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" REDUCTION OF VANADIUM TRICHLORIDE BY METAL ALKYLS: SYNTHETIC,

o SPECTRAL AND X-RAY CRYSTAL STUDIES®

o - Prasanna Chandr,;sekhar,
) Thﬁ! work. presents results of a stﬁdy of the reactions of fVC13 ‘.
with ZnEt, and AlEt3 and with ZnClz, in the solvents THF(Tetrahydrofu-
ran) and CHyCN, these solvents being chosen to give a fair represen-
tation of the range of solvent media available- thé former being
fairly weakly coordinating and the latter being strongly coor@i.nating ‘

with Pi-acceptor properties. X-ray diffraction studie’s of two of the’

" products are pré'sented.

The successfully isolated crystalline compounds have the for—— .
mulatlons VCl,:2THF (A) (from 2nCl, in THF), V (THF) ZnClA (B)
(£rom ZnEty in THE), V(NCCHj3) g2nCly ("VEZN", C) (from ZnEt, in H3CN)
and'CLp4THF) VOV (THF) 3Gl (“TVA",’D) (from AlEty in THF).

, ' . |

X—réy Diffraction studies of the structure of C showed it to
consist of an ion pair, V1T octahedrally coordinated by CH3CN (peculi-
arly nonlinear) and Zn tetrahedrally coordinated by Cl. Study of
the structure of D revealed an entity isolated in crystalline form
for the first time, two octahedrally coordinated VIII atoms connec-
ted by an O~brjdge, chlorines in the molecule being in trans positions,
across the V atdms. A new technique for the mounting of extremely ° 2

air-sensitive crystals was developed.

N l

Uv-Visible spectral Studles. of all the reaction mixtures and of D
dissolved in a range of solvénts were also conducted. They reveal an
extremely intenge absorption at ca. 487 nm, ascribed to the vov4d+
species. IR spectra of the successfully isolated crystals as nujol

mulls to a range of ca. 300 cm ~1 are also presented.
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A gaé-chromatographic search for dissolved product gases when
THF was used as so‘lvent revealed the presence of ethane, -
ethylene and butane. On tlhe basis of their relative amounts, it
w}a’s postulat;ed‘ that a],kyla?:ion of the VCl3 proceeds moxe to comple-:

tion with ﬂi:z than with AlEb3 , where the increased amounts oFf

ethylene utane observed may be explained by a premature

-

dlimination of the ethyl Qroups from the Al metal. This is-the

Y

fundamental theoreticpl finding of this thesis.
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PRELIMINARY NOTE
. ~ A /7

]
e

Since the names TVA and VEZN are used so extensively in this :
thesis as abbreviations for the compounds whose cry}stal structures

wq}:e determined,' and so mgch of that which is discussed assumes

' a knowledge of these structures, it has been thought useful to

illustrate ‘these structures here initially. VEZN is VII (NCHCH3) gZnCly,
two ions- CH3CN octahedrally toordinated to VIT and C1 tetrahedrally
coordinated to Zn. These ions are shown in Figs. 1A and 1B. TVA iq
(THF) 3Clz)VI:':I—O-VIIIC12('I‘HF) 3. The vanadium atoms are octahedrally.
coordinated, each to two chlorines (which are trans), three THFs

and the bridging oxygen. The structure is show.n in Fig. 2.

Please also note that reference numbers are in brackets and not

superscripted.
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Fig. 1A: ORTEP diagram of ZnCl 4 in VE2N
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¢ AIMS AND OBJECTIVES L -

A first objective of this work has been to échievg a quick and
simple method of synthesis of an isolable VII derivative, coordinated
to easily diplaceable llaands, that may be ‘easily dlssolved in a
variety of organic solvents (an achlevment whlch w111 fac111tate the
study og the complexing abilities ‘of V(II) with various ligands).
may be mentioned here\that this objective has been successfully

achieved. -]

The reaction systems studied in this work are implicated in Ziegler-
Natta polymerization éatalysis. and are fairly typical except~for
the fact that in Zlegler—Na}tta catalysis typically solvents of almost
no coordlnatlve capability, such as hexane, are employed, whereas in
the present work THF and CH3CN have been employed. Although the me-
chanisn;s involved in reactions of this type have been extensively,
and one might say exhaustively studied over a number}f years, not.
much is known about them and about t\he nature of the catalytically
active species present. A secon@ary obje;tive of this work has there-
fore been to obta‘in a better understanding of such systems, and es-
pecially to attemipt to isolate possibly catalytically active species.

- /

As a tertiary objective, this work has attemp‘:ed to contribute Eo

a better understanding of the type of bonding that vanadium is most

likély to involve itself in in an oXidatiom\ state such as +2, especial-

. . ”
ly since previous attempts at studies of V(Il) systems have been

s
scarce for various reasons, primarily its extreme sensitivity to air.
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SECTION I

\

GENERAL INTRODUCTION

- ’ o "o ‘ " ‘
In this section a discussion of the bonding characteristics of

- vanadium is presented along with an account 6f the mechanisms
¢ ' involved in the orgapomeéallié rea;tions of wvanadium. Illustra-
. tive complex cc;mpounds of V(II) are mentioned and a brief back;

ground of Ziegler-Natta catalysis is presented.
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It i.s pertinent to commence at this stage with a discussion of the
nature of bonding involved in complexes of the type under study in
this work. One of the peculiarities of vanadium, due in part tb "its
placement in _the periodic table, is the formation of complexes with
fewer electrons than required for stability according to the conven-
"tionavll 16 and 18 electron rules [1]. Thus in octahedral coordiﬁ—
nation, V(III) complexes usually contain 14 electrons assignable to
the metal, and V(II) complexes have 15 (as is the case with the
isoelectronic Cr (ITI)). Because of this property, V(IIS“L complexes
tend to be mostly 6-coordinate, when a maximum complement of elec~-
trons is made available i:o them. Thus some of the most common V(II)
complexes such as VC1p(py)4 (py=pyridine) [2], aswell as.some of ‘the
earliest discovered, e.g. Lig (V(C6H5)6) [3], and the more recent
ones, (e.g. V(pyrazole),Cly [4] and KqV(SCN). [5]) fall into this
-catggory. V(II) has been known'to be other than 6-coordinate (e.g.
vt
[6] and V(DMP)2+, DMP= dimethyl 1,10 phenanthroline [7a, 7b], ‘but

, I= triphenyl phosphine oxide, dimethyl sulfoxide among others

self-evidently, this has been so only with extremely bulky or
extremely electronegative ligands, and the complexes have, been unsta-
ble in the extreme [8]. V(D is a a3 system, and in the conven-
tional high-spin 6-coordinate (0;) case, it possesses one electron
in each of the nonbonding ng orbitals. "Facile thermal promotion

of these high energy electrons to antibonding levels" [9]»can lead
easily to bond cleavage and/or oxidation. Oxidation may be either

a one-electron process or a two-electron process [10]. The sensiti-
vity to air of the V(II) ion ié well known [1]1], and it may be said
that this an oxygen-sensitivity more than it is a moisture ;ensiti—
vity (cf. thus V(Hy0)4Cly, V(CiO4)2: 6H,0 [12] and some of the expes
:&\imenta:l side-observations in the present jwork) . {One might mention

here; in the context of the discussion on nonconformity to the 16

s
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.and 18 electron rules, théi@t%me example of stability amongst V

complexes, v(co)g, which after all is an 18 electron éystéh). Be-
cause of the presence of threersymmetrically placed nonbonding .
electrons, V{(II) complexes are stabilized by ligands with Pi-acceptor
properties, due to M to,L,backéonation?“hccording to the bponding
model figst propoéed by Chatt and Duncanson [13]1. Such complexes.

are thiis usually fairly kinetically inert [6]. Most V(II) complexes

] R
have a magnetic moment neaf the spin-only value of Heff™ 3.89 B.M., -
. ¢
indicating the presence of .unpaired electrons; some complexes hqwj
ever have moments that are lower, due to the presence of bridging.

or polymeric species [14]..

B:

4

- .

4

For a.better ultimate understanding of the reactions conducted during
the course of this work, we must briefly consider what is known-about
the mechanistic aspects of these reactions to the present time. Re-
actions of the type conducted here, i.e. bétween a transition metal
halide and metal alkyls such as Zn or Al Alkyls and involving the
liberation of gasepus hydggfarbon pxagucts, can Drocéed in two ‘

general ways. In both cases, due to the Lewis acid nature of the

. metal (here Zn'or Al, hereinafter referred to as the "main-group me- ’

tal”) in the metal alkyl, a preliminary bridging coordination of the
halide to the metal is thought to take place, e.g.

~

Et + C1

a < Et ~2 TiCly ' "een e (Eq. I-1)
Et - Et

{ : [15]

'

TiCly +

o

!
As will be further discussed later, it is a fundamental postulate

"of this thesis that at higher temperatures (above circa 40~50°C) ,

the alkyl groups are eliminated as hydrocarbons from the main-group

metal itself (through various processés described later), whereas’

.
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at lowe£ temperatures a substantial alkylation of the transiti;h
metal Qé} take placg, with any subéequent elimination o{ alkyl groups
occuring from the transition metal (see for comparison the discus-
sion in ref. [16]). The first (highgr temperature) mechanism requires
a higher activation energy, which is consistent with the probable
free radical nature of the process. The latter (lower temperatqu)
mechanism requires a lower activation energy, wﬁich is consistent
with known facts ﬁbout concerted organometallic reactigns. These "two
éechanism§ are of course not mutually exclusive. Data obtained by !
other Qorkeés supports, the conclusioné of the foregoing discussion,
as will be shown later.

%
Since all reactions described in the present work were conducted at
low temperature, they can be assumed to have mainly followed the low-
tethperature pathway, involving preliminary metathetical (exchange)
alkylation of the wvanadium. It is therefore pertinent to discuss

the sEability of any V-alkyl bonds produced and the available modes

. of cleavage of such bonds at this stage. For some time now, the ear-

lier notion that Pi-acceptor ligands coordinated to the transition
metal (hereinafter abbreviated as TM) were negesSary to stabilize
TM-carbon bonds [17] has been dispelled [9], ?i:;. It is now kelieved
that the role of Pi-acceptor ligands is to bind more firmly so that

;Bordination to the TM occurs in such a way that sites are unavaila-

' ble for conceﬁged reactions- reactions involving more than one co-~

ordination site~ to take place.

Cleavage of fM-tarbon bonds is now believed to take pléce in four
pgssible ways [18]: involving reductive (1,1) elimination; invélving
1,2 and 1,n eliminations; involving p-elimination of the metal and

H/i;om the ligand; and finally,.involving dinuclear elimination.
Reductive elimination, efg.

N ' -
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. Phj{\\\ Me :
Au ~ — (Ph31;)AuMe + CZHJ (Eq. -I~-2)
ve ”” TN Me - ' [19)

" *
*

»

is frequently préceded by an oxidative-addition reaction. R
‘1,2 and 1,n eliminations, e.g.

TiMe4 -—ﬁ (MezTi=CH2) + CH4r\' © (Eq. I-3) e
S . .
co ' (201, [21]
~ <
’ s
are the least common. ’

-

B-elimination, represented schematically as
:

.

M-CHy-CH, ===  M-H + GHy=CHR  TEq. I-4)

produces an alkene. If the group X in M—CH2-CHXR is electxon-with-
dr&wing, e.g. Cl, this reéction‘gg‘inhibited. Where a p-hydrogen
is unavailable it does not of course take place; thus such groups
as SiMe3 [22) and neopentyl [%%; have been employed to_prevent it.

A good example of this elimination is:

BugPCUCH)CD,Et === BujPCuD . + CH,=CDEt  (Eq. I-5)
» - E
i TN 2

/

o

Dinuclear elimination may involve the formation of’meésa}metal bonds
and/or metal-alkyl bridges. Examples are:

>

2(PhyP)AuMe =P 2PhaP + 2Au + C2H5T‘ (Eq. I1-6)
" - [19]

and the following: )

—

.~

s S,




PRy

3
Bu3PCubD + Bu3PCuCH2CD2Et

 2BugP ' + 2Cu  + CH,ICD,Et

| P I |

) ]
Earlier (see foriinstan refs. [25] and [26]) a free radical me-/ J
‘ * chanism had been generally proposed and agreed upon for the reduction
‘ ‘ of TM halides by metal alkyls, videlicet , ' !
‘\ 5 . B .
1

‘o ’ Tic14 + MR, — lM'cln + TiClj‘ + R’ (Eq. I-8)

. n n '
1 " t

This mechanism has however been consistently discounted by expe-

—

\
rimental evidence [16, 27], such as the nonobervance of products of
free radical-solvent reactions when solvents prone to such reac-

; . tions were used. When other modes of reaction are inhibited, how-

\ ever, free-radical pathways do account for some portion of the-
X products observed [15]. The most common<2; ese is H-abstraction
4 from the solvent, especially for hydrocarbon solvents.

l’ 3 ’ s
TN , R . ~ 4 4
o~ C: .
—_—

. , “

[

' Because V(II) chemistry has not been much investigaéed (for recent

‘R advances see, for instance, refs. [28) and [29]), predictions as

\io the nature of bonding V(II) is most likely to’invplve itself in f

fe still speculative. It can however be assumed that since V(II)
& i§ a a3 system- a TM in a low oxidation state~ it will be stabi-
‘\ ljxed by Pi-acceptor ligands. There are however many bizarre examples
s . i of stabllity that stand out, such as (note absence of Pl-acceptor
o ligaﬂds) PhoV [30), EtsV (from vely and AICl3 in ethyl benzene) [31]
and L 4(VPh6) (from VC13:3THF and PhLi) [3]. (Compare also the

V({IV) d v(V) compounds (PhCH2)4V and (Me3SiCH2)3VO (33,34,35].

. .
"

!
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Qbmplexes of V{(II) with Pi-acceptoz&igand‘s have been observed to

. ) . be thei’mﬁy more inert and usually insoluble [4,34,36-39]. Halc;-;
.. -

gen atolf§ are usually strongly coordinating and substantial p, -a,

interaction may be assumed to occur. Some illustrative ex§mp1e's |

e e e — =¥

of such V(II) complexes [3,4,36-39] are:

, T VLg%, | (I= pyrfazole, imidazole, N-methyl imidazole,

; S ' ~

VA4X, (A= pyridine, B-‘ and ¥- picoline, X=,haldgeg_)

*

X= halogen)
V(en)3X;  (X= halogen) ' ) PN

Lad “~

V(dien) Xy  (X= h\aﬁogen)

[

\ V(amq) ,Cl5:2H,0 (amg= 8—ax;\inoquinoline) ' !

VL3X5:nHy0 ‘(%= halogen, L= 1,10 phenanthroline and .
# . 1 o’ 2.2,2 bipyridyl)

' N
H v

An introduction to' this work will be incomplete without a mention
’ M of ziegler-Nattd catalysis (for a qood_ review, see ref. [40]). In
' L 1955, K. Ziegler and G;’iuajitg indeper@dently* discovered that tri- "
ethyl aluminum, when added to titanium chlor.:ides in hydrocarbon sol-
: , , ’ vents ,& served as an extremely efficient catalyst for the polymeri-

N [ 3
zation of olefins [41,42,43,44]). Moreover, the polymerization

* though there is some evidence, as with all discoveries, of . ‘
7 prior work: a few patents aﬁpear to have been taken out on

similar systems prior to their discovery. i . o {
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. + propene) and vinyl ethe(f ([481). -

-14~
was conducted at low témperatures and atmospheric pr;ssure, and the
polymers obtained had a highly stereoregular character, being either
isotactic or syndiotactic. Since then it has been observed that vir-
tualiy any TM compound, when reacted with a metal alkyl having mode~-
rate acid character, such as the Al or Zn alkvls, will serve as a
polymerizatiéh catalyst for olefins. Soluble compounds sucq.as
Ti(dp)ZClz [45) furnish homogeneous catalysts that.are not 'as Zte-
reospecific as the heterogeneous catalysts obtaineé from insoluble
compounds like the halides. The specificity of the catalvst toward
a particular type of olefin 15 analogous to the coordlnative abili-
ty of the'olefln to the TM in question.
The mechanism of Ziegler-Natta catalysis has been the subject‘of
some dispute, an@ inﬁumerable mechanisms have been proposeq. The
prediction of a definite mechanism has been hampereﬁ by the dearth
of catalytically active material capable of being difinitely charac-
terized, e.gq. by X-ray diffractiom studies. Most mechagésms
predict preliminary coordination of the monomer to the TM. For the
subsequent steps invol&ing polymer qrowth,'some predict such arowth °
on the main-group metal (e.g. Al) (cf., in this regard, the inser-
tion of CHp=<CH; into the Al-Et bond in AlEtj upto a chain length of
ca. 100 ([46,47] free-rad1cal mechanism involving an unpaired
electron on the ﬁl has also been proposed for the polymer” gzowth
step [15]. Most mechanisms however predlct such growth on the TM.
It is also uniformly understood that the TM is reduced to a 3&
éxidation«state, and the purpose of a hydrgcarbon solvent is to
display minimum coordinative capability Qg(that sites are available

on the TM for coordination by the monomer.

v

Among the Zieéler-Natta systems using vanadium compounds with Al

alkyls* that are‘of note and of interest to-this work are: VOCls-Al-

,

Such systems have been used to polymerize monomers as far ranging as .

(isoprene + l—pentene). (allylsilane + styrene), (butadiene + Bﬁtene

IS
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Et3 [40), where the lowest valence state of V detected is (1)
(when ¢xcess AlEt3 was used) ; VCl3-AlEt3 in n-heptane [50], where
the mechanism postulated is that of monomer coordination and
chain pnbagation on the V-atom; and VCl3:3THF/ {isoBu)3Al in
n~hexane for ethylene polymerization 151]. ;n brief, one may safe-
ly say that all the reaction systems studied in this work would
be expected to be active if hydrocarbon solvents were substituted/

for the sofvents presently used and if they were prepared

LY

in situ. )
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SECTION II
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PRIOR ART

4

"t

In this‘section an account of prior synthetic .and structural
work on V(II) is given. Prior work on oxidation processes capable
of leading to the VOV4* species is also discussed. Finally,

g :
earlier art 'ign reduction of TM chlérides by metal alkyls is discussed.
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First studies on production of organometallic compounds of vana-
dium in low oxidation states were attempted with VOCl3 and

Grignard reagents [52,53,54], but the properties of the products

obtained were not clearly known. Among the more recent attemmts,

| PhyV [30], LigPheV [3], Et,V-[31) and (MgaSiCHp)3VO [55,56] have

already been mentioned. VS0 4:71{20 [57] as well as cyano complexes

of V(II) were known beforg,. Seifert and Gerstenberg [11] obtained
the fix:st synthetically usieful vzl c.ombounds by electrolytic reduc-
tion of solutions of V205 in nonoxidizing acids. The reduction was
accomplished at a Ho cathode in the presencc'a of HCl1l and with the
exclusion of oxygen. Compounds obt;ined are given in table II-A. In
the- absence of a strongly acidic solution, all of the above com-
pounds were observed to be oxidized to V(III) either by molecular
oxygen or by H,0. ‘ >

Methods for the production of V(II) in 1ir-1e with the above- :j’.,e.

‘involving electrolytic reduction of higher—valent vanadium in

acidic medi‘a— are one of the two common methods used in arriving

at V(II) complexes that are synthetically workable for coordina-

tion with other ligands. The other method employed is a reduction,
also in acidic mgdium, w‘itp zinc dust [14, S5B]. Most other synthetic °
methods for the production of V(II) complexes involve VC1‘2 as the
stérting material and have been cumbersome and time-consuming; for
example, the production of VClz‘(py)q (py= pyfidine) is only accom-
plished by heating VCl, with (py) for several days [2,60].

Reduction of VClj in methanol solutions [61,62] Tontaining halo- *
éen acids at Hg cathodes was used by Se.ifert and Auel [14, 58] t&:
obtain a variety of V(II) complexes, the adducts VX,:nCH;0H, X=

cl, Br, I, n= 2,4 (and 6 with Br). The salts Vxé‘:4l-120, obtained

| SN
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TABLE II-A '
PRIOR ART ON-V(II):(after Seifert & Gerstenberg (*11))
(Abbreviatiosns: s=soluble' i= insoluble d= decomposes)
. N O’ a
Compound Properties . Solubility * ’
' » . . l o
VCl,:4H,0 ' air, moist. senso, s. C,HsOW, dark
) oxdzd, above- 120%¥C - blue. i. ether,
by H20 of crystzn. acetone.
RbVCl3:6Hy0 red violet6 d. to i. organics "
'NH4Vél3:6H20 red violet o ai. grganics
. VBr,:6H,0 viecl. needles, d.s. alcohol (brown)
. d. to VBr2:2H30 . d.s. acetone ot
. (80°C) : i. ether . )
VIZ:4H20 a. 120°% : s. alcohol (violet) - .
. d.s. acetone (r.- ) o4
brown) ° - 5
a |
VF2:4H,0 ‘ . |
~ . uristable, oxdzd. s alcohol
V(C104) 2: 6H20 to vot d.s. acetone
V(C204) : 2H,0 d. 170°% . i. organics
. V(NHg) POy : 6H,0 4. i. organics '

others: V(II) carbonate and V(II) acetate,duncharacterizeg.j

r 4
2
-l

'
|
y
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subsequently, had magnetic moments near £~ 3.80 .B.M. corres-

Hef
ponding to the spinjonly value of V(II), i:&icating an octahedral,
nonpoiymeric structure, whereas the magnetic moments of the :2H30

adducts indicated a polymeric, halogen—brldged structure. Inciden-
tally, VCl,: (2 4)MeOH, along with the VCly:4H,Q described earlier,
) has been founq very.versatile in synthesis, and has been used by

¢ many workers as a route to the other V(IT) cé;plexes. Thus Seifert

‘and Auel [14] used VC1,:2MeOH again to obtain the complexes

n

VCl4:2THF a¥3VC12 :4HCN ‘,7C12 :4 (py)
VC1,:2(dioxan)  VCl,:2DMF VC1g:4MeCN
' (DMF= dimethyl forMamide) - (Scheme III-1)

The quadri-adducts were all blue-violet compoundg (something that
incidentally seems to be characteristic of unbridged hexacoordi-
) "nated V(II) as also seen in thé present work) and the di-adducts were
s all green; all compounds 'were air- and moisture-sensitive. The
magnetic moments of the quadri-adducts (ca. 3.8 B.M. Hegg! indicaé
ye ' ted unbrldged octahedral coordinatlon; a trans-chloro structure was
- ) 1nd1cated by X-ray powder‘dlffraction photoqraphs which revealed
the compounds to, be 1sostructural with NiCls:4 (py), of known.
crystal structure [6;].

