographs
established the space-group. A crystal, from propan-2-ol,
of dimensions 0.4 x 0.1 X 0.2 mm, was mounted along the
unique axis on a STOE-STADI-2 two-circle diffractometer
and the data collected using graphite monochromated
Mo-K, radiation. All reflections within the sphere 26 < 50°
were collected using the stationary counter—moving crystal
technique, producing 2 522 independent reflections of greater

30 M. R. Churchill, Inorg. Chem., 1973, 12, 1213.
31 G. Avitabile, P. Ganis, and M. Nemiroff, Acta Cryst., 1971,
BR27, 725.

J.C.S. Dalton

than 3o significance. Lorentz and polarisation corrections
were applied, but no correction for absorption was made.

Determination of the Structuve, and Refinement.—The
molybdenum atom was located from a Patterson synthesis
and three cycles of least-squares refinement gave R 0.398.
The remaining 31 non-hydrogen atoms were determined
from a difference-Fourier based upon structure factors
phased by the Mo atom. Four cycles of block-diagonal
least-squares on these positions with all atoms assigned
isotropic temperature factors gave R 0.091. The Mo and
four Cl atoms were then assigned anisotropic temperature
factors and three cycles of refinement gave R 0.068; all
other atoms were then allowed anisotropic thermal para-
meters giving R 0.060. A further difference-Fourier based
upon limited low-angle data showed the two non-methyl
hydrogens, and these were included in subsequent structure-
factor calculations in an assumed tetrahedral geometry with
CH =095A%and B-H = 1.11 A

The molybdenum and chlorine atomic scattering factors
were corrected for anomalous dispersion reducing R to
0.057. At this stage an output analysis revealed some large
discrepancies between the calculated and observed structure
factors of a few low-angle reflections. Although during data
collection there had been no evidence for crystal decay, an
examination of more recent Weissenberg films showed a
development of a secondary diffuse Bragg lattice which
overlapped with some of the low-angle data. 72 Potentially
affected reflections were removed and subsequent refinement
was performed using the remaining 2 450 reflections giving a
final R of 0.047.

Final shifts of parameters were less than 0.1¢ and a final
difference Fourier showed no peak larger than 0.6 ¢ A~1.332
The structure analysis and refinement described was carried
out using programs from the Sheffield University X-ray
system on an I.C.L. 1907 computer.

We are grateful to the S.R.C. for support of this work by
funds for studentships and for the purchase of the Stoe
diffractometer.

[5/1501 Received, 29th July, 1975)

32 All scattering factors from ¢ International Tables for X-Ray
Crystallography,’ vol. 3, Kynoch Press, Birmingham, England.
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