§
-

V(II) halides were used as a route to a number of complexes with
ammine ligands, mentioqed earlier,'of the general formula
k:::>‘=:E§sE12,4) [64]. Khanar and coworkers 536,37] used a reaction of the
hydrated V halides in ethanolic solution to obtain a number of
! pyridine and pico%ine\complexes {also mentioned earlier) of the
general formula §L4x2, with indicated trans~configuration .-for the

halogens.

, Among the more recent complexes isolated, K4V(NCS)6¥EtOH was .

~

[

N,
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obtianed with VSO4:6H20 as starting material in’a nonacidic
agueous ethanol solution. The imidazole, pyrazocle and N-methyl imi-
dazole comﬁlexes (VLyX;, briefly mentioned earlier [4]), were
obtained in ethanolic solution starting with the. hydrated V(II)
halides which were dehydratedin vacuo prior to use, as well as from
VCl,:2MeOH as starting material [37]. ’ :
AN °on

»
Also starting with the anhydrous V(II) halides, a number of macro-
dyclic complexes of V(II) were obtained using.acetonitrile and
o solvents [38]. These bore the general formula VLX, (X= halg.):
the ligand is illustrated belqw:

R CHg3

d \
NH N

N re

CH3
A) R= H, L= meso 5,12 dimethyl 1,4,8,11 tetrazacyclotetrade-
cane
/B) R= Me, L= meso, 5,7,10,12,14 hexamethyl 1,4,8,11

~

o tetrazacyclotetradecane.

(Scheme I1I~2)

~ ¥

Some poly (l-pyrazolyl) borate complexes of V(II), whose crystal
structures were subsequently determined [64], were also synthesized
starting with the anhydrous (i.e. dehydratedﬁ halides and using

AY

ethanol solutions.
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One of the most peculiar and interesting r'esulzl;s achieve& duriﬁg
the course of this work 'has been the isolation in crystalline form
of a V(III)-0-V(III) species. It is relevant at this stage. to trace
what has been known hitherto about the existence and production of
this and similar species. In a kinetic study of the reaction of
V(II) and V(IV) {(as their perchlorates in 0.5 M HC104) , Newton and
Baker ([65a,65b]) fourtd evidence for the existence of a hydrolytic

'dimer, VOV4 , with an extreme\y strong and chdractersitic absorpt:Lon

band at 425 nm. The overall reaction, V2+ + vo2t + 2t -—’

cavdt 4 H,0, was shown to proceed through two possible pathways,

one a dlrect 4ne involving an outer-sphere’ ‘activated complex
(responsible for about 35% ‘of the products) and one involving the
intermediate VOV in the following manner: V02t + V2% el '
vov4#* (mode of its production); Vovéd+ boopt =Yy 4 Hp0

(mode of its destruction); The mode of /;roduction was believed to

be x;\ore rapid than the mode of destruction at the hydrogen ion ' \
concentrations used, so that the species was observable by its
spectrum, but its concentration At any time was believed to be very
small, suggesting a very high extinction for its absorption band.

The san;e species was observed on ‘increasing the pH of the V(III)
solution to 2.7. Swinehart [l0] observed the spekc}es when studies

of the oxidation of V(II) by 0, and HyO2 were being conducted, also

in the presence of appr. 1 M HC104. A ‘Cr—O—Cr4+ species was

- observed by Ardon and Plane [67] when Cr(ClO,;)2 was oxidized by

molecular <;xyaen. This was also observed when the oxidatic'm‘ was

performed with 2-electron acceptors like r13+, ClOS, HC1O and CrZO%_,

3+

but not with one-electron acceptors like Fe3', cu2*, Cl, or Brjp.

It is interesting to note that in HCl04, in which 'me'dium all these
reactions were conducted, the rate of oxidation of V(II) to V(III)
. )

.
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has been shown to be the slqwest. Thus it may be speculated that
this féature gives vovd* sufficient time -to form, before V t e °
consumed by other oxidation pathways. (This property was found in
tes{:é of the rate of oxidation of V(II) by air in various media

{e8]).

In an earlier study, Gandeboeuf et al. [69] observed a species with
an identical strong absorption band at gg;,425 nm. This study was in
an approximately 1 M HClO4 solution at low pH. This.band was pre-
sumed by these authors to be due to V(OH)§, and a species observed

at a higher pH was thought to be V2(0H)g+; as will bé shown.later,
these\assigﬂments sbould be reversed. In the presence of perchlorate,

an entity given the structure

'

+
[V2 (OH) 2'(CH3C00) 3 ] (Scheme II-3)

was observed, also with a strong absorption near 425 nm; this assign-

ment appears to be more accurate.

In the context of this discussion a final point is worth fnentioning.

. Bridging seems to occur quite commonly in V compounds. Linear ,

V-0~V bridges exist in many compounds, as will'be shown' later, and
even a V(II)-N=N-V(II) entity has been observed [70]. L4

“

c:

N

4

We now come to some prior work of considerable significance towards

this thesis: work conducted on the alkylation of T™ halides.

Reaction of Zn or Al alkyls with early-TM halides .such as those of
Ti or V leads, primarily to.reduction of the metal- to lower valence -

states or to the atomic state- , halogenation of the 2Zn or Al, and

i)

N e

/
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. Feilchenfeld [15]:

ﬂ—zq—

the production of hydrocarbon gases- with ethyl as alkyl, butane,

_ethane and ethylene are produced along with some ethyl chloride.

In dealing with the mechanism of these reactions at low termpera-
ture, one must preclude free radicals, exga_pt when other reac-

tion pathways are blocked, as the experimental evidence is against
thém [15,16,27), e.g. the inability to isolate products of reactions
of Me” with ether [71]. A genéral scheme, developed for such reactions
by Prince and Weiss [27] is:

1

MX ) =M® + ALX + :-LC2H4 + lczn

AlEt + 3

S

n 2 6

L
(or 5C4H0)
2 2.0 !
AlR + =MX_ ===} SM° 4+ "AlIX + RX
n n n
(Scheme II-4)

Here M° represents the completely reduced TM, but in general

it may represent one reduced to a lower oxidation state.

Another point worth noting is that hydrogen abstraction can l;é ac-
complished from the solvent, but it can also be accomplished in other

ways, e.g. from an adjacent alkyl group, as postulated by Eden &

~. ¢
) C2H5 ' ’ . Cll ZHS
\ / . . » '
TiC14 + A c——— C2H5 T1q13 ’ , 'A<0 . uC2H5
2Hg ' 25

o Ti(Clj)Cl :E-z-gi + éZHG.

- .°2¢ L

(Scheme II-5)
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The most_ likel@ process for H—abstr;ction is from the metal‘hydride'l/
formed during the process of g-elimination. 'I‘hui Prince and

Weiss [27) found that when an Al alkyl hydride was used in place of
t{he metal alkyl, a 40~fold excess of ethane over ethylene was produced.

In all these reactions of Al ethyls with metal halides, ethane was

.produced much inn excess of ethylene, whereas they would be expected,

according to Scheme II-4, to be produced in equal gquantities, and

the discrepancy may be attxibuted to H-abstraction.

A representative table of gases evolved in such reactions, from

ref. ({271, is given in ‘tables II-B and II-C. These data have no

small bearing on the present work, and have been useful in formu-
lating hypotheses in regard to the prediction of mechanisms &f
reaction from the reiative amounts of hydroc;rbon gases evolved.
(See G.C. section and section on Cohclusions of the Work).

-

a

Eden and Feilchexlfeld [15] observed that the ratio of butane to
ethane increases markedly when less AlBty is used (Table II-D). One
might attribute this to the fact that with excess AlEt;, ethyl

groups are more likely to be eliminated from the Al early in éhe
reaction (through various processes of H-abstraction) whereas with
greater guantities of TM present the process of dinuclear elimination

leading to butane is more prominent.

The role of the solvent is relatively minor as far %s the effect

on ratios of gases evolved goes. Only 5:n unsaturated solvents, where
extensive alkylation (of the solvent) and polymerization occur, and
in halogen solvents, where the solvent takes part in the reaction,

is this pronounced.
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TABLE JI-B

- ' (after Prince ‘s Weiss (*27))

Halide & Molarxr

Ratio to AlEta  CoHg
lCoC12(2.7) 30.
CoBrp (1.5) 35
CuCl(1.2) 39.5
CuCly (9. 93) 33
NiCl, (2.2) L] 24
FeCl, (2.(';) 39
AgCl(1.7) 15

- EVOLVED GASES FROM OXIDATION OF AlEt; WITH METAL CHLORIDES

Percentage composition of gases
C4H)0 ~ OTHER

CoHg

69

60

58.5

58

1.0

23

CqHg

CoHsCl
CoHsCl

C3
C3Hg(0.3)

CoHgCl

% recovery
ethyl groups

98

103

93

102

A
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TABLE II-C

7

EFFECT OF ALKYL GROUP ON OXIDATION OF AlEtj BY COCle

'
1

(Abbrvns. for solvept: E= ether, MC= Me-cyclohexane)

(after Pripce & Weiss (*27))

gas_composition (¥%age) -

d
CHy C2H4 C2Hg iso-C4HB  iso- tl':_C411LQ
C4H]£

Alkyl, (solwent), volwve

‘molar ratio to '

AlEts3

-

Me3Al, (E), 0.5 84.5 14 , 0.6
MejAlEtjAl, (E),0.95 62 13 24

(isoC4Hg)3AL, (MC),2.0 :
46 4 6.5 18.5 24.5

~

 KAL (Et)Cl, (M), 2.3 S

32.5 66 . 1.4

o

»
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g o " TABLE II-D-1
Py

} (Solvent'lz CCly)
* (after Eden & Feilchenfeld- (*15)) . -
; .

Reaction, (molar CoHg butapes ethyl chloride

ratio) é‘\ . {figures are %ages)
N AlEty/Ticly (231) 84 9 - 7
. \\\\
AlEts/TiClz (0. 9}\1) 99 traces traces
' .
\ AlEtyBr/TicCl, (2:1) 99 1 0 ’
|4 7 N - \\ ‘ i
: TABLE. II-D-2 T ,,
BUTANE/ETHANE RATIO AQ\RWCTION OF AlEt;;[ZiCiq RATIO I
.
. Ratio Al/Ti: 9. 3.1 ©6.97 0.84 0.22 0.13

0.05, 0.0 0.15 0.14 0.28 0.28

‘\ Ratio Butane/Ethane:

\\\ /’\
0

%]

- I A
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Jacob et al. [16] did an extensive study of the reaction of

ZnMe2 and ZnEt, with VCl, at low temperature. Their results are
surmarized in Table II-E. It will be noted that because of the lower
temperature of reaction as compared to that in earlier work by Prince
and Weiss [27] and Eden and Feilchenfeld [15], a substantial

portion of produtts havina V-alkyl 'bonds (including V-ethyl bonds

. e e

which are prone to\_the process of B-eliminatipn) w:;\so isplated,
something which has no small bearing on the present work (where no
such V-alkyl bonds were isolated, presumably due to the effeci:s )
of the coordinating solvents used as will be discussédd later) .

- The extent of alkylation of the Vv oenérally depended on the -ratio
of the Zn allkyl to V used, and the interaction of the solvent . NN
with or heating of the products containing V-alkyl bonds usualﬂ.y

led to-the cleavage‘ of these bonds and consequent reduction of the

metal.
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TABLE II-E

REACTIONS OF VCl, WITH Zn ALKYLS

-~ ‘ ’ (after Jacob et al. [167)

P
-a 0, ™

VCl, + ZnMe, in hexane, -50°C

a) With V/Zn molar ratio 2:1, 2VC1l3:MéZnC1:0.5ZnMey ( Veff=

2.69 B.M.‘, implyipg V(III)')““ and MeC1l are produced. Above crystal- -
line product gives methane and a little ethane with acid, giving

v3t solution. With THF, it gives a VC13(THF) solution and a
i 2VC13:ZnC12:8THP’ pgt. .

b) \Winth molar ratio V/Zn 1:1, gives 2MeVCl,:MeZnCl:ZnCl,
(or 2VC13:MeZnCl:ZnMe,), y e~ 2.95B.M. [implying V(III)). Hydro-
lysis of this gives methane, a little ethane andyv3+. Gives dark
violet soln. with ether (yielding 2MeVCl;:ZnCl,:2(ether) and a ppt.
of 3MeVC12ZnC12 {(ether)). With THF, gives methan;z and greeen
2VCly:ZnC1,6THF, which gives V(II) with mineral acid.

c) With V/Zn molar ratio 2:3, MeCl is produced initially. With more
Znd¥e; added, large quémtities of methane and ethane, along with

VCl;:1.5MeZnCl and MeVCl:0.5MeZnCl:ZnCl, are produced. T .

.
@

VCl, + ZnEt, in n-pentane, -10°C

s
P
Iy

With V/Zn molar ratio 1:1, a mixture ;>f Z2nCly, EtZnCl and violet, air-
sensitive EtVCl, is produced. This de’comboses at room temp. to give
ethane, ethylene and butane. With ether, it gives EtVC1,:0.5(ether).
Treatment with ether for 50 hrs gives \'IC12(0.7(ether)u)_; which with
THF gives VCl,:2THF .’ ) .

\e




TABLE II-E, cont. . f °
. .

V€14 + diallyl zinc

No reaction at low temperature. At room temperature, gives ailyl

chloride, propene and V(III) with ether solvent.

e
VCl, + dibenzyl zinc
Gives PhCH,VCljy, which decomposes to give toluene and dibenzyl.
' <
VClg + ZnEt, in ether \
with V/Zn molar ratio 2:3 and at -20°C, gives a deep violet solu-—-
tion, whlch yields flnally VC12 ZnEtzo(Et)z.
~ \; °
- s ‘.' ¢
‘ l
. L
s
3 R .
. ’ )
5 ’ -
. AN Y- y
} .
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SECTION III

« EXPERIMENTAL: PROCEDURES ,

H

A: CRYSTALLOGRAPHIC
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It is not proposed heré to give a détailed discussion of the theb_ry
*and px:actice of the technique of X-ray crystal structure determi- .
nation. A brief outline of the procedures followed-in the present
work only is presented. Considerable basic knowledge of X-ray .
diffraction techniques will bé assumed 6n the part c;f " the reader;,
Details of the crystal mounting are given in the sect:.ions on each

individual structure, VEZN and TVA, since t;hey di;Efered for the

two structures.

o

N

S . -~

1- Space Group Determination

< ’ ) . .

~

The space gfoup was determined from an analysis of the ‘diffraction
spots on the Weissenberg and Buei‘ger (precession) photographs. v.
Oscillation.photographs were taken with a variation of * 10° at
two approximately perpendicular settings of the cryst:al axis for
purposes of alignment. Thc-ase were taken on a Weisseimberg camera
supplied by the Charles Suppﬁr Co; (Natick, Massachussettg) as were
the subsEquent Weissenberg photographs. The second upper level was
the highest level measured in the Weissenberg photographs for both
crystals. On the basis of the’ layer line }_Satterns on the Weisen- '
berg O-level, two reciprocal axes were chosen and precession photo-
graphs taken for these axes on.a precession camera (j—béo supplied
by the CharleSOSupper Co.). Both cameras used a'fing—focus Mo d
_ X-ray tube as a source; this was powered at 40.kV and 20 mA by a
Picker Nuclear X-ray Generator and Control (Model 809B). Kddak
' "No-Screen" film was used for the work. The Mo radiation was filtered
with Zr foil to yield a K, wavelength of 0.7107 &. : .
S A
The, coupling of the Weissenberg camera was such that 1 mm of
lategral tiistance on the O-level photogr;xphs corresponded to a 2°
rotation of th; crystal. For the prec@s;n. camera, the reciprocal
cell spacing d*, the corresponding spacing on the film y,, and the

-

[

<
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?

wavelength of the radiation wexe related by the equation:
s .

) .

(Eg. III-A-1). ,
60.0A f

wilere 60.0 represents the film- . crystal distance for the

C-d

0-level zones in mm.

2- Intensity Data'Collection

An automated 4-circle diffractometer (Picker Nuclear) was used
for the intensity data collection, For control , this was interfaced
to a PDP 8/s minicomputer in the case of VEZN and to a PDP 8/a -
minicoxgp}ﬁer in Fhe case of 'rvzl Power for the Mo X-ray tube was pro-
vided by a Picker Nuclear Constant Potential Diffraction Generator
(model 6238E) (stable tt within 0.19 XV and 0.02% md) set at
40 kV and 20 mA. The takeoff angle for the direct beam was 3.0°.
Monochromation was accomplished by a g’raphite crystal (reflet;tion
from the 002 fdce). Wavelength was taken as 0.7107 R for the Kqy
radiation. A 1 mm diameter pinhole collimator'was used to direct the-
radiation at the sample crystal, which was held at a 14.0 cm dis-
tance from the point of monochromatioh. A receiving aperture equipped
with adjustable vertical (Top/Bottom, T/B) and horizontal (Right/
Left, R/L) slits was located '2'5':0 em from the crystal and 2.0 cm
frbm a NaI-T1I scintillation counter. The aperture was also equipped
with Ni-foil attenuators calibrated to reduction factors of 2.781,
7.959 and 38.190 to attenuate reflections having intensity of
count less than/kﬁ',ooo cps. . 7

i r
The detector waé\operated at 1,000 volts (5.60 helil;ot setting). A

f

) v,




! by the Picklr Nuclear Co.).
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pulse-height analyzer was used to receive 100% of« the K, intensity.
~

) -

The O-level Weissenberg was used as a quide for alignment of the
crystal on the diffractometer and indexing of the reflections. A
SRR strong reflection of low 28 value on one of thegaxis lines was
chosen. Thew &X angles on the diffractometer were set at 0, and
20 set for the reflection chosen. ® was then set to correspond to
-¢ on the Weissenberg, and the reflection centered manually, with

the help of the R/L and T/B shutters. The information obtained

a

thus was used to center (again using the ‘T/B and R/L _shutters) a ]
higher reflection on the-axis. Thé axis was scanned to confirm the ]
intensity patte¥n observed on the Weissenberg, and finally the exact
angles were set and recorded for a high-angle reflection. The ' same ’ N

procedure was repeated for the other axis represented on the :

Weissenberg. ... ‘ i . . - :

s -
N i

In the case of VEZN, the two reflectionsrw/e; finally centered uéing
the PDP 8/s minicomputer run with a program supplied by the Picker

o e e,

Nuclear Co. The- two centered reflections, together with the unit cell’
- parameters obtained from the photographs, were used to locataed
- IS

the third axis. 12 reflections of high intensity and 28 ani_zle and

covering evenly the reciprocal lattice were chosen and centered using
the centering program, Values for w, X, and ¢ at * 28 (for
reflections hkl a(xxd ﬁl-ci) were obtained and these values’ a‘{“e\raged.

The angular parameters so obtained were used in a least sguares .

refinement of the cell parameters. Refined output values were used

i, Pt e i £ =

to calculate an orientation matrix to be used for the data collection

on the diffractometer. (The data collection programs were supplied

i
i
i
!

In the case of TVA, the centering- and the rest of the data collec-
tion procedure as well- was accomplished in a similar manner to
1

that given above with the help of a data collection package program

/
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developed at the National Research Council of Canada, Ottawa [72].
\ .
The 6-20 scanning \t‘nethod was used to record the integrated *
intensities of the reflections. The space 9{::1) symmetry (de-k
termined from the photogra/phs to be P1 for VEZN and C2/¢ fQr TVA)
was used to insf:ru_ct the computer to appropriately reduce the pro-
portion of ‘the limiting sphere to be measured and to ignore
systematically absent reflections. A maximum and minimum value of
26 were '§pecified. The scan width was 2.0° + 0.692tane . The
scah rate was 2°/min in 20 . The backgrounds were measured for .
20 sec's. in the case of VEZN and for 0.1 times the scan’tir;e t!w
TVA. ' /
)
For VEIZN the output of the intensity data was on puched paper
tape, to be transferred (with the use of a Flewlett;fackard 2114n
computer) to magnetic tape for data processing. For TVA the out~’
put was directly récorded on one of the disks of the PDP 8/a mini-
computer but was also available as printout. .

A set of three reflections of fairly high intensity were chosen
as standards and measured at intervals of 50 reflections. Constancy
in their intensity through the data collection process indicated

'
"

all was well.

3- Data Reduction

s
Comiputing was done on a C.D.C. ‘6400 computer for VEZN and on the
PDP 8/a minicomputer for TVA.

I}

i
! o

For VEZN, reduction of the data to yield a list of structure factors

for the reflections was accomplished with the help of a ldkally

written program called PREP. The input consisted among other. thixfgs
;& ’

o
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of the raw intensity ‘data, the -cell parameters and tables for each
atom giving the mean atomic scattering faétors at intervals of
0,05 2-1 in sin® /A, (calculated on the basis of the computat}i.ons
of Ibers and others [73]].

. . o )
For TVA the data reduction was done using similar programs con-

tainéd in the N.R.C. package,

After application of the attenuator factors, if necessary, and
scaling of the intensities of\ the reflections, in accordance with
the variation of intensity of the strongest of‘ the three standard
reflections; the 'intensity I of each reflection was ‘computed accor-

ding to the equation .

»

I = N - (B + By X E: (Eg. 1119—2)

where N is the count recorded for each reflection, B; and B, the
background counts on either side of the reflection, tg the reflec-
tion scan time and t, the total backaround scan time. A standard

deviation for the intensit:.ies, given by the formula

2
o) = |n + B * B2 |t +  (cN)?
2 tb

o, i .
L . _(Eq. IIIA-3)

1
2

where the symbols have the meanings given above and c was 0.02
{
for VEZN and 0.00 for TVA, was calcyjiiited.

Reflections of intensity I less than 3\o (I) were treated as
“%ejects and along with the systematica ly absent reflections were

omitted from the structure solutions.

The intensities were used to compute the relative structure factors,

T
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g,

* according to the usual method, first outlined by Wilson [74]. The

Patterson method [75], [76]. These positions were then used as a

-\
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Frel' using the equation

.

Nl

{ [

I(hk1) - |
_ (Eq. IIIA-4)

Frej (hk1) =
Ip

{Lp) represents the usual combined éqrrection factor for the
polarization of the X-rays and for the specific geometry of the

method of collection, and in our case was given by -«
(coszzem + c052285)
Lp = n (Eg. IIIA-5)
sin 2es(cos220m - 1)

where 8y and 6 represent the diffraction angles at the crysﬁbl,//// j
and monochromator respectively. The Frel's were used to obtain the '

Absolute Structure Factors (Fabs) and the scale factor Fye1/Fabs

rate of change of Frel’ called sigma (the first derivative of Eq.
. >

IIIA-4) was also part of the output in the programs (for each ,

rgﬁlection). ¢ i

.y o

4~ Structure Solution ‘ i

’

!

The structure solution was accomplished in both cases from an

initial identification of the positions of the heavy atoms by the

phase-basis to obtain the Difference-Fourier plot from which addi-
tional atoms could be identified, the procedure being thus repea-
ted, with intervals of refinement of the atomic parameters obtained,

T

gntil all atoms had been identified, i

2y

The structure factor Fpx1 represents the resultant of the waves
scattered by the individual atoms in the unit cell. It is a vector

-

R A T . e = - Yetnles s .
, 5
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3 .
quantity,'and its amplitu@e and phasé are determined by the
scattering powers of the atoms and by their relﬁtive positions (de-
termining the phase, 6= 2n(thx + ky + 12), for each reflec£ion,
vhere x, y and z are the fractional coordinates of the.atoms. The
scattering powers of the atoms alsoqdepend on their thermal vibra-.
tions. The structure factor‘is thus represented by

' . ! @

1
° 2 .=
Fixl = (Apgp * B2

vhere Ay 1= E fycoss & Bhk1= i fysind
i J
ra -
(Eq. I1IA-6)

the fj's being the scattering factors for the j'th atom of frac-
tional coordinates (Xj,Yj,Zj) and the » the phaée,
2 n (hx + ,ky+ 1lz).

In exponential\form, Fhkl is given by
i

2ni(hxy + kys + 1lzs)
Z £5 e ) 3 J (Eg. IIIA-7)

4

j

Considering thermal vibrations of the atoms also, the scattering
factor must be corrected using an exponential term, )

v

e (Eq. IIIA-8)
where B, the "isotropic” thermal parameter, is related to the mean
square amplitude of vibration, p2 , by B = 8ne,f , the atoms being
assumed to vibrate isotropically. If a more refined analysis is to
be presented, the atoms must be assumed to vibrate anisdttopical— '

‘ly, each direction having associated with it a thermal parameter.
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The cgmplete structure factor then is Eq. ITII-A-7 multiplied by

°

the term

~
ot
\

3 ~h%p, + K2Ry o+ 12835 4 2kh Pip 4 2h1B)3 + 2KiB,y)

;:\ -

¢ e

(Eq. IIIA-O)

where the @'s are the " "anisotropic thermal parameters” whose

geometric qualities are ;elated to those of an ellipsoid; the atoms

ére thus termed thermally vibrating ellipsoids or "thermal ellipsoids".

When the anisotropic thermal parameter U, representing directly the
mean squére amplitude of atomic vibration in 22' is used, the

exponential factor abhove (Ea, IIIA-9) becomes

, | U1gh%a*? + U2gk2p%2  + Uz312c*2 +%3U; Hhkarb

e + 2Ujjhla*c* + 2Up3klb*c*

(Eq. IIIA-10)
‘where the bracketed term is being multiplied by 2n2- The use“of™
the U terms is to preferred over the B's and g's. In the case of
TVA, U's were exclusively used, whereas in the case of VEZN output

in the form of .g's was finally, converted to U output.

For structure solution by Patterson methods, the square of the struc-

ture factor is used in the computation of a density map by the equation

1
Jorrs

pixyz) = l,’:!k 1 (Fhlzcl) cos 2n{hx + ky :+ 1z}

(Eq. IIIA-11) !

T
«
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°

V being the vo}ume factormuThe‘péaks represent interatomic vectors
for the atoms in the uhit‘cell; for N atoms there are of course N2
peaks, N being from each atom to itself and thus located as one big
peak at the(same "origin", leaving N2-N peaks to be dealt with.

To eliminate the diffuse natgre of the peaks, the atoms were treated
és point gcatterers,'and'a "sharpened" Patterson function, calcu-

lated using, the modified coefficient ’ .

A 7

in 2

p2 0.1667 + %‘i (F pghkl) ,
nky (Share) . = N
- n 2 sing
, -B |
A .

e

:;' foj
J"-'

(where foj= mean scattering factor for atom j)

(Egq. IIIA-12)

¢

Elimination of the "origin peak" was carried out by using the
n 2

- method. outlined by Patterson [76] where the gquantity g fi s

"i=1

subtracted from the usual coefficients used.

In the difference-Fourier, in place of the Fhki coefficients used
in .the.calculation of the electron density (the Fourier transform

of the, structure factors), according to

1
(xyz) = V

p g ~2nilhx + ky + 1z) ¥
hkl

/ ) (Eq. IIIA-13)

an electron-density-difference map, based on the coefficients

(Fobs-Fcal) was plotted. In such a map positive peaks will appear
where there should be atoms and none are placed, holes will appear

where the calculated electron density is basically correct, and ne~
- 'i ’

i . -
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gative peaks will appear (when not suppressed) where too much

electron density has been assigned (implying a wrongly placeg\,‘

atom) . ' ,

°

Atgmic parameters obtained from either of the two methods, the

Patterson or the Difference Fourier, were refined using the con-

(for instance by full-matrix methods when the number of variables

* ventional least-squares method, where the function being minimized

is less than. ca. 70 as for VEZN, and by block diagonal matrix

methoés where there are more than ca. 70 variables as in the case

of TVA) *is:
Z |7 |
W, F - kP
hk1 hkl | obs 2 cal
&
g (Ea. IIIA-

14)

Here the weight ‘equals 1/0% (the "sigma" value calculated in

the initial data reduction) and k is the scale factor for Fcal'

To test the degree of correctness of the structure at any stage of

the solution, tﬁe "R factor" (also known as the residual,  reliabi-

lity or discrepancy -index) was calculated.

In its unweighted and weighted forms it is given by:

{

4

‘ 'Fobs lhkl B lrcallhkl

/
 unweighted R =

= hkl
hkl

Fobs hkl

(Eq. IITIA-15)




‘ !
y -41- ’ ‘

~

weighted R = E [ | Ihk L )
W, F 1 -
7} .. ey bkl obs cal Inkl
z | | | | L 2 a
W, ; F '
. 'hkl obs ¥ hk1 :

\ hk1l

NI

2 o
(where whkl = 1l/o )

(Eq. IIIA-16) ° *

o

For TVA, all computer programs us;ed for the above-described-
processes as well as for the calculoation of the geometry of the
final crys}:al structure were contained in the N.R.C paékage. For
VEZN, a modified version of a program called SFLS [77] was used for
the least—sqpares and structure factor calculations and a program 1
called FORDAP [78] was used for the Patterson, Fourier and “
Difference Fourier calculations, while UTILITY [79‘] was used to

obtain 'gecmetric parameters such as bond lengths and bond angles.

This latter program first converted eagh fractional atomic coordi- ?

nate into an orthogonal one, and also computed standard deviations;

ofor a bond length the standard deviation is: - ‘

% 3 y2 N\ |
. : a )
A AL |
. = 2 - Yy p) |
1 ’ y \
2

o 2 LI _A_Z_ [

+ (oz+ az) 1 . l
1 2 \
- \ ’ _ i

|

(Eq. IIIA-17) |

o . 4, p

are ( as examples) the estimated standard devi-~

ations in the x pa%améters of atoms 1 and 2 respectively; 1 is the
bond length.

where o, and g¢g_,
!
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Corrections for anomalous dispersion were not thought necessary.
For VEZN, for instance, rough calculations showed that reduction
in intensii:y_ due to absorption would be as little as 5% in

certain directions.

The final structural models obtained were drawn with the help of
the program ORTEP {80] and using the HP2114A computer interfaced

to a COMPLOT x-y plotter.

Further individual details for the solutions of the stJ;uctureslof, .

VEZN and TVA are agiven in the apnropriate sections {see later).
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. A descrir;tion of the analytical (spectral and 6.C.) techniques

, used is given in the appropriate sectiéns..

9 A table givinag a list of chemicals used and suppliers is given in

Y

Appendix A. ,

Most of the synthet:.c work was conducted on a dry—Nz-cxm\—hJ.ch-
vacuum line (Fig. ITIB-1) using "Schlenk" apparatus (essentlally
glassware‘capable of withstanding high vacuur and with a side-

arm fitted with a stopcock for N, inlet and outlet).

Work of extreme sensitivity or work that was cumbersdme was '
conducted in a drvy box supplied by the Kewanee Sci. and Eng. Co.
{Lubbock, Texas). The atmosphere of the dry box was tested for

air- and moisture sensitivity and content routinely with ZnEt,,

- vhich fumes visibly with the slightest trace. This practice was \

found to be guite appropriate for checking the validity (with % 1, s , ;i

‘ . regard to spoilage by entry of air or moisture) of any reactions ‘ . 1
conducted. N, on the dry-Nj-cum~high-vacuum line (heeinafter refer-

. red to simply as "the line") was dried by passing through P,Os.

It was also periodically tested for moisture content with ZnEt,
. contained in a test Schlenk tube. A separate high-vacuum line was

used for distillation of solvents.

Solvents

3 . CHBCN was dried by stirrin:; with and then refluxing over P,05

repeatedly until the P,0g was observed not to turn yellowish from

.  its original white. The solvent was then distilled twice on the

high-vacuum line and stored in the dry box.

t

THF was distilled over Na'under an atmosphere of dry Nz. Benzophe~

———

.
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. none was added (appr.bl g to 500 ml solvent) in the final

‘stages to test for drynesfs. When dry the solvent turns blue due to
the formation of a Na-benzophenone complex. It was then distilled
two times under high-vacuum and \stored in the dry box.

Diethyl ether, used towash precipitates, was distilled over

Na and finally m\c‘l_er high vacuum and stored in the dry box.

¢

. DMF, CH,Cly and Cl,CH-CHCl, were distilled over P,Og prior to
Y vacuum distillation and storage in the dry box. .
v -~

A}
’

All solvents were tested with crystals of TVA (see 1a§er) for -
oxygen- and moisture- content. When dry and oxygen—free; the ¢rys-

tals dissolved giving an intense- violet coloration. When the/

solvents went "sour.", no such coloration was observed. CHyCN was

found to be the most difficult to dry, and THF was found to go

"sour" with a few days keeping in the dry box, perhaps due to

the formation of peroxides (though oxygen was presumably exclu-

PO

ded) or other decomposition products, or impurities. , .

<

Reactants_

\ s .

Solutions of VCl; in THF and CH3CN were prepared to an identieal . BE
concentraticn of 0.1 m (107t mM/ml) by stirring the solid vCl,
. overnight with— the solvent (under N, on the line) at 50-60°C.
« Solutions were filtered before use. The CH3CN solution was green and

the THF solution was orange-brown.

v
o 0

AlEt3 was used as supplied by the manufacturer after a sinagle
. , vacuum distillation only. The synthesis of ZnEt2 is described later
separately. Spectra of the distilled samples’ of AlEty and ZnEt, - T,

- showéd >no traces of etilylene or of other impurities capable of '

-» interfering in any reactions.

"

. . . 1

o
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The Z.nCl2 used was first leached with ECl to remove any Zn dust
possibly present, and then dried at 80°c under high vacuum over-
night before use. Solutions of ZnCl2 in THF and CH3CN were satura-

ted solutions, of énly approximately known concentration.

Other measurements i )

Density measurements for VEZN were made in the dry box in a

. ¥ B
mixture of EtI and benzene solvents by the f}otation method.
- | o . g .
Elemental analyses were performed by Galbraith Laboratories

' {(Knoxville, Tennessee€).

¢ 5 <

The procedures for the G.C., JI.R. and U.V.-Vis. specthal measure-

ments are described in the appropriate sections (sge later).

[

v Preparation of ZnEt,

ZnEt, was prepared from EtI-EtBr and Zn dust (used as a Zn-Cu
couple) according to tﬂe followina procedure, modified from an

‘earlier method ([80bl).

The following materials were required:
. o o 13

- o

" /
Cu oxalate’ 3.24 g Zn dist 27.7 g
- EtI 16.6 g EtBr 11.5 g

The procedure is delineated below.

-a) Preparation of zn-Cu couple

The well-powderég Cu oxdlate and the Zn dust were mixed well and

S P R T I R R e




-49_ ' . i ~

heated over a low free flame with continuous- shaking until the
first traces of a rust color appeared in lumps and the bluish
traces of Cu oxalate were completely gone. Heating was then con-
tinued for another five minutes. A slow flow of dry Ny w/a}s main-
tained over the reaction during the heating (total heating time,
apgroximately 50.minhutes). The reactants were cooled ‘to room tem-.
perature while maintaning the N, £low. Yo

\

b) Preparation of 2nEt,

¥

The EtI and EtBr were miized well and loaded onto a éroppinq
funnel, flushed previously with N,. The funnel was attached to a.
3-necked flask. The EtF¥-EtBr mixture was addeg} to the Zn~-Cu couple
dropwise with constant stlrring under a very slow stream of dry Nz,
vhile the temperature was maintained at 50-55°C with an oil bath.
The reaction started suddenly, as indicatea by the appearance of
white fu:\nes (prof)ably of ZnEtzw). After the addition of the EtI-
EtBr mixture, the temperat}xre was maintained at 50-55°C for appr.

2 hours. The reaction flask was then allowed to cool and finally’
all stopcocks were closed. The flask was left as such overnight "and .

the product distilled the next‘day. - o

c) Distillation of product

y

Distillation of product was conducted under vacuum. While con‘nec-
ti;xg up the apparatus for'this procedure, a flow of N, was main‘tained
over the product to pre\{ei\t contact with air.The product was dis-
tilled off at ca. ie°6 and collected‘ under 1liquiq, Nz (ca. =196°C).
The dlstlllation requlred approximately 3 hours. After bringing the
distillate to room temperature 1t was taken to the high vacuum line

for a final distillation; the first ca. 10% of this distillate was

discarded to remove any EtI and EtBr prossibly present in the

product (though there should not have been any since a large excess
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of Zn'used). Thq ZnEt, distillate was taken into the dry box

for storave in an opaque container (because it was found to be

light- sensitive). -

. ZnEt, vehemently attacks grease and diffuses through rubber

septa and so is a problem to store in sealed coﬁ%ainer. Boiling
point 118°C at 760 mm kg, Density 1.8625, .

‘
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™ All reactions were conducted at low temperatrue (~50° to -30°C)"

A slush bath of CHC13-CC1 4 made by adding lig. N2 to these solvents
was used. The following procedure for the preparation of TVA is

illustrative; procedures for other prodicts are given following it.

. u n . / !
A: (THF) 3C.'l.2VOVC12 (THF)3 ("TVA")

e 2

AlEt3 + vc:13 *{1:1 molar ratio) in THF

°

Synthesis

5 drops of AlEt3 were added to a previously weighed (evacuated) 25
ml Schlenk tube in the dry box. The tube was evacuated on the ];ine
while cooling under liq. N,, brought to room temperature, and
weighed agaln to determne the amount of AlEt taken. 10 ml THF
was then added to 1t in the dry box; the tube was then cooled in
the slush bath on the line. A septum cap.was put on the tube

mouth in place of its ground—q]iess stopper. The required volume
(for a 1:1 mélar ratio ) (appr. 5 ml) of prepared-and—coofed
\iCla/THF solution (0.1 M,seé earlier section on preparation of
reactants) was extracted with a syringe and slowly added, through
the septum cap, to the AlEt, (kept at ca. -50°C) while stirring. )
The solution was initially brown but turned intense 'violet on
warming to appy. -30°C. After addition, the septum cap was r;moved
and the stopperbreplaced on the tube mouth; the solution in the
tube was reduced to appr. 1/3 its orig‘inal volume by distillatiox:xn
on the line. The tube was then leff at ca. -20°C for a few days,
when pure crystals of TVA precipitated. The mother liguor was
separated by dec;;ntation from the crystalé; it could then be used
for the futher precipitatfon of crystals after reduction inn ‘

volume. Nota bene: Variation of the V/Al molar ratio did not lead

Q
'
°
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to- a different product:; TVA, along with the excess reactant, vas

~F

precipitated.

Stability and Preservation

Except in the case of the soluble TVA, all crystals were washed

in the solvent of their original precipitation. TVA was washed

with ether and dried in vacuo when required for elemental analysis.

These ether-washed crystals were not found suitable fo'r c',:rystallo—
- graphic analysis: they .cubled on touch and displayed in many

cases a powder diffraction pattexn: from previous experience [8l]

solvent loss from and consequent degeneration of the crystal

lattice appeared to be the cause.

Solutions and free crystals of TVA appeared to be air-sensitive

in the extreme (probably not that moisture- sensitive: see later’

sections, and earlier discussion of V(II)). Under optimum condi- .
tions in the dry box, the naked crystals (i.e. those not covered
by the mother liguor or anytlhing else) lost crystallinity in

approximately 10 minutes. The unexposed crystals were translucent

violet, but they became opa within a few minutes of exposure,

evén in the dry box, indicating surface decomposition. Mounting

the crystals for crystallogr hig andlysis was thus found to be a

o

problem, and is described in 1; ey section. The mother 1i-

o

quor, and the cry tals when kep erein, were stable at room

temperature for at least 3 months (lo gest trial). The solutions
of the crystals in® THF were § a few days only. Decomposi- "
{ tion was indicated by a decrease in or loss of.the characteristic
intense violet coloration, with concurrent decrease in intensity
E{of or disappearance of an intense characteristic absorption band

(at ca. 487 nm) .
‘>

A
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:
For preservation, the crystais, with a little covering mother
liquor, were 'immersed "in nujol. For elemental analysis, they
were washed with ethep (as noted.earlier), dried ca. 5 minutes in =
vacuo, and sealed under vacuum in small ampoules after being

loaded“into these in the dry box.

Solubility

-
TVA was found to be extremely soluble in the following solvents,
giving identically an intense violet coloration in all of them:
in THF (as above); in CH3CN: in CH,Cl,; in CH,C13CH,Cl; and in
DMF. Insoluble in diethyl ether (with which it was washed, as
" noted earlier), benzene, hexane, toluene and similax hydrocarbons.

Soluble with decomposition in CH,OH ané acetone. Solutions in

a 3 ¢
CH3CN were fairly stable, and those in DMF extremely so.

w )
"Recrystallization

For crystallographic analysis, a large batch of crystals washed with
ether were recrystallized thus: they were redissc,)lved in a small
vacuum line, the solutiorn was kept at ga. —20°C for 2 days, when
an excellent crop of crystals was obtained. Further concentration
of the mother liquor yielded a number of crystal batches. Crystals

were used without further washing.

<

Composition

The elemental analysis for TVA is given ixi Table IV-A. Its differs
from that corresponding to the formula determined by the X-ray
study, and corresponds to a loss of solvent from the molecule

and approgcimates to oniy 4 THF molecules per formula unit (versus
6 for TVA).

quantity of THF; after reduction in volume by evaporation on the .
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TABLE IV-A
L4
ELEMENTAL ANALYSIS FOR_ TVA, STHF!3C12VOVCIQ ‘THF}3
V2014C24H4807, Molecular Weight 692.34 g
g Calculated  for above

formula (weight %)

v 14.72
c1 26. 48
c 41. 64
H 6. 99
) 0 16.18
| \
3
!
E
F 2

16.35
23.89
33.47
5.80

. 20.49 (by dif-

. Found (weight %) -

ference)

&

ot
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B: V(THF)42nCl, (“TVEZ")

r

ZnEt, ’+ vCl, (1:1 molar ratio) iném

}

- 5 drops ZnEt., were weighed into a Schlenk tube; 5 ml THF were

added followzd by the addition of the required volume of a pre-~
cooled VC1,/THF solution (0.1 M) at ca. =-40°C with constant \
stirring under N, atmosphere (on the line). The solution immediate-
ly turnid‘intense violet. it was reduced slightly in volume and pre-

v . sexrved fgr 3v days at ca. -20°C, when purple-black crystals were
obtained, found to be insoluble in THF, with which they were
subsequently washed, then dried. The elemental analysis is given in

table IV-B.
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ELEMENTAL ANALYSIS FOR V(THF) 44nCly ("TVEZ")

A

=57~

TABLE IV-B

VZnC1,Cy¢H3 04, Molecular weight 546.55 g

/

Calculated for above ‘
formula (weight %)

1

Zn

v
Ccl

e
. H

o)

11.96
9.32
25.95
35.16
5.9
11.7

Found

10.50
< 8,39

27.94

35.09

6.04

12.04 (by dif-

’

ference)

4 4 b A Y P I e e
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C: V(THF) 5C1,

a

-

InCly + VCl3 in THF

Smthesis . '

A saturated solution of ZnCl, in THF was prepaxred by stirring

excess 2nCl, with THF overnight at ca. 60°C. The solution (colorless)
was flltered before use. 5ml of pre—cooléd 0.1 M VC1,/THF were
added to 1 ml of the 2nCly solution with stirring at ca. -50°C

under N,. The solution obtained had a green coloratiqn (resembling
VC13/‘CH30N) . On keéping for 2 days at ca. -20°C, long green

needles wer;:- precipi tated. These were found to be insaluble in THF,
with which they were washéd. They were dried and sealed wunder ’
vacuum:for analysis. The analysis (table IV-C) indicates the

formula VCl,:2THF. Seifert and Auel [59] obtained an-identically- ’

' appearing substance, 350, of formula VC1,:2T8F , in vhigh the

~

stxructure was shown be polymeric - octahedral V(II) ions
sharing\\g:}florines .witiu successive neighbors. The habit of our crystals
{long needles) points to a polymeric stxructure. As for the colora—
tion of the reaction mixture, it will be noted that the octahedral
nonpolymer, Vélzzfﬁzo an(% the polymeric V012:2H20 give different -
colorat'ions (blue and@ green) in aquecus solution, owing to a
slight shift in absorption bands [86] (see also the next section

on U.V.-Ws. spectra); the VCl, : 2THF solution therefeore does not

H H
¢
L
-
. - ' j
* . o °

Discussion

L)

Employment of 2nCl; was attempted as an "inorganic analog" aof previous '

‘reactions with ZnEt,, to see .if a V-2nCl; adduct-or possibly a
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ZnCli- ion could be isolated. How precisely Zn{l, could reduce’
V(III) to V(II), as occured iﬂ th:e Yeaction, remains a puzzle. The
‘'possibility that 2Zn dust (an impurity usually presént in Zn \
halides) could be the cause ‘was presumably eliminated by" leaching the
ZnCIZ‘ with HC1 prior to use. Other impurities may however have been

+ . .
present. A Zn/Zn2 catalyzed disproportionation of the general type
+ .
v3 + Zn2+——-) \74+ or V5+ + 2n°

Zn® + V3+ —" V?+ + Zn2+

[y

‘has been sugqes‘ted [81]. VC12:2THF is isolated because it is
‘4

the 1east(,\soluble component. .Zx-:Cl2 may however not be as "innocent"
an agent as it appears to be; in the context of this it is worth

g "
noting the polymerization of acrylonitrile and ethyl methacrylate

observed inh the presence of ZnCl_, in DMF solution by Mostaafa and

2 -
Mokhtar [81b], as well as numerous other catalysis reactions

of ZnCl2 [8lb- and references therein}.

™, ’ ‘ .
S |

o
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TABLE IV-C

ELEMENTAL ANALYSIS OF VCl,

Molecular weight ' 266.06'qg’

Caléulated for above

formula (weight %)

v  19.15
Cl  '26.65
c 36.12
H 6.06
o) 12.03
Zn 0.0
]
¢ .
]
.
‘ Tt

e

[y

- 2THF

/

Found

14.36

- 25.09

31.03
5.91

23.58 (by Qif-.

ference)
0.03

s rrwe s ot
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. E: V(NCCH,) 2nCl,
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D: vel, + AlEt (1:1 molar ratio) in CH.CN

3 /

The reaction procedure in this case was ifient1ical to that given in
part A for TVA, .except that CH3CN was used as the solvent. On J
mixing the reactants at ca. ~50°C and warming to ca. -42°C, the
usual intense violet coloration was obtained, but this soon turned
to a greyish coloration (identically so in more'than 6 attempts).- No
qrystalline products were obtainable from the solution. At':tempts

to preserve the original coloration by keeping at -50°C failed.

q

(limzn" )

b

-

vCl

3 + ZnEt,. (1:1 molar ratio) in CH,CN

A procedure identical to that given in part B was followed,

except that CH.CN was used as solvenf in place of THF, and a reac-

3
tion temperature of ca. -35°C instead of ca. =50°C was used.
An intense violet coloration immediately obtained on mixing

of- the reactants. The solution was kept, without reduction in volume, -

at ca. -20°C. Greenish black crystals were precipitated within a . ; -

3

few hour;s. These were found to be insoluble in CH,CN and were "
washed with this solvent, .dried and sqaied under vacuum for elemen-

tal analysis as well as crystal structure determination. The analysis
is given in table IV-E. Nota \bene: Variation in the V/Zn ratio did
not lead to a different product; VEZN was obtained along with the

)

. .

‘Precipitated excess reactant. - /

Y
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TABLE IV-D
ELEMENTAL ANALYSIS FOR V (NCCH.) ~ZnCly _(VEZN), -
‘ F K :
V'chl4cle18N6 \ Molecular weight 504.44 g
> ] J .
Calculated for above \ ‘ LT
‘formula (weight %) . Found ) .
\ 7 X ,
o 'J/ ’
v 10.1 . 6.55
" 2n 12.96 . . 10,65 - : <« 0
cl 28.11 * " 28.55 e :
c 28.57 27.85
H 3.6° 3.92
N . ~°16.66 . 16.10
o . 0.0 . 6.41 -(by 4if-
. ference)
\ e 3
: ° . Lo |
. \ Y ;
r l - .JI\ ‘- ‘ ) !
. * Lo " ‘ °
3 ' \
- ;
- r‘&, . L]
§) 3 ) N
4 3~ ' . s
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F: VCl. + 2nCl. in CH.CN

The procedure followed for this reaction was identical to that
given ;n Part C, except that CH3CN was used as solvent in place

® .of “THF, and a reaction temperature of ca., -40°C was used. The
ZnCl /CH CN solutlon was colorless. On mixing w1th the VCl /CH CN ¢ :
solutxon, the green coloration of the latter was retaingd No crystal-
line products were isolable from the ;eactlon mixture other than

excess ZnCl2 (precipitated). ' ) ‘ ’ A

se




SECTION V

°

U.V.-VIS. SPECTRAL RESULTS
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Experimental }

U.V.-Vis. spectra were measured on a Pye-Unicam SP8-100 spectro~
photometer (double beam; deuterium 1éﬁp U.V., tungsten halide lamg '

a Visible) in "Hellma" quartz cells of 1 cm thickness. The wave- )
length range was 750-190 nm, except in a very few cases, where the
range was 850-190 nm. An ordinate scale ﬁ;ximum of Absorbance %:0
was empioyed.‘The/cells had provision for sealing of the coﬁtenfs
(necessary due to the air-sensitive nature of the samples) -

a ground-glass opening with tefloh stopcock (greaseé when sealing).

. The samples were loaded into the cells in ‘the d;y box and spectra were
taken within 2-3 minutes of the loading:hAll dilutions were con-
ducted with dried solvents in the dry box. Numerous standardization
“spectra were of course taken ﬁrior to the sample spectra to
note possible deleterious effects on the ;ample spectra, e.g.
solvent sample vérsus solvent reference (béseline correction), high
vacuum grease (used with the Schlenk apparatus) dissolved in the
solvent (in which case the peaks were of negligible intensity
even at hiéh concentration and appeared only ‘in the charge transfer
region), AlEts, ZnEts, and ethylene in the solvents (no peaks were
found due to ethylene or other possible -decomposition products in

the AlEt3 and ZnEt spectra). Peaks appearing in the charge transfer

2
region and of fairly low intensity were assumed not to have detrimen-
tal effects oOn the quality of the sample spectré. Confirmation of the

values of the extinction coefficients obtained in the sample spectra

was obtained by taking two or more spectra with the samples pre-

duction of pir, moisture and impurities through the apparatus used.
In the case of TVA solutions, many attempts at sample loading ended

in failure due to oxidation. I

/
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One experimental peculiarity observed while tak{ng the spectra is
worth meptioping. A suppression of the baseline, below the ~
0" absorbance value, was observed in the U.V. region exactly in-
the range of absorption of the solvent, apparently indicating that
in this region the referencg {pure solvent) absorbs more strongly
than the sample. ireliminar§ baseline verification (pure solvent
vs. pure"solvgnt) showed nothing amiss. The phenomenon ﬁas also
obsefved with other instruments, and even when the purest solvents
were used. A reversal of the sample and reference beam positions
showed that the pure solvent was absorbing much mbre intensely
than the solution (samplef. The explanation arrived at is that the
absorption bands of the solvent in the U.V. region are so intense
that coordination of even a small part of the solvent, as‘bccprs
inythe solutions used, remoyes just enough from the absorbing
solvent pop&lation in the solutioﬂ 50 that there is an excess of
absorbing material in the reference which give rise to the reverse
absorption observed. Since however this occured only in the U.V.
region, and all Eands of interest to us were in phe ligand field '
region, values of extinction coefficients were not affected.

&

Discussion

.
[

) only transitions observed in the ligand field (LF) region of the spec-

trum are of course of interest. The electronic transitlons to be ob-

v

served in an octahedral or near-octahedral fleld for v (Laporte-for—
bidden and thus likely to be of very low intehsity) are the
following [81]. T

” '

"4 4 . 4
I): 3 i -,
vaI: transitions n Azg Zo ?2g (highest A Yoy ?lg(F)
and Tlg(P) (lowest A )

V(III): ~2 transitions .- swlq-ér é*1*2 g (at highera ) ana

-

4'3,
Tlg(lower A)
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V(IV): 3 bands "~ B -—) E(I) (at highest A ), 2 1
¢

and A (lowest A ). — i

V(V): Charge transfer transitions only.

‘Table V-A gives some results obfained by earlier workers on V(IV)

and V(V) spectra, along“with assignments and extinction conffi-
éients where available (extinctions molar,t¢ ). Tables V-B and V-C
do the same for V(III) and V(II). Table V-D givés the results of
t%is study in summarlzed form together with some other results for
coyparlson. ¢ values (based on moles of V, usually as V(III) ini-

tially introduced) and the tentative assignments are included. The
-

"

‘feature to be noted in tables V-A to V-C is the considerable shift

of the -bands in the various solvent media. It must be also noted that
the region below ca. 400 nm was characggrized by, in all cases, charge
tr;nsfer (presumed) bands of extremely high intensity that were

quite similar in afpearance regardless of solvent used or oxidation
state of V. Some representative spectra are given in Fig. V-1 to V-7

appended to this section. ' T

The spectra of the var%ous reaction mixtures and of the'?VA solutions .
Yeveal something about the identity of the species present in solution.

In all cases, an extremely intense band is. observed at ca. 487 nm,

-almost insensitive to change in solvent or- reactants used. The solu~- .

tions in all solvents are of an intense violet; eﬁposure to air
causes decrease in intensity and ultimate loss of this coloration with

concurrent decrease in intensity and ultimate disappearance of ‘the

487 nm band, so ft is this band that is. responsible for the coloration.
A band near 600{nm is alko observed in all‘cases, more or less corres-

ponding to the’ econd VAII) transition ( A -’ 4 (F)) The first




v * TABLE V-A

SPECTRAL PROPERTIES OF V(IV) AND V(V)

<

[

(N.B.: Probable assignments are given only for the first set

of data; for other sets use the symbols for comparison).:

[

- . L~

Compound . . ’ Bands (nm) ( ¢ in lmole lem-1,
\ where given) . .
V(Iv) in 5.6 M H PO, [82] . 833 (Op=¥ k(1)) (n),

746 (ZB;~) 2B;) (B)
675 (2B; =) 2n;) (C)

V(V) in 5.6 M Hypo, [82] " 244 (charge transfer)

V(IV) in: 0.5 M, 5 M HySOj, 750-770 ( © 15.0 in HC104) (B)
0.5 M, 5 M HC1 ”
and 0.5 M HC10, [83]

. w

V(IV): (Et,NH)),¥0C1,; and MeNH3) g~ 720 (¢ 54) (B)
V20,C1; in MeCN solution. 415 ( c¢157 (0)

V(V): "(py)HVOCL, [84] | 621 ( t 210) (B)

° 465 ( ¢ 2000). (C)
(N.B.: The existence of these transi-
tions, 'apparently of d-d character; was
ot explained b}" the authors)™

v(IV): V02t in ascorbic acid medium 714 (B)
/
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_TABLE V-B
| , .
SPECTRAL PROPERTIES OF V(III)
. e
Compound Bands (nm) ( A\ in lmole~lem-1
. where givel'&
"V(III) in 5.6 M H3PO, [82) 660 (31 ==}3ry5) (A)*

430 (3Tyg=—y3Tig)*  (B)

(*Assignments given only once; for other data please

\

compare wsing the symbols)

V(III) in 0.5 M H,80, [83] 605  (a).
“ | 400  (B)
' (.
V(III) in 0.5 M HClO, [83] , " 50 (¢ 6.00 ()
: 400  (B)
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SPECTRAL PROPERTIES OF V(II)

Compound Bands (nm) ( ¢ in Imole~lem™1,
?
where given) ' . o

(N.B.: Assignments are given only once. For other data please

compare using'the symbols) <
V(II) in 5.6 M HyPO, [82] © 877 (dRpgemmed AT,0) (R)
: \ 4
' 585 (Iay ==} imyq (F)) (B) ‘
° S 391 (Uayg ey mpg(e))  (© N
V(II) in: 0.5, 5 M HyS04, i 565 ( ¢ 4.5) (B)
0.5, 5 M HC1
' \‘ : * and 0.5 M HCl04  (83] .
' VCl,:4H,0 (Diffuse reflectance 1010, 585 & 401 (a,B,C) : .

spectrum [86]) ) '
. .
VC1l5:2H,0 (Diffuse reflectance -« 1125, 689 & 427 (a,B,C)
spectrum [86])

. VS0,4:6H0 (Diffuse reflectance 840, 562 & 357 (A,B,C}
spectrum [87])

(L1,K) 4(VClg) (melt, 400°C, [88]) 1389 (¢ 811). (A) -
_ 833 (c12.4)  (B) ‘
. ,. e . 525 ( £17.5) (C)

H

(Ni-l4) 2V(Hz0)g(S04) , (aqueous solution) 810, 541 & 358 (A,B,C)

]
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TABLE V-D 0

SUMMARY OF U.V.-VIS. SPECTRAL RESULTS (of this work)

&
(N.B.: Asterisked portions are from previous tables, for

4 @ comparison)

{Tentative assignments are in brackets)

¥

V(III)/H0 (%) VC1/THE VCl3/CH3CN |
(885, weak forbidden)
660 (3ry4) 758 (¢ 30) . 695 ( ¢ 31)
(560, weak, forbidden) o T

3
:{30 (ol T]:g)‘ . 503 ( ¢ 30) . ‘470 ( £ 28)
V(I1)/H,0 (%) VC1,/THE _ (*) VC1,/CH4CN (*)

\ - 877 (=Yiryy) - 994 : 685

4 N »
585  (wedy 4Ty (F)) 643 . 495
391 (=y 4T14(P)) ° . 404 " unobservable due to

charge-transfer bands

ﬁ'} » * .

VC1ly-2nCl./THF reaction mixture

) . : 745 (¢ ca. 50.0) (probably V(III))
340 (charge transfer)

ovaer et < T e e

[
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TABLE V-D, cont.
\ N

(Note abbreviations: r.m.= reaction mixture, pr.= probably)

-

‘ /

]
TVA r.m. (in THF) + TVA/THF TVA, oxidized, in THF
598 (t 66) " 766 ( ¢ ca. 30) 525

(pr. V(II)) {obsvd. with excess V(III},

is pr.v(I1I1))

605-598 ( ¢ 149) °
| -
487%* (E 631)
(pr. voy4t) _
(* this peak probably overshadows the second (ca. 404 nm) peak
of V(II) in these spectra) )

487 ( © 240) .

406 (pr. V(II))
(pr. vovidt) '

ZnEts/VCl2/THF r.m. TVA/DMF - . TVA/CHACN
600 (¢ 72) (pr. V{II)) 678 ( c© 500) 680 (¢ 70)
A (pr. VI (pr. v(11))

483% ( ¢ 390)
(pr. vovéh

482*( ¢ ca. 4,000) 487 ( ¢ ca. 600)
(pr. vovdt) (pr. vovét)
(* probably overshadows second (ca. 404 nm) V(II) peak)

E}
a

»

&

o,
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- considering that VOV4+ is presumed to be formed from V2 and VO
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for instance, at 404 nm in THF sdlvent [59)). The third transition

(expected near 900 nm in THF, for instance) is out’ ‘of . the range of' -

the measurements. The V(II) band near 600 nm has a fairly low

intensity (ca. 60-70 except in the anomalous case of the DMF solu-

tion) and shifts with the solvent of coordination; both properties

correspond with earlier observations (see tables V-A to V-C).

The band near 487 nm 1s probably due to some variety of a charge
transfer transition within the VOV4 entity. ‘The factors that
point to this are the fact that the band is observed on dissolving
the crysfals of TVA (of known structure - having the V0V4+ entity)
in various solvents, and the fact that the band shifts almost negli-
gibly with solvent of. coordination and involves high transition
probability (implying high intensity). This latter obsefvation

indicates that it is not a d«d transition.

The observed c¢'s of this intense band are low' (ca. 600) and are

e.at variance with what the eye seems to tell us from previous ex-

perience with inEensely colored solutions qigb_permangaqaies).

One may account for this, and for the'extremely high (and seemingly
normal) observed ‘intensity and ¢ in DMF by proposing that the
actual concentration of the vov44 species in any of these solutions
(including the reaction mixtures) is very small at the very large
dilutions at which the spectra ;ust be taken, due to disproportiona-

+ r
tion into Vo2+ and V2 . Such disproportionation is to be expected

2+
(see Prior Art section). One may assume that on dissolution

of the TVA crystals disproportionation occurs and this is enhanced
on dilution of the solution formed. It occurs to a lesser extent
in solvents of high coordinative capability (e.g. DMF in which the

. TVA solutions were observed to be extremely stable). The degree of

disproportionation is very large, so that VOV4 exists in solution
with much larger concentrationa of V(II) and V(IV) (VO ) and
perhaps also of V(III) (v )

o
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The spectrum ‘of the va species in aqueous solution has been

recorded before. Gandeboguf -and Souchay ([69]) recorded an intense
absorptlon at ca. 430 nm. They used a solution 0.02 M in V3 in a -

. \
‘QEdium containing NaClo, and HClO , and variled the PH of the solu-

4 4
tion by addltlon of base (NaOH) or acid, definlng tpe acidity

" by the parameter n=x+ [H 1/c, where ¢ is the morar concentra-

tion of V3 and x is the number of equ1valents of base added. The
band at ca. 430 nm was first observed at n= ca. 0.1, had a maximum
at n= gg;\o.es ( © = 400.0 based on moles of V added) and, as

.the solution was made still more basic, again dropped in intensity.
On the ba51s of polarographic and other evidence, the authors

postulated ‘the existence of tte species V (OH) 3+ (probably

a better formulatzon is V (OH) 4+, ile. VOV(H 0) ), but as briefly

mentioned’ in the Prior Art section earller, they wrongly assigned the

band at ca. 430 nm to vor?* J crediting instead a 1ess infense

-band at ca. 330 nm to V (OH) 3+. ,The' same gg; 430‘nm band with

approxlmately the samé inten81ty was also obgerved in eylfate ion ‘
media as well as in/acetate ion media {(with however a much lower .
intensity, . ca. 70 at n= 250) In the latter meéium, the existence
of the ion [V (CH COO) (Oh) ] _(also formulable as [VOV(CH3COO)3H20])

o

was postulated.

In a later study. also in acid medaa (wherf incidentally the rate of
oxidation of v to v by oxygen”has been shown to be the slowest
[67] and where thus _any intermediate or metastable species such as
vov is likely to have the greatest opportunlty to form). Newton
and Baker [65a,65b] also recorded a band at ca. 425 nm (with ¢

. based on moles of V of 6.4) which they definitively ascribed to the -

a4+ !
VOV species’, whose existence they convincingly demonstrated.
> . .

r

1 P ) - ”

4+

A detailed discussgon of the structure of the VOV = entity is presen-

ted in the discussion section on the TVA structure (see 1ater)

Briefly, hovevér, if one assumes ‘sp hybridization for the bmidging

oxygemdn the VOVA "ion", one finds a nonbonding p orbital on the

D S . . v

\

<«
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oxngold:.ng a lone pair of electrons (4 electrons are donated )
to the two Vs). The band observed in the VOV4 solutions then could
‘be due to a transition of one of these electrons to the e‘.3 orbitals
of the V; evidently a possibility of greater likelihdod than the re=
verse transition of one of the 3 dp V electrons to e o% orbital
centered on the O in terms of energy match. The latter type of tran-

' sit:.on could conceivably be mediatory in an exchang¢ of the type
III III

v —— V but this is highlyA unlikely.In a

study of NH RuOVL (L= EDTA, n= 4; L= HEDTA, n= 3; L= EDDA, n=2) ~
a RuII— bridged compound - Kristine and Shepherd [91] ascribed

a pand near 605 n (¢ 3,100) to the transition Ra g ) 2—-’
"Liga}md" (Vo ] n*(E), but did not consider the existence of .
nonbonding electrons of n symmetry on the o. ﬂ

In the representative spectra appended to this section (Figs. V-1 j/\ '
v f

to Vv-7), of parti.cuiar note are thepintense bands near 487 nm (in /
Figs. V-3 to V-7) and the similarity of the spectra in the
charge-transfer region (in Figs. V-1 and V-2)}.

It is difficult to determine where precisely the oxygen required to -

-2 A

oxidize V(II) to VO (producmq VOV4 subsequently) comes from.
Oxygen penetration due to leaks in spite of the extreme pregautionsg
taken is lxopefully not the cause. espec:.ally siq‘éx

required to effect the extent of oxidation observed will he large.

Abstraction of oxygen from THF, if the cause, would be e:;pected to
"

Another possibility for oxygen entry is through the OHibuEylated '

«- produce decomposition products which were however not.looked for.

toluene .added as a preseryative to the THF ( concentration 0.025%,
see appendix R) by the manufacturer. It must be remembered however'

that the same phenomenon was observed in dH CN solvent. -Kress

et al. [92] state that in 2iegler-Natta systenis involving ‘tungsten

halides, an oxo 1igah& appears on the W, (whir:h seems to make it more '

active) possibly through impurities or, "adventitous oxygen" (a scape-

/

A

f

1

the concentratlons L

bt
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goat phrase used by many workers). Hensson et al. [93), Mocella e o
et al. [94a], Basset et al. [94b] and Burwell and Brenner [95] also .
. reported similar observations due t? inexplicable oxygen, entry. ry
o . . - v N
4
One-final point is very important to note. It must be remembered
that ‘a VOV entity was isolated only in one case. In all other cases
of the present ‘stud?xthe"crystalline product contained only.
. S ' - .~ N
v(II) (cf. thus VEZ nd V('I'HF)’4ZnCl4 ("TVEZ") ), . ,
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M in vanadium, showing intense ca. 487 nm band due to vov4*
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SECTION VI

INFRARED SPECTRAL RESULTS
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. (0% transmittance) of the windows was ca. 250 o (ca. 40% at

. . -85- ~ o : g

Experimental .

-— .

IR specti'a of the solid crystalline compounds were measured as
nujol mulls on a Perkin~Elmer IR 599 spectrometer (double beam).
The sample‘s were ground £inely in nujol in the dry box and placed

--between two AgCl windows (Wilks "minicell"). The cutoff freguency

400 c;n—l, ca. 20% T at 350 cm-l, ca. 103 T at 330 cm—l). Thus ‘in ( .
the region 330-400 cm-l only the strongest bands would be visible. ‘
The cutoff for VCl3 :3THF was ca. 400 i:m-l. Although no referece was A
used for the spectra (noth.mg placed in the reference beam) the nujol -
bands werxe found to cause wvery little distoxrtion of the sample )
spectra. Nujol was found igso’ facto t':o’ protect the samples from the
effects of oxidation. Nevextheless, to ascertain the effects and
extent of oxidatioh, ali samples were exposed to the air after their
spectra had been taken (for a period of appr. 3 hrs) and their spectra
retaken. For the samples exposed thus, in all casés strong bands due
- to H20 were found to appear and solvent bands became weaker and in
some-cases disappeared; this was seen to indicate, in sequence of:
occurence, decomjpositiop, loss of solvent and hygroscopicity of

product.

Discussion L . .

2 N -

The spectra are sumarized in tabular form in table VI-3, beqinning
w:.th the spectrum of the coordinating solvent in each case and inclu-
ding tentative assigmments [9a-99b]. ‘
In the case of the acetronitrile-coordinated compounds, the feature
° ° most worth noting, is the slight increase in the C=ﬁ stretching frequen- .
— cy and the :very larxge increase in the C<CEN bgnding, indicating shor—-

. tening and ~ strengthening and/or bending in the C—CSN bonds. These . .

L . 1
7 Ay
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TABLE VI-A : ' ?

o

s SUMMARY OF IR SPECTRAL 1§ESU’LTS .

N}

vg= asym stretch,’ V.= sym. stretch,

b .
b= bend, r= roek, v.= very, s.= strong, w= weak, m.= medium,

(Abbrewviation's:

br.= broad, sh.= sharp, cmhn. = combination; assignments also
given where Fp::ussible; all figures in cmﬁl) :

’

VCl, (CH4CN) CH;CN (neat)* N

e

3160 m-s
2920 v.s: (slso nujol) : 3000 m-s’ v__(GH) )
2830 v.s. (nujol) 2955 m.-s. VS.(CH)
2295 s.-v.s. cmbn. N 2290 s. cmbn. ;
2265 s. -v.s. ‘ L 2245 s v(czw .
2230 s. ~v.s. cmbn. ’ . 3
1472 v.s. (najol) 1455 fv.s. vas (CH) |
1430 wv.s. (nujol) 137 v.s. VS(CH3)
1155 m. , br. :
1030 m.-s: 1035 v.s. v(CHB) )
940 s. ’ ‘
915 w. 9¥5 v.s.  ¥(CH,~CN) '
Bl5 w. " ’
718 s. (nujol) 742 v.s. r(_CHz) (?)
415 wv.s. 373 v.s. C-CSN bend
N.B.: V-Cl bands are proﬁably below 400 em™ L
ok | & ?
© 9 P
\
7 ; .4\' ~’ ] {
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OF IR SPECTRAL RESULTS, cont.

TABLE VI-A, SUMMARY

VEZN

n

s

o

1

(for assignments compare with -

previous tables for

v013(c33cu)3 & CH,

CN (neat))

b 2920-;83o'br., 5.
| 2720 m. ;
- 2310 s.
2280 s.
2245 s.
1450 br., s.
1370 br., s.
. 1300'w.
- 1155 m.w., br.
1030 m.
9790 w. e
949 w,

. 915 w.
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cont. . -

} - »

YCL, (THF) . _(Sutoff 400 em” ) \

- .

2980-2850 s., br. (nujol)

2680 w. : .
- . - R -.
1475 s. (nujol)

1435+s. (nujol) . %
1415 m. :

1395 m. ~-w.

1370 m.w. .
1310 m, ~w, ‘
1255 m. -w.

1180 m.

1080 s.

. i040 52

\\
y La
!
.
7
-
7.
i
L
»
£ L]
E)

1015 sh., s.
1010 v.s. A
950 m.w.

920 m.*s. .

835 v.s.

715 s. ' (nujo})
675 m.s.

570 w. . 2

r

TABLE VIZA, SﬁﬁmARY OF IR SRECTRAL RESULTS,

\

+ 2680

‘. THF (neat)
, >
2977 v.s., br. 'as(CHa)
2850 v.s., br. v (CH,)
(cmbn.) -

1960 mj, br. v(cmbn.)
\ [ /
. ) )

1450 s. H(cm)

T, - &

13%0 m.w.
1330 w. ~
1285 w.
1140 w.

v (CH2) )

v (CH2) )
v(CH%)

vas(rlng)

1065 é' Yas(rlng)

OR v, (C-0-C)

1030 w. r(CHz)

¥

-~
‘a
.
P

905 m.-s. vs(ring) .
OR %(cﬁp—c)

«

650 s.

4

r(QE?) (?) -

>
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'"TABLE VI-A, SUMMARY OF IR SEECTRALA¥ESULTS, cont’
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-89- o

.
.« "

e - - . . 3 ‘ T -
I wy' ’ R Lo s
\' (THF)%ZHC% ( TVEZ") . - .

(For assignments,

+

2980-2830 s., br.

2720 w.
1455 s.
1372 s., sh.
1362 s. sh.
,1340.
1310
1295
1255
1245
1175
1070
1035
. 1015
955 w.
925 w., sh.
915 s., m,
855 s.
717 m.
675 m.

=

=

FEEEE RN

" 665 sh., we

600 w., sh.
560" w.
460 w. !
362 5.

-, N¢

compare with previous tabBles of THE;cqmpds.)
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TABLE VI-%, SUMMARY OF IR SPECTRAL RES’ULTSLfcont_.J
. al
VA~ . N : VCL,, : 2THF

v

.

(For assignments, see previous tables on JHF (neat).
' > * and VC13:3THF)

2980-2830 b2., s. 2980-2830 br., s.

n

v S 27230 m.w. ‘
. 2560 w.
1740 m.w.
1455 v.s., br. S 1460 s., br.
1372 v.s. | 1 "~ 7 1372 s:, sh.
1360 m.w. ' - 1362 s., sh.
1340 w. - , ‘ _ 1340 w.
1300 w. - - . 1300 w. °
"1255 m.w. | 1250 w.
1165 w. S 1165 w.
‘ A 1145 w.
1070 m. , 1070 w.
1035 @ : . /1030 m.-w
1010 v.s. . ' 990 m.
hJ /960 w.
910 m.s. o 920 mfw.
. ' 880 m.w.
860 s, . szx . !
795 w. | N 765 W,
720 m. _ 717 s.
675 m.w. " 670 m.w. \
420 w. )
365 s. ' ‘ 380 5
/ [ I ] -
| §
L%
. o ( -
y ) \
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char\gesy'far coordinated aceto‘nitrile (in comparison to the free ligand)
have been noted before ([14], [100]). A detailed discussion is pre-
sented later in the sedtion oh discussion of the VEZN crystal struc-
tufe. \K‘

- g \

- ’ Y . §

The strong C-C=N bending frequency increases from 373 cm-l in the
free ligand to 415 c:m'.:l in both VCl :3CH CN and VEZN. This compares

with 404 cm_l recorded by Einstein et al. v [100] in VO(NO ) 3CH3C14N
Increases to near 400 cm have been noted by other workers also
[l02, 103]. - . ' N

h 4 -, =
| .

The two frequencies ascribed to the CEN stretch increase sllghtly, )

from 2290 and 2245 cm - in the free ligand to 2295 and 2265 cm -1

in vCl_:3CH CN, and markedly Ito 2310 and 2280 cm -1 1n VEZN, wh1ch

3 3
is V(II), apparently ndicati
pronounced in the case of V(II)-NCCH3 than in the case of V(III)-NCCH
The abowe figures may be comparéd with 2294 and 2285 cm-l regis-

14
C” N by Einstein et al. [100]. The VEZN

g that the C=N bond shortening is more

3

foxr-vo
ox~ VO (NO )3CH3

s agree almost exactly with those of Seifert and Auéi‘ [14] for
H_CN (2310 and 2285 cm—l), and thus confirm that these are .

VC12: 3
- values for CH,CN coordinated to V(II) . It is interesting to note
that the CH_-CN stretching frequency did not change position in the

3
coordinated acetronitrile. The important V-N bands were not observed

due to the high cutoff frequency. For the V—N stretch, Issigoni et

al. [38] give values of 312, 292 and 276 cm for VCl (J.midazole)

VClz(pyrazole) and VC1 (PY’ respectively Einstein et al. [100]

believe that the band near 400 em - (at 415 cm = for VEIN, i.e.

the C-CBR bend)- may also be due,to  (V-N) and they cite isotope shifts |

due to lsN as evidence, but from the evidence of the present work,

especially thg crystal structure, this seems unlikely.

Brune;:te et al. [104] ascribed bands at 211, 230 and 238 cm-l to * ’
WV-N) in VOTMeCR) ** in their study of [VO(MeCN)(SBC1 )MeCN],

»

e o
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‘ [}
A whereas in a smllar compound, Khamar et al. [105] observe ra V=N ’
~ " stretch of 286 cm . % ’
7 ) " Very little is discernable from the IR spectra of the THF-coordina-

‘ ted compounds since for the most part they agpear to be identical -
] “ to that of “the free ligand. The band near 370 cm -1 is of note. It
»4 , appears at 365 cm"l in TVA, nearly identically at 362 cm-':L for
’ — V (THF) 4ZnCl 4 and at a somewhat highexr 380 (:m":L for the presumably
polymeric VC1252THF. It méy .concei’vably be due to either the V-0-
‘ (bridge) 'stretch or the V-0(THF) stretch, the assignment to the o ]
latter being ba‘sed on the location of‘the v(V-N) frequencies for '
"very long bonds" [100, 103] (the V=0 (THF) bonds were observed
. -\i:o be exceptionally long in TVA, see TVA crystal structure section:;
the band was not observed for VCl :3THF due to the cutoff pomt
for that particular spectrum bemq at 400 cm ) It may be. men—
tioned here that the vanadyl (V=0) stretch is usually observed in

the region 960 to 1025 cn = as a strong band [106 1071. ¥
3 ‘ ¥ ]

— , .
‘J/ ) In the ‘coordinated THE, the vC —o- (ae) {asymmetric stretch-)-lis

observed to decrease from 1065 cm (free ligand]} to 1040 cm ~ in
VC13.3‘1‘HF, to 1035 cm ¥ in TVA and to 1030 e * in VC1,:2THF. This ' b
YN . -

is to be expected due to the loss of electron density from the O

on cooxdination, and it is in accord with resultg- found earlier by

-1 .
s ' - Seifert and Auel [59] (1018 cm  for VC12:2THF) and Kern [108].

The vC-O—C(s) ' (symmetric stretch) hands were not clearly identified. -

’ ¢ -\
P
The V-Cl stretching bands were below the cutoff frequency for the
~ spectra. For V{II)-Cl1 thej( héve been observed as of considerable

strength at 314 and 310 cm = for Vv{( p—pldoline) and V( Y-pico-
R . line) Cl2 respectlvely [32,109,110] and at 3]2. and 311 cm -1 for

QVCl (pyrazole) and VClz(py)4 [38]. For V(III)-Cl a shift to
330 art g is noticed (i1, . =

°J

Schwendt et al. .[112] have récorc}ed far-IR spectra for Zm V20_,

- and Mg, V.0, (which contain V-0~V bridges as in TVA) and have

'

.
.

. \_) a

» \
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obgerved that the difference between the symmetric and asymmetric
types of vibrations- assn.gnab’&? to the bridge bonds are.related to
the V=0~V angle (which is not necessarily 1inear always, contras-

“ted to the linear T™VA).

i ‘A *
Some representative spectra are given in Fig. VI-1 and VI/

appended to this section. The portlon of the spectrum that appears
to b¢ a "fingerprint" of THF coordinated to non-polyme %c octa~-

hedral V (observed in VC1 '3THF , V(THF) 4ZnCl and TVA b‘f} not in the.

3
presumably polymeric VCl :2THF) in Fig, VI-2 is wo&ﬁ'noting. Fig.

vi- l shows the change in the sharp C-C=N. bendinct vibration from
CH3CN to VEZN.

—93-  .‘ 9/ |

gt vuteny
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Infrared spectra, top, of V(NCCH3)62nCl4
(VEZN) as nujol mull, bottom of CH,CN L

600

« ———— ¢ e e b ]

800

neat only. Note especially the shift in
the sharp C~C=N béhding frequency near,

400 cmul.

10000 -
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WAVENUMBER (CM™")

Fig.vi-1l:
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. Fig. Vi-2 (overlea{) : o .- :/ -
Comparative infrared spectra of the compoux'zds having ) )
, . . .. - 3
THF as solvent of coordination. From top to bottom:
THF neat; V(THF)42nCls ("TVEZ") (nujol mull); (THF) 3C12-
VOVCIZ (THF) 3 (TVA) {nujol mull); note fingerprint ' ‘
for TVEZ and TVA (1100 to 800 em~1) .and qualitative dif-
" ference in spectra of vel, (THF)2, presum;ably due to
polymeric character.
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SECTION VII

GAS-CHROMATOGRAPHIC ANALYSES
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. lene, ethane and butane as gaseous products of the reactions of ZnEt

. » '“\
/ ‘ o
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Experimental ‘
. ..
. /
) o -

[

Gas-chromatographic analyses were conducted on a computer-controlled,
’ \

fully automated Perkin-Elmer Model Sigma 2 Gas Chromatograph with

' *
a stainless steel column (1/4" X 6') packed with "Chromosorb 102".

¢ ¢

-

The analyses were conducted with the object of searching for ethy-

2
and A1E£3 with VCl3 in THF solvent. These products were assumed to
be retained in part in solution by tihe solvent. A search for al-

kyl halides or Hz

4 f
the surprising lack of data in the literature on separations of )

e r—

was not attempted. The analysis was hampered by

_this kind, involvihg gases dissolved in an organic solvent. In or-

der to ascertain the optimum conditions for an efficient segaration
of the three gases in THF, column parameters Wwere varied with stan-
dard solutions prepared by bubbling ethane, ethylene and butane o
through THF. The peaks were identified by comparison with peaks

of the pure gases. It was found that at higher temperatures (ca.
150°C}) an efficient separation oﬁf butane from the' other two (gases

was obtainable but the ethane and ethylene appeared together as one
b'road peak, wheréas at lower temperatures (g_gv_._ 75°C) the gases

were reéolved well but butane and the solvent topk an inordina:tely
long time to emerge from the column. The chromatograph was accor- '
"dingly temperature-programmed so that after the first two peaks of
ethane and ethylene had been resclved at ca. 75°C, the column tempera-

ture was increased to a final value of 200°C to guicken the exit of ~

\ butane and the THF solvent. IE must be mentioned that the column

material chosen was not the, best for the purpose - activated char-

“coal, for instance, would perhaps have been better - but this was

due to time constraints. In addition’, mass.spectral analysis of the
gases as they emerged from the column, which would have been more

informative, was also not attempted.




Y
: -99- + M
.- »
& | » ) 4
Fig. VII-1 illustrates schemat-ica}ly the procedure for collection

. of an.unknown sample. The sample was preserved, after collection,

¢

. 2
unknown samples, standard samples of the pure gases {ethylene,

in a bath of lig. N_ until just before use. After a trial with the
ethane and butane) were injected for confirmation of the peaks. Two
biLank samples were also collected by the same procedure as the
unknown samples (according to the scheme of Fig. VII-1) but

AN

with only ZnEt_ and AlEt3 in the THF solution (and at three times

the concentraj:ions used in the actual reactions) in place of the
samples of reaction mixtures. Theée blank spectra were taken to
seek :'atssurance that the ethane, ethylene and butane peaks ‘detec—
ted in the unknowns were not due to gases evolved from decomposition
of the metal alkyls (U.VmVis. .spectra of these "blank" samples also

showed no such gases dissolved). '

R

In Figs. VII-2 and VII-4 are shown representative f:hromatograms
for the Zn and Rl samples fespectively; the Zn chromatogram has
inset the corresponding peaks for the pure gases. Figs. VII-3 and
'VII-5 show the corresponding "blank" chromatograms.

. !
Table VII-A, shows the quant}ta‘tive composition of each chromatogram.
The three 3 pl sample injections of the pure gases were, used as

standards. To obtain the estimated peak magnitudes in w1l shown in

_the third column, ("R.PA/REA standard”) the area of the unknown gas

peak was divided by the'area of the sta}xdards given in part A of
the table and multiplied by 3 pl. Fot example, the mafxitude of the
butane peak in the Zn sample is (21.7/20.9) X 3¢ 1l. Note at the
solvent THF peaks had relative areas of more than 700 and appeared

near 20.0 minutes retention time. .

. ,
In some of the spectra several smaller peaks were obtained at loca-
tions that seemed to indicate the presence of higher, even-numbered *

hydxoaarbons'. A search fo;: these was not attempted. Some samples,

o g |
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Figs. VII-2 through VII-5 (pages following) :
[ fi

vy

&

Gas-chromatographic analyseg of reaction:mixtures for
. - 4

[y

» the gases ethane, ethylene and butane. All chromatograms

Parameters for all

shown are representative.,

»

are:

/0 -

v

3

Injection port temperature: 175°C .

Oven temperature: initial, 70°C; after 6 minutes,

increased at 30°/minute to £inal of 200° |t fa.
30 minutes. o

ke o

Column: Chromosorb (see text)

“ +° Carrier N, flow rate: 25 ml/mihute

Sample size : 3 microliters

o e
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TABLE VII-A

\

. SUMMARY OF GAS-CHROMATOGRAPHIC ANALYSES

F

Reactions of VCl, with ZnEt; and AlEtg in THF solvent

Q

.A: STANDARDS

Substance
———

Butane, 3 p 1
Ethane, 3 vl
Ethylene, 3.y 1l

B: VCl., + ZnEt, sample,

3v 1l

-

‘ Substance RPA

Relative ‘Peak Area

20.9
10.0

4

11.0, 11.2 (2 trials, av. 11.1)

Ratio, RpA/RpAStandard’

. ="magnitude" of peak

Butane 21.7
Ethane  -28.4
Ethylene  15.9 .
NTOTAL =

C: VCl, + AlEt, sample,
-

3 pul

1.04
2.84
1.43

5.31

"

Ratio, RPA/RpaStandard

Substance ‘- RPA
°
Butane 8.8 0.42
Ethane 56.3 5.63
Ethylene 16.3 1.47
TOTAL= 7.52

%age composition,
=(Column 3/TOTAL)

X 100
i \ '
19.6
53.5

sage compositioh -

5.6 4
74.9
19.5
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after keeping for several (5-6) days, showed an absex\lce of the -
ethylene peak, a smaller ethane peak and the appearance of a : N

o - layge peak after that of the .solvent, possibly indicating dimeriza- ' .
tion of or oligomerization.of ‘the ethylene: This was also not \
SN ‘ - { \
fuz:ther pursued. s ) - . \

)hA ! \

- \ .
Discussion 1 . -
A . 4
N - ,] . * R

"A ’summ?,ry of priof work on the analysis of gas‘es obtained as'products
oo in th\e;r:'actions similar to those conducted in this work has been
given in an earlierlsectg'.dn ((see Prior Art), which may be reviewed‘ ‘ .
at this point. Brj:efly, a large excess of-ethane ovér ethyleme and
butane - much greater than would be expected. according to the
stoichiometry of 1,1, 1,n, dinuclear or p-elimir;ations - wag

observed. Observation of H—abstfg'ctidn from solvent and the fact

that the presence of hydicide on the Al increased the ethane/ethylene, ‘ j
excess '40-fold [2] lead one to believe that the ethane excess was f
caused by p;*emature elimination of ethyl groups from the Al by | “%L, -
various pi:ocesses of H-abstraction, including free-radical abstrac- / '
tion and abstra%ion from metal hydride products of B-elipination.

, , Presumably, thus,' the reduction of the TM halide being used occured N
~— not through alkylation and subsequent elimination of the alkyls, but , !
" by abstraction of halide from the TM by a reduced Al, viz. . \i a

Vi
Et ‘
| g - N
EtomsAles=Et a Etesss Al + C2H5 :

- 4+ -
° XM X

— - : : , fEast

24 v .
\ : » L

, et & R P G (Scheme VII-1,

- [271)
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The above-cited reactions were conducted'at hig

' 100°C). Thére is however(no reason to ass that these Yeactions

do not at least partially c ibute to the overall scheme of
things at low temperafure. On the basis of various kinetic studies
S [113,27 and geferences cited therein) as well as on the basis of
the results oOf the p:éfent study, we may however conclude that reac-
tions involving preliminary alkylation of the TM atom through exchange
A . B '9 do contribute dubstantially at low temperature. Thus, K.-H. Thiele
. et al. have observed in a very extensive study [114] that alky-
' ' lation of TM halides is more successful at low temperature and
] with less polar metal alkyls, e.g. those of Zn’and Hg - in preference ’.' <
. to those of Al, which of course is famols for its Lewis acid proper-
ties, In later worﬁ, Thiele and coworkers isolated products such

' H V - -l0°C).
- as C2 5 Cl2 (reactlon of VCl4 and Zn(C2H5)2 in n-pentane at -10°C)

\ hlkylation of the TM at low temperature would thus be expected to
\ proceed more towardd completion in the case of diethyl zinc than in

the case of triethyl aluminﬁm, and more ethane would be produced

in the case of the AlEtB, where premature elimination of ethyl groups

'\\ X {due to various processes of H-abstraction described earlier -
including free radical-abstraction and abstraction from TM hydrides'
\ . formed during p-elimingtion) from the Al i#¥self would predominate

over alkylation and subsequent elimiration from the TM. This is
\ precisely what has been observed 'in the present work, cf.:

a 1) In the case of the reaction of AlEt with VC1 in THF (where VA

o

was produced) only one chloro group was ellmlnated on the V, whereas
with ZnEt_ all chloro groups were removed (thus the formulae

2
V(THF)4ZnCl and V(NCCH ZnCl4, both products obtained from ZnEtz);

)
2) ca. 75% :thane was eiogved with AlEt, vwhéereas only ca. 54% was
evolved with ZnEtz; in addition, the quantity of ethylene (which
may also be produced to a small extent by P-elimination from-the
metal (i.e. Al or Zn) alkyl but is more likely to arise from
f-elimination from the T™™ (i.e. Vf [114)) was slightly increased in

the case of ZnEtz, and the quantity of butane was dfaétically in-

f

T
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creased (from ca. 5% to ca. 20%). Butane assuredly proceeds mainly
through dinuclear elimination from the TM. The correspdnding process

on the Al or Zn atom is thought to be highiy unlikely [115,116,117)- °
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SECTION VIII

>
/ ™ S 4

V(NCCH,) . 2ZnCl,

r

A: Structure Solution

~

&
CRYSTAL AND MOLECULAR STRUCTURE OF VEZN,

*
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\ Crystal Mounting

%he crystal mounting was conducted with the help of a microsccpe

(Bausch & Lomh, Stereo Zoom, 0.7' 3 X.plus 2 X objective) in a
glove bag in which an inert atmosphere was maintained by purging
with a constant stream of ary N2. A batch of dried S;:ystals was )

a},/ rhom-

poured out onto a microscope slide and a suitable c

boid in appearance and of approx. dimensions /0.3 X 0.2 X0.2mm

was selected and was lifted with the help of a needle (to which

it clung due to static electricity) and transfered into the opening
of a standard crystallographlc capillary of 0.3 mm internal diame-
ter (borosilicate, supplier Cambridge Instruments, Montreal). It was

inserted to a suitable pos:Ltlon in the capillary by pushing with

‘a glass fiber. The opening of the capillary was sealed with a

septum cap and it was removed “from the glove bag. The capillary
was evacuated by means of a needle connected to a vacuum line
pierced through the septum cap and,sealed thus under vacuum with

a small flame. The sealed capillary was afixed to a pinhead and at-

tached to the goniorneter head.

Structure Solution

Weissenberg éhotographs 'along an axis assigned as the b axis were
taken. PreceSSion photographs of the a*b* and b*c* regions along
with the Q—level Weissenberg indicated no symmetry elements except
for the usual Fr:t’edel .relations hkl and hkl and the triclinic space

‘group was tentatively assiqned. Centrosymmetric character was an

assumption which was proved correct by the successful solution of
the structure. The twelve reflections centered for least-squares
calculation of the orientation matrix were the (030), (740), (040),
(035), 540) and (006) and their Friedel-related ahalogs. The axes
selected on the Weissenberg happened to correspond to an F-centered

cell, and besides being unconventional, this proved comlplicating.
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After the intensity data were collected, therefore, indices of the

reflections had to be tfansformed thus:

h = h-k k =k L= Lk .

3 (Scheme VIII-1)

.
»

to obtain a primitive cell, and the cell parameters were recalcula-

ted for the new cell. They are given in table VIII-A.

A Patterson map was plotted. On the basis of the equivalent positions
for the space group, the foﬁowing interatomic vector peaks were
to be expécted [ (x ylzb)= coordinates of V, (x

9 22)= coordinates
of Zn):

2¥2

L v

v v Yax 12yl 2z

1 1

1
) o+ + + \
ZnHZn‘ " _2x2 -2‘y2 _2z2
Zn =l ¥ Yox, 3 %) Ai(yz Fy) Yz, 7z
& ’
(Scheme VIII-2)

Addition of the third most intense peak on the Patterson map (In-
tensity I;- 306 (all intensities relative), approx. position

(0.45, 0.06, 0.645)) to the most intense peak (I=454, (0.180,
0.540, 0.820)) yielded a position related to a peak of I= 186, which
was taken as a Zngs)Zn vector peak, the I= 454 peak bein; assigned
as a multiple Vgl V vector.‘ This yielded the initial positions
(0.082, -0.2338, 0.616) for 2Zn and (0.27, 0.31, -0.25) for V. A
structure factor calculation\ with these coordinates and initial iso-
tropic thermal parameters ("B") set at 3.0vand unrefindi yielded an

" R-factor of 0.83, which on least-squares (LS) refinement came

L4

¢




Povdmoam o

-113-

"TABLE VIII-A °

¢ . *
° VEZN CELL PARAMETERS
Space group: Pl : Equivalent positions:
; - \ ,
' 2 x,¥.:2; ~X,-Y,~% .
R 1 ( 4
Lattice constants: (standard deviations to one signi-
. . ficant figure, in parentheses)
a= 11.832(5) . a= 62.17(1)°
of
b = 12.592(5) % g = 119.90(1)°
c=11.801(5) & y= 117.78(1)°
» 7,
I . ' >
k] ‘ '
o
s /{ , . ’
4 - -3
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down to 0.516, indicating that the positions were at least par-
tially correct. A difference Fourier (DF) was then plotted, and
from this - on the basis of the electron-density-difference distri-
butions - it was diagnosed that the positions of Zn and V ought T

L )
to be reversed. With these positions the R-factor came out as

'td

0.454 (unweighted) on LS refinement. The positions of 3 chlorine
étoms were also determined from the DF map, and when inserted into
the LS routine they’yielded‘anlxrfactor of 0.431 {unweighted) . ‘
Another DF map was then plotted and this yieided the positions of
the fourth -chlorine and 2 nitrogens, which on insertion into the LS
rou;ine gave an R-factor of 0.296. The structure solution was
pursued in this mé‘per. Another DF map was plotted psing the new

refined positional parameters and from this the positions of

the remaining (4) nitrog&n atoms and of six of the 12 carb
{(which were assumed to be present from the el;mental analysis
were obtained, these yielding an R-factor of 0.236 when inserted
into the ps routine. The remninin; 6- carbons éére observed whe;
another DF map was plotted, angawith these inserted into the LS
refinement routine an R-factor of 0.174 was obtained. The scale
factox (1.0 initially) had been unrefined so far and refinement
of this brought the R-factor to 0.113 (unweighted). A DF map at
this Qﬁage showed that there was a lot of vague and diffuseLgleétron
density iﬁ a particular, large region’ of the.uni; cell otherwise
conspicuouély empty. The best possible accouning(for this electron
density was accomplished by inserting one N and 3 carpon atoms in

the approximate géometry of a pyramid, but the .extremely high iso—

tropic thermaiiparameters for these atoms obtianed on refinement ;%'
(B near 25.0). showed that the assignment was not really tenable.
It was decided that this electron density was very probably d;e to
a lot -of ‘differing, clathrated impurities (the space in quesfion !
was allarge\"hole" in the unit cell). chordidaly it was decid;d to
R

omit the anomalous atoms f£rom the final structure. The final relia-

bility indices obtained for the structure, along with some other data ‘

-
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are given in table VIII-B. A list of the final positional coordi- °
nates with estimated standard deviations is giwven in Appendix B. )
Final thermal parameters ‘are given in Appendix C.
. . "‘ ’ )
. - , ‘ .
1
. o
t . - ° . r
N »
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N =] \
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' TABLE VIII~B . . i
) ' . |
. V(Nccna-)_Gch;L‘l: FINAL REFINEMENT PARAMETERS . ' ) '

’

Without anomalous atoms (24 atoms only)

- S
R= 8.67% (unweighted) , i
R= 13.2% (weighted) '

]

With anomalous atoms (28 atoms total) ' 3

R= 6.9% (unweighted)
R= 8.6% (weighted) _ .
X _
Total number of reflections used ( I more than 3o¢(I)) ' . J
2,018 '

Goodness of fit parametex

: ‘ 4.270 . ) !

N
~ .

“ ZInitial (Wilson plot). scale factor .

AP

,0‘.595 (for space group F1)

4 .
~ ' ' !

Final (refined) scale factor L

¢

, 1.272 (for space group Pl) '
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" SECTION VITI

CRYSTAY, AND MOLECULAR STRUCTURE OF VEZN

v .
B: Discussion
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The structure of VEZN, V(NCCH ) ZnCl 4 is illustrated as its
ORTEP diagram in Figs VIII—lA and VIII-1B. A simpl\fled diagram
' . for interpretatidn is given in Figs. VIII~1C and VIII-1D. Table Tos

VIII-C and table VIII-D give the distances and angles. There are
two units of the molecule per unit cell. This packing arrangement

isshown in Fig. VIII-1E.

The molecule consists essentially of two ions: a hexakis (aceto-
nitrile) V(II) species with a formal charge of +2, in which the v e
is octahedrally coordinated (or nearly so, §ssumed d25p3 hybridi-
zation with 3 4 eleci\:rons in the nonbonding dxy' dyz and dxz orbitals)
and a tetrachlorozincate species, with a formal charge of -2, in which

the 2Zn has (nea{.‘;ly) tetrahedral coordination.

The feature of this molecule first worth noting is that in the .
packing of the two ioms in the lattice a very large void exists

between them, a void in which impurities can be trapped during

S
the process of crystallization. During the course of this crystal
structure solution, electron density maps showed the' presence of
species in this void which could not be classifiefl according to ! 9

atomic type (as noted in the previous section) and it is thought

that these were the clathrated impurities briefly referred to ear-

* lier, not necessarily identical in every unit cell. The best fit to

the structure was obtained with one N and 3 c atoms, having extreme-

ly large thermal vibration parameters.
l

As noted earlier, the omission of these species did not produce a
marked decrease in the reliability of the structure (R-factor 6.9%
(weighted) for all atoms vs. B.6% without anomalous atoms) . It is

the effect on the geometry of the final crystal structure solution

that one must trouble about most however, e}ther in terms of actual
distortion, fgom ideal geometry, of the ions due to effects (repul-

2
sions, attractions, etc.) of the clathrated species, or in terms of

n
-

PRS-




Fig. VIII®1A: ORTEP diagram of ZnCl4
"in VEZN
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Pig. VITI-ID: V(NCCH3)2% geometry in vEZN
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-

A

VEZN
(Distances in R; standard deviations rounded Jff to
one significant digit) "
14

Zn-Cly’ 2.253(5)
Zn-Cl, . ‘2.258(4)
Zn—cl3 2.260!5)
Zn-Cl, 2.280(5)
v-N; 2.11(1) .
V-N, 2.08(1)
V-N, C2,11(1)
V-N, 2.14 (1)
V-N, 2,11 (1),
V—N6 1 2.12(11
N, -Ci. 1.1§(2) Ci.”
5=Coa 1.17(2) o Lo
Ny=C,. . 1.13(2) Cag™
N,~C,. 1.12(2) >Cy o
Ng~Cg,  ~1.16(2) Ce -
N.~Ceo T 1.13(2) Cea™

-

C1v
c
C
C
Cc

C

3b
4b
5b

2b

6b’

~71.50(2)
1.47(2)

o

~1.50(2) g !

1.49(2)
1.46(2)
1.46(2).
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RELEVANT BOND ANGLES, WITH STANDARD DEVIATIONS, FOR VEZN .~

(Angles in degrees; standard deviations rounded off to
most significant digit)

T

A Ly T R

cl,-2n-Cl,  111.6(2) N, -V-N, 8711(4) | \
i «cl;-Zn-Cl,  111.8(2) Nl-V—N3 90.0(4) I
| . c1,.l--2n-c14 107.27(2) . N -VeN 4'. 176.8(4) :
Cl3Zn~CL 111.8(2) N, -V-N, 88.5(4)
cl,-Zn-cl, 107.3(2{_ o N, -V-N, 90.0(4)
 Cl;-Zn-Cl, 106. 9(2)
o NZ-Y/—N3 176.7(5) '3-V-N4 92.1(4)
CET N2—V—N4 90.7(4) N, -V-N, 90.4(4) -
\ N,-V-N, - 88.0(5) N,-V-N, 93‘.0(4) ,
~ N,-V-N, 88.6(4) N,-V-N, 89.1’(4) s
- Ng- {—Ne 176.3(4) N,-V-N, 92.2(4)
V-N,-Cy . 173(1) N -Cy -Cy;, 178(1)
V'Nz"cza 172(1) N2-C2 ~c?_b 177(2)
V-N3~C, 173(1) Ny-Cy_-Cy 176(2)
V-N,~C,. 174(1) Ny=Cpo~Chp 179(2)
V-Ng—C, 173(1) Ng-Cg =Ccp 179(1) @
V-N.—C¢. 1_74(1) Ne=Cea~Cop, 1‘77(1)
\
*
. 1 [N »
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the effect on the reliability index (R) of the crystal structure
solution and consequently on the geometry calcuiated. The conclusion
one can come to is that within the limits of reliability of the
Structure solution, the bond angles did not conform to a perfect
or even near-pexfect octahedron fovr V, though the bond distances

showed much less variation (see table VIII-C).

v

A

In the tetrachlorozin;:ate moiety, the angles vary f£rom 106.8° .
to 111.8°, tht nominal tetrahedral value being 109°28'. The average
Zn-Cl distances, 2.26 R, agree exactly with those found in “the
ZnCl42- ien in I‘Ja22nC14 (2.26 2 [119]). In this latter molecule,
‘there is almost no distortion from the tetrahedral, however. The
Zn-C1 distances are known to have shorter walues, however. The
zn-Cl Qistancés are 2.286, 2.204 and 2.207 X in 4(ac-py),ZnCl
ZnC12 and 4(CN~py) ZnCl2 respectlvély [120, 122]). In

C4H10st znCl,, the Zn-Cl distance is'2.252 % [1231. The value

of 2.26 X for Zn~Cl in VEZN may be compared witl"xu the values for
the sum of the covalent radii for Zn 4 C1 (2.19 %) and the sum of

the Bragg-Slatex radii (2.35 R)#*.

2!

e A

The' Zn atom is assumed to be sp3 hybridized, a state that is
quite commonly observed for Zn complexes [125, 126].

Turning to the other ion, a slight angﬁlar distortion from octa-
hedral geometry is notic:eable even within the limits of the crystal
- structure solution's reliability. The angles at a (wei”éhted) R-

‘indiex of 6.9% vary from 87.1° to 93.0° (seeLt\able VIII-C). The fair-

ly constant and consistent V-N distances (2.1l R average) may be

' compared with the sum, for V and N, of the Bragg-Slater radii,2.0 x

i

** The values for atomic radii given by Bragg and Slater [124] take

into account charge distortions and have been found more appropriate

. for. use by the author than the conventional covalent or

ilonic radii.

\/
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Substantial 4y * (ligand)’ interaction may be expected to -
shorten the V-N bond. This distance does compare favorably with
(V) (2.13 ®) [127) and with that in the

@ ance, much. In acetonitrile coordinated

T to V(V) (VO[NO.TTTCH_CN)3 instein et ‘al. [100] observed a V-N

distance of 2.24 X which they cons:.der as long when vn.ewed compara-
tively with the metal-bond dlstances in CuZCl (CH CN) R Cu3C16 (CﬂacN)
[129] and ReOBr (CH CN) [130] (1 96, 1.97 ax})d 2. 3‘1 respectlvely)
Brauer and Kruger [131] bel:.eve that when uhsaturated N atoms are
trans, across V, to oxo atoms, the V~N c}istance is lengthened;

thus the values of Einstein et al. [100] cited above and the values
of 2.05 § to 2.13 8 obtained by Mathew et al. [132].

Brauer and Xruger [131;\05tained a‘ value of .2.189 X for v-N in
their solution of V(py) Cl . which is similar in many respects

to V(II) - V(II) coordmatea toNin a ligand capable of acting as

a :n~acceptor.. The shorter V~-N distance in VEZN may be attributed
to the stronger M-)L backbonding expected in a cyano 1iéand. Thése
authors calculate a "covalent octahedral radius" for V(II) of
1.48 R, which with the accepted N covalent radius (0.75 X) gives a
sum of 2.23 & for V(II)-N.
) _

One feature of note in this molecule, as for TVA (see later},

is that the V does not gonform to the conventional 16 and 1‘8
‘electron rules [1] for ™ atoms (see General Introduction section).

The V atom has only 15 electrons ass:lrgnable to it. (.i;\/_\* '

I
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A simplified representation of the coordinated CH._CN is given in*

3

* Fig. VI1I-1F. The bond parameters obtained agree extremely well

_with those obtained by other'wbrkers for coordinated acetonitrile

(130, 133-135]. Thus Einstein et al. [100] obtained 1.17 R for the
NSC distance in coordinated acetonitrile compared with the average
of 1.14 { for VEZN and the normal uncoordinated 1.16 to 1.17 £

for VEZN, and a distance of 1.46 & for the NC-CH

—

3 single bond, to

“be'compared with the average .48 £ for VEZN and 1.53 8 for a normal

C-C single bond [132].

The primary feature of the structure of t}ge coérdinated ligand is -
the deviation from linearity (very slight for £ NCC = 177.6° av., .
and noticeable for £ VRC = 173.4° av.). The CCN stretch in the

IR spectrum is also:shifted cvtnsiderably to higher frequency, indi-
cating eithe; a shortfening of the CN bond, or nonlinearity in ¢-C-N,
or both. In most earlier work where these phenomena have been no-
ticed (14, %)O and references therein, 101,132,134,135], a clear
explanation has not been afforded as to why they occur. For the

NCC bond, crystal packing forces or lattice distortions could

well account for the small change observed, but for the V-N-C

bond a more rigorous explanation i3 required. SCF-MO calculations
show [165,166] that N (as well as C) is sp hybridized :in the CN
entity. The sp lone pair can be treated as essentially nonbonding
and the energy levels are ordered such that the two n-orbitals are
the HOMOs and the nonb‘%nding lone pair is next in energy. The bon-
ding picture is thus the following: "nonbonding" o-symmetry lone
pair donated to V(II) atom (the V-N bond); some M-electron density
back donated” from V n-symmetry orbitals to the CN n* orbitals. Botl;
these interactions would be expected to decrease//the strength of the

. C~N bond, contrary to what is observed.

To account for the observations, then, one must either assume that

P YR




.Fig.

VIII-1F:

’

'-130- ©

Geometry of coordinated acetonitrile
in VEZN. All values are averages, Note
that the "normal" C-N triple bond
distance is 1.17 & “and the normal

C-C single bond distance 1.48-1.52 3}

( referenée 132). (\
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‘not have in the free ligands as indicated by SCF-MO calculations

is much more pronounced in the case of CH.CN coordinated to V(II)'

" is however clear is that some perturbation occurs due to the presence

: -131-,

the ofsp) lone pair somehow acquires antibonding character, or

that the n* orbitals have a negative net energy (which they do

(references cited above)). The fofmer possibility seems to be

excluded especially in view of the fact that the C~N bend shortening

3
than in CH3CN coordinated to V{II), as discussed in an earlier sec-,

tion (see IR section): a V(III)-N -bond would be expected to

be stronger and shorter than a V(II)-N o-bond. The latter possibility -
t:haﬁ: the n* orbitals have a net negative 'Benergy - iss ed by
observations on many CN-ligand-containing mole::'ulees . SMTCNQ
[136b] where this phenomenon has been observed; the presence of a
cation, V(II), would espel&qlly enhance such effects since its’pre-
sence, in the MO treatment, would mean a perturbation that would
lower all energy levels by a certain mmount. Even t;his possibility

may still not account completely for the bond distortions. What '

of the V(II) near the ligand and especiallﬂy due to V-§N backbonding,

vhich causes a re-ordering of the CN-group orbital energies.

The distortion of acetylenes, for instance, from linearity on
photochemical excitation of n-electrons [136a] or even sometimes
during normal coordination [136b) may also be mentioned in the’

context of the above discussion.

Einstein et al. [100] observed an N-C-C angle of 178.1° in coordina-

ted acetonitr(ile, very close to our -own -average value of 177.6°

In reference to the abo've discussion, it has been suggested that .

{ - 7 A
a Molecular Orbital perturbation treatment of the matter be carried
out [136c]; using the known results of various perturbatioms on the’

’
MO structure of the simpler HCN molecule as a basis. .
o .

w
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CRYSTAL AND MOLECULAR STRUCTURE OF TVA,
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Crystal Mounting

S A

An initial mounting was attempted with a batch of ether-washed crys-
tals in the glove bag, but the crystals decomposed to a slimy
mass almost instantaneously on exposure to the atmospherelin the
glove bag. An attempt was then made to mount the crystals in the
dry box, with the mié:oscope mounted outside the dry box on its
glass face and the crystals manipulated wighin for selection. A
few crystals obtined thus, sealed undefﬁggzgum (as described for
VEZN) showed only powder diffraction patterns and in good cases -
patterns due to-a number of crystals. These crystals had/the pro-
perty of Erumbling #%der the touch of the needle; ;1 his pointed !
to a breakdown of the crystal lattice due to loss of solvent
(see earlier sections, [118]). An attempt was then made to mount
a crystal along with some introduced mother ligquor. One crystal so
mounted behaved fairly well and served for qbe purpose of space
‘group determination (through the photographs) BG; subéequgpt
mountings in this fashion again ylelded defective crystals. The
crystal mounted for the space group determination was however very
tiny and shifted position constantly in thé capillary, a problem
7fhat was found difficult for .the photegraphs and insurmountable
on the diffractometer. A final mounting procedure was then attempteg
in which the crystals, covered by a little mother liguor, were inser-
ted ié}o a jar of nujol (nujol has very high viscosity making 02 °
diffusion difficult). Nujol was also intro@ggeﬂ’into the capil-
lary in such a way as to completely cover the inserted crystal; and

* it (the nujol) appeared to adhere well enough to the crystal during
the short trip from jar to capillary to protect the crystal well.

¢ The crystal and nujél in-the¢ capillary were then sealed under
vacut. The final crystal mounted in this fashion had the approx.

- ‘aimensions%0.2 X 0.1 X 0.1 mm. - '

7
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Structure Solution

.

Weissenbergvphotographs were taken along an axis stiqned as the

b axis (an assignment that proved correct and useful for Fhe space
group that was determined, C2/c). Precession photographs of t?f

a*b* and bfb* regions showed, along with the 0-level Weissenbe¥g,
systematic absences corresponding to C-face centering (all reflections
h + k odd absent). A 2-fold axis being present, space group assign-
ment was a question of chosing between the centrosymmetric C2/c

(more likely) and the acentric Cc, since a c-glide Gas also

diagnosed. The'space group C2/c¢ was assumed and the successful

solution of the structure with this assumption as well as a

later analysis according to' the method of Howell, Philips and

Roqers [137,138] proved this to be correct.
"Intensity data collectioﬁ was conducted, in a similar minner to
that for VEZN, with a preliminary centering of the reflections

(0 0 10), (10 0 0) and (0 6 0). Additionally, for each of these
reflections, a preliminary scan - with both ‘the w and the -20
techniques ~ was conducted to ensure that there was no duplicity
in the peaks, in view of the previous experience with cracked
crystals. The 16 reflections comprising (10 0 0), (0 6 0),
(138, 138, (730, (730, (046), (046) and their
Friedel%xelated counterparts were centered and their anglular
parameters‘used to calculate the orientation matrix. Data collec-
tion was then started. Final cell parameters obtained are given in
Table IX-A. '

hs the first step.in'struéture solution, a Patterson map was
ploéted. On the basis of the equivalent positions for the space
group, the peaks to be expected for the V¢V interatomic

vectors were (multiplicities given in brackets; V position is

ot e . e o e i f
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IABLE IX-B

&

FINAL CELL PARAMETERS FOR TVA

' Space group: C2/c

Lattite constants: (standard deviations to one significant

%
a= 19.181(5) &
b= 9.200(5) &

c= 18.935(5) R

BEquivalent positions:

-X,¥,1/2 ~ 2z ; x%,~y,1/2 + 2z

and centrosymmetric

N

digit in parentheses)

a= 90.00(1)°

% p=103.09(1)°

Y= 90.00(1)°
.3
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luatibn had been correct to this point.

~136~ '
(x,¥,2)): nl:7’ . !
S + +
0, 0, 0 [X 4] - 2%, 0, 1/2 - 22' [X 21
N + + ' .
Tox, Tay, T2z 1x1 -

1+

- +
2%, %2y, 2z Ix1) 0, Ty, 1/2 Ix2)

{Scheme IX~-1)

The most intense peak\(Iirelative intensity] = 1,387, at the posi-
tion (0, 0, 0.5) was taken‘as representing the ¢0, 2y, 1/2)

vector from the set in Sche@e IX~1, giving a value of y for vana-
dium of 0.0. The next most intense peak, of I= 1,082 (appearing
at (0.167, 0.0, 0.167)) was taken as representing either of

(in, 0, l/i j:Zz), giving rough values for the position of V of
(x,y,2) = (0.0835, 0.0, ~0.1665) for the first case. An analysis
similar~t6 that of Scheme IX-1 was prepared for the V Cl vectors,
taking (xl,yl,zl) as the position of the V and (x2,y2,zz) as\the'
position of the Cl. Substituting the position of V determined
above; (0.0835, 0.0, ~0.1665), in one of the Vexl vectors,
(xl—xz, yl-yz, 21422), gave the positional values for one of the
chlorines, (xz,yz,zz), of (0.0205, ~0.167, -0.6165). Substituting
these values in the expressiop for another Ve4Cl vector,

(x1+x2, yl+y£, zl+zz), in order to attempt to locate this on the map

' gave the positional values for this vector of‘(0.104, 0.167, 0.217),

which corresponded to a peak of I= 623, confirming t the eva-

r -

An arbitrary scalé/factor was introduced at the beginning of the
refinement and this refined to a fian value of 4.085. A Wilson plot,
though conducted later (and thus out of turn), gave a scale factor
of 4.192. -
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- Using the positidn of V only determined from the Patterson (above),
a ﬁultiple least-squares (LS) refinement yielded an R-factor of
0:683 (0.523 weighted). A Fourier electron density map -was then
plotted with phasing on the bésis of this V position. This map con-
firmed the,position found for one of the chlorines from the Patter-
son (see above) and revealed the positions of an additional Cl and

‘an 0 atgﬁ. On insertion into the LS refinement routine these gave
an R-factor of 42.7% (48% weighted). A Difference Fourier was

then plotted yielding the positions of additional atoms, and the
structure pursued in this mannexr until the positions of all atoms

" were determined. The limits of refinement with isotropic thermal
parameter gave an R-factor of 11.93% (12.71% weighted) and final
.refinement with anisotropic¢ thermal parameters gave values for the
R-factor of '9.73% (4.79% weighted). ;

It shoulq be no?ed that the selection of a iarger crystal would
probably have yielded a far better value for the R-factor; a deter-
mination of the geometry of the structure as refined here however
showed it to be quite satisfactory. Final refinemeﬁt parameters

are given in table IX-B. Appendices D and E givebfinal positional‘
‘coordinates and final thermal parameters with estimatated §§§ggard

deviations.
. »
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: o ‘ TABLE IX-B
' *

///6&NAL REFINEMENT PARAMETERS FOR TVA, (THF) .C1,VOVCL, (THF) .

a

Total N° of refleEtions used in refinement YI‘more than.3o(I))

- 937 ( out of total of 1,518 reflections)

J
Dgtails of final refinement

168 variables; block diagonai method -
Refined scale factor: 4.085 Initial (Wilson plot ) scale

! factor: 4.192

'
Final R-~factor
9.73% unweighted -4.79% weighted
Goodness of fit parameter: " .

o

4.4175

@
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SECTION IX .

ML

CRYSTAL AND MOLECULAR STRUCTURE OF 'TVA

B: Discussion -
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The structure of the mol;acule (T}E‘)‘3012“JIIIOV111012 ('I.'HF')3 as its C o
ORTEP diagram is illustrated in Fig. IX-1. Fig. IX-2 gives a simpli-
fied diagram for interpretation. Tables IX-C and IX~D giw;e the »
important bond distances and angles with standard deviations. Table

IX-C also gives some.relevant nonbonded contacts. There' -are four

molecular units in each unit cell. This is shown in Fig. 1X-3, which
gives the packing diagram for the structure.
L ]
The molecule consists basically of an oxygen-bridged dimer. The
v V atoms are octahedrally coordinateq - each to the three 63<ygens
of the three THFs, two chlorines and the bridgin;g oxygen. The V
Oatoms are in a formal oxidatior(xﬂ/state of 3. The chlorines are trans

_to each other, across V and pei'bendiculér to the main V-0-V axis.

' One THF molecule is along this axis (hereinafter referred to as the

"main-axial THF") and the remaining two sites are occupied by the two ]
- |
other THF molecules. ‘
\ ¥
The trans positions of the chlorines are to be expected because of
the nature of this ligand, and past experience has shown that

chlorines will almost always be trans, [14, 131). A look at the

structure as represented in Fig. IX-1 immediately reveals as a pri-

imary feature a staggered character of the ligands on 'the two opposite

Vs with respect to each other: each chlorine pair and each trans-

THF pair on one of the Vs is staggered relative to its counteréart

on the other V if ane looks down the V-0~V axis. This situation is i
to be expected due to steric factors. A comparison with the struc- '
ture of V{py) 4C12 [131) is interesting in this respect: the four

pyridines in this molecule, arranged as two pairs of trans-axial

ligands, are non-planar and perpendicular - i.e. staggered. Aéditionally, «
the planes of the axially opposite (i;e. trans) pyridines are )
perpendicular to each other; this is approkimately observed for_ 1

the main-axial THF molecules. When TVA is in solution, rotation |
may of coursge be expected\ to occur along the V-0-V bond. . 1 |

=
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TABLE TX~C ' °

RELEVANT BOND LENGTHS, WITH STANDARD DEVIATIONS FOR_TVA

(Figures in gngstroms: standard deviations rounded off
to one significant digit only)

A: Bonded Corntacts

v-Ccl, 2.390(6) V-0, 2.26(1)

v—c12 2.384(6) - v-02 2.18(1)

V-0, 1.76%(5) V-0, 2.16(1)

0,-Cy 1.43(2) . 02-c5 1.48(2)

ol—c4 1.}4(2) 02-c8 1.47(2)

03—c9 1.44(2)

03Cy 5 1.46}2) V\( b ‘
¢,-C, 1.45(2) . csipe 0 1.51(2) .

cz-c3 1.46(2) ) Q Co=C .- ’~1.46(2)

C4=Cy 1;47(2) C,=Cq 1.49(2) -

’

B:- Nonbonded Contacts

03-02 2.B66(2) OB—Cll** 3.124(2) Cll—Ol** 3.069(2)
; «f
- - * , -
OB O3 . 2.877(2) 0B Cl2 * 3.142(2) Cl f)“' 3.062(2)
(**Note that the sum of the van der Waals radi1 is 3.35
to 3.6 R)

B
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TABLE IX-D

RELEVANT éOND ANGLES FOR TVA, WI’I:H STANDARD DEVIATIONS

(Angles in degrees; standard deviations rounded off 'to
one significant digit) \

A . ‘
cll-V-CIZJ ©167.0(2) c1l—v-o2 89.9(3)
011—v-oB .96.5(4) c1l-v--o1 83.5(3)

r
c11-v-o3 *89,9(3) °2‘V"°1 85.7(4)

J ) v ’
oz-v--c12 88.7(3) oz-v—o3 171.7(32 ;//
0,-V-0g , 94.9(5) ,_Ol-V-ClZ 83.5(3) [
ol-v—o3 86,.0(4) ol—v—oB 179.4(5) o
c12—v-o3 89.6(4) c12——v-oB 96.5(4) .

03--v—2B 93.4(5) |
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.with the sum of the Bragg-Slater atomic radii for V and €1, 1.35 £ ,

"[141] measured a V(III)-Cl bond length (in VCl IN(CH,}.]1,) of

-14‘6- C
The nature of steric effects in the sort of molecule that TVA is will i
give rise to a slight distortion of an octahedral structure; this is
apparent even with the bonding parameters obtained from the not
[2:3

altogether satisfactory refinement of the structure (Reliability
i
Index of 9.74% or 4.79% unweighted). A look at the bond angles will
~

reveal that the two chlorines appear to Pe bent slightly away from
OB' towards Ol (see Figs. IX-1 and IX-2 and table IX-C). Similarly,
on the plane perpendicular to this dichloro axis, the THFs corres-

ponding to 0, and 0, are also bent away from Ois and towards Ql'

4

The V-Cl bond length (2.39' X) av'erage) compares extremely favorabaly

(V) and 1.00 § (C1. A certain amount of L= =4, (Cl=)V) bonding
would be expected but this should be markedly 1es‘s\than for V(IV)

or V(V) because of the presence of 2 d-electrons in the d (T g) ‘
orbitals of V in TVA (V(IV) and V(V) have one and ho d electrons in
the T29 orbitals respectively) but more than for V(II). One may there-
fore hypothesize that a Pond length somewhat longer than that of
V(IV)- and V(V)- €1 but shorter than that of V(II)-Cl would be
expected. This hypothesis-is proved correct by the following data: ‘
Brauer and Kruger [131] report a length of 2.46 R-for v(z1)~Cl in - K
V(py) ,C1,; Fieselman and Stucky [140] report a value of 2.39 & for

V(III)-Cl in (Cp) ,Cl, a value identical to that in TVA. Drake et al. 3

.

3'3%2
2.205 8. For v(IV)-Cl and V(V)=Cl, in molecules with no bulky .
iigands, values of 2.03 % and 2.12 & (for Vel ., and vc13( : ,
respectively) are reported [142]}. In V(IV)OCl [N(Cl@i3 3l [143] a | . \ :
v
value of 2.03 X is reported, and in v''0OC1 ,10CIN(CH,) 1) the V-Cl N ~_

bond length is 2.340 & [144]. In the c?se of V(V)-Cl, typical
bond lengths are 2.21 8 for VOC1,:NCCH. [145) and 2.166 £in vel,
[146]. For the most part these bond lengths are consistent with our

hypothesis, ‘showing decreasing character in the V-Cl bond‘ length
* from V(II) to V(V), if one keeps steric effects of bulky ligands in mind.

<
3
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The V-@ bond length for the main-axial THF appears to be somewvhat

longer (2.26 %), within the limits (again!) of the reliabiljty of

this structure refinement, than that for the other trans-axial
THFs (2.17 R) average). This is to be expected as a result of the
slight djistortion in the molecule described earlier - where 4

chlorines and THFs are bent towards this main-axial THF. The V-OB .

bond is quite short 1.77 &. A comparison of the V-O(THF) bond lengths |

witl:: V-0 single bond lengtixs in other molecules cbntainir}'g O-1ligands
coordinated to V reveals that the former are extraordinarily long:
typical values for V-O(ligand) single bond lengths are ne‘ar 1.95 ﬁ,

the sum of the Bragg-Slatexr atomic radii for Vv (1.35 R) and O

(0.6 R). Thus for V-O(acac) in VO (acac)z. the length is 1.97 £ [1:1‘7]:
for v-0(ligand) in oxoisopropoxo R#,s(B-OH quinolir:ato) VV it is 1,902 g
In VvO(NO ).CH_.CN, it is 1.92 R for monodentate NO ~  and 2.04 X for

333 3
bidentate N03 #1149). No doubt the data quoted above: all involve

either a V(IV) or V{V) atom associated with a V=0 bond, but similar

.4f either one of them is known. They give the relation

results have been obtained for molecules without V=0 bonds as well

_ [151 and references therein]. Only in the molecule:

(THF) (2,6 dimethoxy phenyl) ;- VEV- (2,6  dimethoxyphenyl) 2 (THF)

(Scheme IX~1 [150])

A
o

do we find a V-o‘(2,6 DMP) bond length of 2.138 R, close to that dn
TVA.

o
o

Brown and Wu [151] have calculated empirical parameters, derived from
a very large number of observations, on the basis of which bond

lengths or bond wvalences can be calculated for metal-oxygen bonds

N

5= [R/RIJ—N {Eq. Ix-2)

where s is the bond valence or bond order, R the bond length and

a




A g o

from 1.76 to 2.10 & (1.98 §) av.) is usually accepted [155].

R /

e |
R | ! .

Rl and N are empirical parameters m!ique to the valence state of the )

metal atom. For V(III) these are ],'."762 and 5.2 respectively; for the
usual ca. 1.95 R bona length obs %led for the V-0(ligand) siﬁgleﬂ
bonds, this relation givég a bond order of ca. 0.6. Substituting the av.

7 ’
bond length for the V-

OTHF bonds in TVA, one obtains bond orders

of 0.98; doing the same for the V-OB bond one obtains a bond
order of 0.98. The V‘—OB bond is thus almost a single bond according
to Brown énd Wu's equation, whereas the V-%ﬂ_ bonds have very low

order, in accordar;ce with the low coordinative capability of THF

(due to absence of N-acceptor ability and low p,—) d, donative

capability). The almost prodigucus ability of TVA to lose THF fror\/
the cla_ttice (see e”az;lier sections) may be viewed in this context
Cotton and Mullen [1050, cited above] also reported this phenomenon
for the THF in their mé:lecule (Scheme IX-1 above).

For comparison with the V-OB bond length one may mention here-that
the normal V=0 bond length for V in valence states (III) to (V)
is 1.52 % to 1.65 % [-47,152-154] and does not vary much with the

oxidation state of V as such.

\

A VIII -0 single bond lenc}th for octahedral coordination varying

In contrast to the V-O(ligand) bonds quoted npove. the bond lengths
of 'V atoms linked with 'br:idging o-atoms resemble more closely

the V-0_ bond length cbserved in A (1.76 §). Thus in NaVi'OF,

in which the V is 5-coordinate and the two-V atoms share 2 oxygens " o
on a squafe plane, the lefgth is 1.85 & [156], while for a similar-
ly strictured molecule, LiV,0_, it varies from 1.74 £ to 1.98 8 |
[157]. For V(V)=-0 in VO 4 tetrahedra, Tilmans and Baur [158] report
values near 1.696 & (in Na), (OH) (B,04,=(VO,),) whereas for the

molecule alpha- IZn3 (Vvo4) 2], Gopal and Calvo [159] give a value of

3

-1.79 §&, very close to our own; in both the latter cases, the O-atoms

«
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are bridged in different ways between three cationg. A bond length

as long as 2.49 £ for V-0 has been cited in molecules vhere

vanadyl units are linked by two basally shared ’oxygén atoms in chains
[160]. In Cav30.7, vhere V(IV)O5 pyramids share edges, a V-0 (bridge)
av. bond length of 1.96 R is reported [161]. In another structure
involving a V/0O-V bridge, that of NH, [0 (VO (02/2)2] (siq‘;) [1e2),

a length for V(V)-O(bridge) of 2.0l A is reported, but this structure
represents-a very strained molecule in which a peroxo group also

acts as a bridging ligand.

a

o
v

The absence of any ML d,~rf Dbackbonding may also explain in
part the extreme sensigtivity of the TVA molecule. Very limited

Pn ——3dn  (C1l)V) bonding may be said to occur, making the V-Cl
bonds somewhat shorter and stronger than others in the molecule
exceptiz;g the V-0~V bridge bonds. In the case of the V=-0(THF') bonds,
vhich may be said to be simple *coordinate covalent™ single | “t
bonds (to use classical phraseclogy), i.e. with no baqk.bonding, the
relatively léw bond order explains the vefy great tendency of the
THFs to leave the molecule, as noted earlier. The O (bridge) along
the almost exactly( single V-0 bonds may be said to be sp hybridized

. vith two electron pairs donated to the Vs and one lone pai‘x: in

either of the two nonbcmdinq orbitals (the choice being Darbitrary)‘:
the lone pair causes repulsion of the trans-axial (temrminal) THF,
though this bending may also be said to occur due to a need to
compensate for the shoxrter V-OB bond (as compared to the V-0 (main
dxial THF) bond) which brings the chlorines and 0 closer together.
A list of relevant nonbonded contacts is gdven in table IX~-C. It is
to be noted that the Cll ,"0p and the Cll 570, distances come within
the van der Waals sphere of intemtion, lending support to the view

that repulsion between the Cls and the 0B lone pair causes the Cls

, to bend away; these distancés also indicate that the chlorines are

closer to O than to O_, as noted earlier. BN v

1 B

The V(III) atoms are of course dzsp'3 hybridized with two electrons

v

X g
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in the nonbonding A (ng) orbitals. Thg V-0 o' axis’can be taken
to be essentially linear.

According to the conclusions arrived at in the above discussion,

régarding the bond distances and probable bond orders, it is safe

° to say that there is virtually no pp=—4 4, (L -9 ¥) inte;’%cti::n

for the THF oxygens (bond order less than ca. 0.35) and very little
if any for‘the OB (bond t\arder ca. 1.0). Very limited interaction of
this kind may be assumed for the chlorines, as noted earlier. L—M
electron donation is in any case quite abhorrent to the d2 system that
is V(1II) (and even more so for the d3 V{II)) , which as it is

suffers from a large accumulation of charge.

The values of the bond lengths and 'angles on the THE molecules

are in substantial aqreement with those generally found m coordi-
nated THF molecules [lSOa b] Electron donation by the O-atom

should cause an increase in the C-0 bond distance and perhaps a
slight increase in the C-C bond lengths also. Where the degree of
electron donation is the smallest (for the 0l main-axial (i.e..
terminal) THF, which has the longest V-0 bond) , the increase should ’

Ny
be the least. ;ﬂ‘his is observed for the C-0 bond length hexe,

(1.435 8 av. compared tq a normal C-O bond|length for a single -

as represented by their thermal ellipsoids, i
grea};est perpendicular to the plane of the THF molelule.

i
i

also as expected,

One feature of note for TVA, as in the case of VEZN, is that it does’
not conform to the usual 16 and 18 electron states observed for TM

compounds. To each V may be aésigned only 14 electrons.
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Any conclusions other than those of a very tentative nature are’
difficult té draw from just the results of this work, w_ithout a
much more extensive study being first conducted, and it-is
Drecisely for this reason that a section on scope for further

work has been thought necessary.

The work seems to indicate that alkylation of the TM chloride in v
reactions of this type is accomplished to a g:reater extent with less
polar alkyls such as those of Zn than with polar alkyls such as

those of Al. The compositions of the two products whose crystal
structures were determined and the composition of the gases evolved

in the rea::tion are evidence for this. The gas analyses also appear

to indicate that in the case of Al, much premature loss of ethyl g'roﬁ[;s
takes place - by various processes of H-abstraction - f£rom the //
Al itself, while it is initially coordinatéd through a bridge (halc{-
gen for instance) to the TM (according to the mechanism illustratej i
earlie}', Scheme VII-1). This probably accounts for the lower alkyl o

. ting capability of the Al alkyls. This mechanism, requiring a higheig‘ /
" activation energy, is the one predominant at higher temperatures [27).

1 The second mechanism by which the reactions can be said to proceed \

is the more conventional one, requiring a smaller activation energy \\
and more favorable at low temperature, where alkylation of the ) \
TM (vanadium) occurs and alkyl groups are subsequently eliminated

from this TM and not from the main-group metal.

The role of the solvent** geems clear when we consider that in this °
work no V-alkyl bonds were isolated, whereas in similar work, for exam-

Ple that of Thiele et al. [16) in n-pentane‘ solvent ‘(a non-coordinating

*% Note that the solid adducts of VCl3 and tixe solvents have the com-

positions VC1,:3CH,CN and VCJ:3,=3'I'HF and it is quite likely that these

formulations reflect the state of coordination in solution also.
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solvent for all intents anc{ purposes) compounds such as CzﬂSVCI
(from ?nEtz and VC1 4) were isolated. Thus for instance in the case
of VEZN, what appears to be happenind*# that after a'lkylation, a
het process that is the equivalent of the elimination of only' one
alkyl group (leadfpg to the reduction of V to V(II)) occurs and at
this stage of reduction of V, the solvent (the strongly coordinating
CH3CN) intervenes”by displacing ligands '(C;HS) present on th% v,
leading to a V(NCC’HB)'6 entity with a formal exitation state of (II)
for the V. A substantial amount of the butane produced could per-

S I;aps be accounted for by this process (see General Introduction for
detailed discussion °:,E mechanisms involved in such processes). A
general scheme can thus be formulatgd:

¢

- )
V(NCCH,).C1, * + ZnEt, ) v(uccn3) cl

37720
- . ‘Cl
! Et .
by -
Et wm V(NCCH.) @ P {
l 3’3 ‘—-— Et
. , Et ’
. (3)
\
+ CHBCN .
’ T
(1) + _ !
V(NCCH3)6 + 2C1 +, CZHGI + czn4 + C4H10
! — .
, | + HZ etc. (5)

) ] . " {(Scheme X-1) .
The products (5) originate from (3) through the various mechani'sx;ls
describsed earlier.

In Thiele's work [16] a v C2H5 bond was inolated presumably because
of the weak coordinative (and thus displncement) capabi ty of n—pentane.

T RY
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'.l‘hisb led to a coordinatively unsaturated V in the product, C2}15VC12:
probably attached to ZnC12 in some way. It is precisely these, three
factors - a V-alkyl bond, coordinative wunsaturation and attachment
to ZnCl, (exexrting an orienting effect) that would presumably‘_?ﬁv‘e‘mm
the molecule catalytic activity with respect to 2iegler-Natta

p.ymerization, incidentally; (it woulduthus be very Iinteresting

indeed to obtain crystal structures and catalytic activity test results.

for Thiele's compounds, but that is another matter).

I'r,x the case of the Al (TVA) reaction, probably ‘onl};,one alkyl group
is attached to the V at any time. Elimination, (according to the
various mechanisms described earlier, but mainly dinuclear or
f-elimination) , of this alkylgroup with concurrent reduction of ‘

B

V(III) to V(II) followed or simultaneous with occupation of the

- vacant site thus created by a solvent (THF) molécule leads to the -

presumed intermediate, VCl2 (THF) 4*$ in solution, which'on oxidation
gives a vo?* species, this subsequently reacting wi th more
VCL, (THF) , to give the observed C1,(THF) VOV (IWF) ,C1,. The
general scheme that can be formulated is thus:

V('.I'HF)BCI3 + 'AlEt3 _4 V{THF) 3C12.

' Et\" L
[(:ZH6 from premature (...._. Et asnem Al 'e
. elimination] Et ~
- (+ THF)
v(m)3C12$t "'_-_—’ V(THF)4C12 (2) .
T (1)
+ CZI%G + Czl-l4 +C4H10’ etc.

(Scheme X~2) ’ (3)

!

** Note that the product of the reaction VC1, + 2ZnEt, in THF -
conformed to the formilation V(THF) £1,:2nC1, ("MVEZ").

- i
4 ° {
@ . . 1 o . .
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The products (3) originate £xrom (2), as for VEZN, from the

various processes described earlier. (2) =may be oxidized in p’art
to v02+01'2 ('.I‘HF)3 (4), which then reacts with more (2) to give the
observed (".‘[‘1~IF‘)3C].2VOVC12 (THF) 3 ("TVA" ).

Some othexr results of-this work are also notable. An intense .

wvisible absorption band probably due to intramolecular charge-

transfe\r within the vov4+ entity wvas observed. It was postulated -

that vhen the VO\I4+ entkt«\x.,(e.g. from TVA) is dissolved in a solvent,

2 2

+ + .
ddisproportionation occurs’to VO© and V  to. a considerable extent.

IR ‘and cfystal structure data confirmed that while coordinated to

© V., acetonitrile distorts visibly from linearity and the C-N bond

shortens. :Above all, it was shov\/m that V(I;) can have an extensive\\
coordination chemistry in organic solvents, and a source of V(IXI)

(being TVA, giving Vo2+ + .V (I1) in solution) ** in just about any
solvent of good coordinative capability and moderate polarity |

was produced. -

[

*#* The existence of this equilibrium was not prbvod conclusively
but the evidence overvhelningly points to it.

~
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As a l_ieginning, of course, one townld determine the crystal struc-
tures of V(THF) 4chi 4 2nd VCL,:2THF to. see if they conform to our
predictions (a tetrachlorozincate for the former and a polymeric
chloro-bridged structure for the latter). A more extensive analysis
of the gases evolved in the reactions ir;clud}ng a sea.rc."h for alkyl
chlorides and hydrogen with the additional auxiliary use. of

r&ﬁss spectrometry is required. More sets of data on the composition
of the gases evolved are required to confirm the predictions regar-
ding mechanisms of reaction made in this thesi:s. It would also be
interesting to note the composition of the g'a'ses when ZnMe2 and
AlMe3 as well as the propyls and isoprop_yls are used in place of
the ethyls.

4«

3

S

A étudy in more varied sélvents - includinzg non-coordinating ones
like he}:tane to see if any V-alkyl bonds can be isolated - is

called for. The study may be extended with the use of Ti and Cr
halides to see if their behavicr is the same (and if the

fundamental postulate of this thesis with regard to reaction mechanism
Holds in general) and to attempt to isolate reduced crystalline com—

pounds of these metals also. -

Wi;:'h the use of TVA, so extensively soluble (giviﬁg vo?! and V(II)),
as well as the reaction mixtures, which also are presumed to contain
large concentrations of V(II); the coordinative capability of
various ligands to V{II) ‘ can be studied. At this writing, this is *

being attemped [79] for the ligand: “

"
.

(see 'gverleaf)

o

.g‘ [T} ) : \
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(Scheme XI-1) )
Finally, the homogeneous and heterogeneous catali(tic actiw;itieé of
TVA in Ziegler-Natta polymerization need to be studied, if for nothing
more than just confirmation and clearingh up a bi"g question mark.
P?reliminary results (éxperiments conducted- by the author in June 1580)
indicate that' in n-hexane the crystals of TVA are able to act as
catalysts for the polymerization of 1,3 butadiene to the atactic po-
lymer, and ethylene to the isotactic polymer, but these ' results
are extremelytgntaﬁim and surely need confirmation. A compound
such as TVA - with no alkyl group attached and not coordinatively
unsaturated (though admittedly the THF ligands are almost foo easily
displaced) and quite likely nt; orienting effect (though again the
V-0~V bridge may possibly exert such an effect as evidenced by the {
repulsion-of the two chlorines by the O lone pair in the structure) -
would be expected to show no catalytic activity. Such ac:tivity of .
tihe réacting systems studied but with noncoordinating solvents )
substituted in place of »CH3C'N and THF could also be studied, though
indeed the patents issued on Ziegler-Natta systems using A%Et3! and
VCl,, ZnEt, and VC1,, and even the likes of AlEt,-VC1,:3THF and

3 3
Al(ilkyl)3-V0C1 4>:'.‘l'!»lr [163] are almost too many'to count [164].

i

3

A Y

rinallir. an extensive quantum mechanical perﬁurbation calcplation on
the effect of coordimt;én on the CH,CN ligand needs to be done to
ascertain if the antibondgng N-orbitals do 1ndepd, as predictad'
in this work, show unconventional ordering of their energy levels.

\
4
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APPENDIX A
{ ‘ ,
LIST OF CHEMICALS AND SUPPLIERS .

On

°

A: SOLVENTS 1 .

Acetonitrile: "Certified grade”, Fisher Scientific Company

o
o

. (Fairlawn, New Jersey) .

’ o " ¢
CHpCl,, CHCICH,Cl, "Certified grade" Fisher Scientific Company.
. .
Diethyl ether, dimethyl formamide (DMF): "ACS Reagent Grade™,

Anachemia Chemicals Ltd., Montreal, Quebec. - ' . ‘

Tetrahydrofuran (THF): "Certified gradé", Fisher Scientific Ci:npany;:
3 ’ . —
Contains 0.025% butylated OH-toluene as prese\rvative.

B: REAGENTS ‘ 5 .
x :

7 . ° : N *

VCl3: "Reagent grade”, Alfa Division of Ventron, Inc., Danvers, 'xassac.hussetts

o
[

. . . ( i
‘AlEtq: "95%", Alfa Division of Ventfon, Inc.
1 ‘

2nCl,, ptl,,Etpr,’benzene: Certified gr’gde, Fisher Scientific Company. *

o 9

Zn dubt, Na metal: Local suppliers. . Lo

[

3 . . .
N B

Cu oxalate: Prepared, for an earlier synthesis; by V. Xumar using con-
ventional methods described in the literature.
* - S g " . ’ ° “B ’ N ’
Py0g:. 988", "Reagent grade", Anachemia Chen:icals 'Lcimitea, Montreal, Quebec.

o a N s T

! : o 4.
- * . ,
i . B | ~




APPENDIX A, cont. v ‘

C: GASES

Ethane, ethylenf, butane, 1.3 butadiené: "99.08"", "Reagent grade",

i

f " —
E N Matheson of Canada, Ltd., Montreal, Quebec

Nz, Argon, H_: "99.997%", "High Purity", Dhinde (Union Carbide)

’ K Grade, local supplier.
. Dt MISCELLANEOUS : S
Nujol: "Certified gx:adé", Fisher Scientific Company.
<High-vacyum grease (silicone base) : Dow Corning Corp., St. Louis,
' " . - o
| : Mo. ‘ :
! o ) . . £
A ~ k
Ih ‘
! * o
§

. B S -
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—
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(Estimated .standard deviations, rounded'to one significan

FINAL POSITIONS FOR VEZN ATOMS

-
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APPENDIX B

T

digit, in parentheses)

Atom

2n
\'

> % 2 B

2

X

0.2658 (1)

0.9108(2)
0,2418(4)
0.0644(3)

'0.4294(3) .
0.3373(4)

0.7329(9)
0.8602(9)
0.9562(9)
1.0942(8)
1.0188(9)
0.7953(8)
0.649(1)

0.516(1)

0.837(1) .

0.803 (1)
0.976(1)
0.999(2)

) 1.193(1)

1.326(1)
1.066(1)
1.126(1)
0.724(1)
0.637(1)

—

-,

Y

0.2878(1)
0.2826(2)

0.2346(4)

0.2351(4)
0.2358(3)
0.5127(3)
0.1144(9)
0.115(1)
0.3428(8)
0.3434(9)
0.1132(9)
0.3427(8)
0.040 (1)
-0.054 (1)
" 0.039(1)

-0.054 (1)

0.390 (1)
0.459(1)
0.391 (1)
0.456(2)
0.038(1)
~0.054 (1)
'0.391 (1)
05‘457 (1)

0.7349(2)
0.0893(2)
0.5712(4)
0.7583(4)
0.9360(4)

0.6624(4)

0.1367(9)
-0.018(1)
0.2054(9)
0.0446(9)
0.2663(9)
-0.0937(9)
0.164 (1)

©0.198(1)

-0.063(1)

-0.126(1)
©0.277(1)
© 0.365(2)

0.026(1)
0.004 (2)
0.363(1)
0.485(1)
-0.192(1)

-0.322(1)
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APPEND IX

c

FINAL ANISOTROPIC THERMAL PARAMETERS FOR VEZN, WITH

ESTIMATED STANDARD DEVIATIQ£; (X 10,000)

Atom Ull

Zn
4

Cl
Cl
Ccl

0
=
IO T U S

N U s R W W NN c?(ﬁz-gzcjzhfzgg
v v o ¥y U U U @ .

o o
o N

|

536 (107)
1430(123)
911(284)
631 (239)
622 (234)
985 (303)
496 (601)
566 (700)
643 (685)
431 (597)
566 (622)
493 (603)
669 (382)
492.(882)
383 (772)

. 995(1127)

754 (915)
1362 (1410)
645 (895)
517 (954)
‘490 (772)
909(1104)

. 461(765)

891 (1126)

|
22

453 (101)
429 (127)
804 (272)
718(258)
796 (271)
463 (229)
506 (650)
520 (714)
560 (697)

.520(671)

653 (702)
357 (574)
570 (813)
570 (813)
656 (966)
655 (941)
642 (872)
976 (1261)
691 (945)

1104 (1323)1362 (1474) -171 (865)
541 (875)
821 (1105) 383 (830).

436 (800)

33

516 (107)
423 (126)
618 (243)
870(;36)

" 596 (239)

940 (306)
529 (661)
628 (764)
499 (633)
592 (§80)
423 (643)
493 (665)
356 (715)
356 (715)
436 (804)

784 (1014) O70(809)r

540 (858)

835 (1121) 627 (1092)

591 (955)

562 (863)

643 (892)

1033 (1276) 539 (955)

vt i o Ao B Yate e Lok el T A L A B

12

85 (75)
70 (96)
217(217)
114(194)
208(201)
085 (203)
-041(490)
153 (566)
173(552)
~-045(497)
220(550)
117 (483)
184(693)
184 (693)
173(711)

422(731)
134(739)
007 (640)

471 (915)
73(637)

570(1108)

»
&

13

213 (082)
161 (100)
296 (214)
374 (213)
082 (190)
410 (249)
260 (515)
217 (566)
187 (541)
222 (528

‘ 132(559)

181 (522)
171 (648)
171 (648)
238(647)
434 (876)
299(728)
183 (1010)
077(757)
533(978)
253(679)
-64(759)
274 (691)
187'(342)

Uss

~142(077)°
. =149 (099)

~310(210)
~224(214)
-184 (203)
-160(212)
-177(529)
-256(605)
-202(550)
-219(553)
-156(547)
-019(489)
~165 (621)
~165(621)
042 (711) -
-483(830)
011(697)
~-525(1008)
~446(799)
-667(1145)
~315(707)
-60 (780)
-150 (689)
140 (862)

-
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APPEND IX D
w

FINAL POSITIONAL PARAMETERS FOR TVA

*

(Estimated standard dev@atiohs, rounded to one significant
digit, in parentheses)

.0
(=)
N

Atom ., X X 2z
v 0.0716(1) -0.0146 (4) 0.3275(1)
c1, 0.0191(2) 0.1538(5) 0.3965 (2).
c1, 0.3540(2) 0.3186(5) 0,2180 (2)
Op 0.0000%* ~~0.015 (2) 0.2500%
(*special position)
0, 9.3376(5) 0.484(1) 0.0731(5)
o, 0.1287 (5) 0.163(1) 0.2899(5)
0, 0.4718(5) 0.307 (1) 0.1220(4)
c, 0.2345(7) 0.027(2) 0.4290(8)
c, 0.2741(8) ~0.008 (3) 0.0035 (9)
c, 0.2222(8) 0.011(3) 0.0482(8)
c, 0.1543(8) 0.052(2) -0.0012(7)
Cg 0.1576(8) 0.349(2) 0.2243(8)
Cy 0.1596(8) 0.305 (2) 0.1978,(8)
c, 0.1615(9) 0.394 (2) 0.262 (1)
Cg 0.1177(8) 0.317(2) . 0. 3060 (9)
Cq 10.4521(9) 0.157(2) 0.1289(9)
o 0.4970(9) 0.37912) 0.0865 (9)
), 0.4381(8) 0.168 (2) " 0.412(8)
0.4609(7) . 0.322(2) ° 0.4014(7)
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APPENDIX * E A

FINAL ANISOTROPICVTHERMAL PARAMETERS FOR TVA
-4

(Estimated standard deviations, rounded to one significant
digit, in parentheses)

Aom Yy T2 Im D2 Y3 s
v 0.059(2) 0.048(2) 0.052(2) 0.003(2) 0.010(1) -0.006(3)
Cl1 0.087(4) 0.059(4) 0.968(3) 0.005(3) 0.025(3) 0.009(3)
Cl2 0.086(4) 0.064(4) 90.089(4) -0.089(4) 0.030(3) 0.013(4)
Op 0.061(9) 0.019(9) 02.057(9) 0.0% 0.022(8) 0.0%*

, . ' [*special position) )
bl 0.083(3) 9.076(9) 0.069(8) 0.001(9) 0.013(8) 0.020(9)
o, 0.058(8) 0.056(9) 0.066(8) -0.015(7) 0.019(6) =-0.005(8)
Oqg 0.067(8). 0.058(9) 0.044(7) 0.006(7) 0.015(7) =0.012(7)
¢y 0.04(1) 0.14(2) 0.909(2) -0.01(2) 02005(9) -0.01(2)
c, 0.09(2) 0.11(2) 0.07(1) -0.01(2) -0.02(1) -0.01(2) )
C3 0.29(1) 0.14(2) 0.07(1) 0.05(2) -0.01(1) 0.02(2)
C4 0.12(2) 0.13(2) 0.93(1) -0.21(1) 0.02(1) -0.02(1)
Cg 0.10(2) 0.05(1) 0.07(1) -0.01(1) 0.07(1) -0.01(1) !
Cq 0.11(2) 0.07(2) 0.06(1) -0.03(1) 0.03(1) 0.003(12)
c, 0.16(2) 0.10(2) 0.12(2) -0.04'(2) 0.08(2) 0.02(2)
Cy 0.13(2) 0.02(1) 0.14(2) -0.03(1) 0.05(1) .- -0.02(1)
10 0.13(2) 0.09(2) 0.18(2) 0.05(2) 0.09(2) -0.05(2)
Ci1 0.07(1) 0.04(1) 0.12(1) 0.002(12) 0.05(1) 0.02(1)
Cyp 0.05(1) 0.06(1) 0.07(1) 0.007(10) 0.036(9) 0.004(11)

4
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