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ABSTRACT

The new anionic cyclopentadienyl vanadium tricarbonyl complexes,
(n5C5H5)V(CO)3R', (R= H,CH3),have been isolated as the phosphineminium
salt s.(n5C5H5)V(CO)3H' reacts with alkyl (primary, secondary, and ter-
tiary), vinyl and aryl bromides at room temperature in THF to replace

bromine with hydrogen. A gem-dibromocyclopropane was reduced to the

mono-bromide, and acid chlorides were converted to aldehydes with
(n565H5)V(C0)3H'. Primary alkyl iodides react more rapidly than the
bromides and aklyl chlorides do not react at all. Alkyl tosylates react

much slower than the corresponding bromides. Carbon radicals and

(n5C5H5)V(CO)3Br' as the kinetic organometallic product imply a radical

chain mechanism for these reactions.

The reactions of (n5C5H5)V(CO)3CH§ and alkylbromides and acy]

chlorides do not produce new carbon-carbon bonds.

2

Attempts to prepare the dianious RM(C0)3", M= Cr,Mo; R = norbor-

nadiene and M = Mo; R = cyclooctatetraene were not successful.
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INTRODUCTION

We report here the preparation of the new cyclopentadieny]

vanadium tricarbonyl hydride and methyl anions, (n5C H )V(CO)3R",

55
(R = H,CH3). These anions were prepared from the reactions of
(n5C5H5)V(CO)§'. Their reactions with organic substrates are de-
scribed.

The dianionic organometallic complex tetracarbonyl ferrate (-II),
Fe(CO)i_, has been shown by Collman (1a) to undergo a unique series of
reactions with organic halides and tosylates to producé carbonyl com-
pounds.

The overall reaction (Scheme I1) occurs by a series of individual
steps [1b] starting with nucleophilic displacement [2] of halide or
tosylate by iron (step a), to form the anionic iron-alkyl, Fe(CO)4R'.
Alkyl migration [2] to one of the carbon monoxide Tigands (step b) and
coordination of the new ligand L generates the anionic iron acyl com-
plex, (C0)3LFe%R'. Reaction of this anion with a second mole of alkyl
halide (step c) leads to ketones, presumably by a second nucleophilic
displacement St carbon to produce the iron-alkyl-acyl complex
(C0)3LFe(R')(6R). Reductive elimination from this complex yields the
observed ketones. The iron-acyl complex may be treated with acid to
yield aldehydes [3a], oxygen and water to yield carboxylic acids [3b],
and halogens with alcohols and amines to yield esters and amides [3b].

When the iron-alkyl complex is treated with alkyl halides, the
product is still the corresponding ketone. The alkyl migration to carbon

monoxide must be much faster than the direct reductive elimination of
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SCHEME 11
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the two alkyl groups from the presumed bis-alkyl complex, R

2
4

troducing a carbonyl functionality into an organic molecule from

2Fe(CO)4.

This sequence makes Fe(C0)¢™ a useful synthetic reagent for in-
organic halide precursors. Particularly useful is the preparation of
unsymmetrical ketones [1]. However, since Fe(CO)i" is a relatively
strong base (pkb approximately that of OH  [4]), the reactions with
secondary and tertiary halides lead to large amounts of elimination
products. Also, the migration step fails for alkyl groups with alpha
electronegative groups. And finally, the second alkylation (step c)
can only be carried out with very active alkylating reagents, usually
primary iodides.

This sequence of reactions to form two new carbon-carbon bonds
has been well documented only for Fe(CO)i_. The other known dianionic
organometallic complexes do not readily undergo these similar reactions.

The reactivity of Os(CO)i' is quite different from that of
Fe(CO)i— [5]. Unlike the corresponding iron complex, dimethyl osmium
tetracarbonyl is very stable. Decomposition at 160°C gives predomi-
nantly methane. With excess ligand added, the decomposition pathway
changes, and acetone does become the major product. It is clear, though,
that a change in metal changes the available reaction pathways [6].

No reactions of Ru(CO)i_ with organic halides to form ruthenium-
carbon bonds have been reported. The only nucleophilic reactions of
Ru(CO)i_ which have been reported are at tin and lead, to give
cis-(Me3Sn)2

and cis—(Me3Pb)2

Ru(C0),, trans-(Ph,Sn

3 )2
1 in low yields [7].

1 Ru(C0)4, trans-[(PhCH2)3Sn]Z—Ru(C0)4

Ru(CO)



The pentacarbonyl dianions of chromium, molybdenum and tungsten
have also been prepared [5], but they have quite different reactivity
patterns than that described for Fe(CO)i_. These complexes are strong
nucleophiles, but interestingly they prefér to undergo what is equiva-
lent to two nucleophilic displacements at the same carbon atom, instead
of at two separate carbons. For example, the reaction of Cr(CO)g' with
MezNCHC12 leads to the hexacoordinate chromium carbene complex,
(CO)SCrCHNMeZ,instead of the heptacoordinate complex, (C0)5Cr'(CHC1NMe2)2
[8]. Chromium's reluctance to be seven coordinate probably prevents
the bis alkyl complex from forming [5].

Curiously, no reports of the mono-alkyl chromium anionsé
(C0)5CrR~, are available [5], although the acyl anion (CO)SCr(CR)' can
be prepared from Cr(CO)6 and 1ithium alkyls [9]. The reactions of this
complex with strong alkylating agents do not alkylate at the metal but
at the acyl oxygen [9], to form metal carbene complexes. The reactivity
pattern for the molybdenum and tungsten pentacarbonyl dianions are
similar to chromium [9].

Cyclopentadienyl vanadium tricarbony]l (n5C5H5)V(C0)§_ is the
only other known monomeric, dianionic transition metal complex [10].

Its only reported reaction, prior to this work, was with aqueous HCI,

to form hydrogen and the coordinatively unsaturated vanadium dimer

5
(n C5H5)2V2(C0)5 [10].

A comparison of the reactions of (n5C5H5)V(CO)§_ with alkylat-
ing agents and those of the other dianions was of interest to us.

2

(nSCSHS)V(CO)B- is the only one of these dianions with ligands other
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than carbon monoxide [11]. Also, the very different electronic con-
figuration (i.e., d6 for vanadium and d]0 for iron) for the metals in
these complexes might Tead to different reactions.

In particular, the mechanism of metal carbon bond formation could
be very different. It has been shown that Fe(CO)i_ [1b] and other
organometallic transition metal complexes [12a,b] react with organic
halides and tosylates by nucleophilic displacement (Sn2), with inver-
sion at carbon, to form a metal carbon bond. Some complexes [12c,d]
react with alkyl halides by electron transfer, with carbon radical in-
termediates prior to metal carbon bond formation. There appears to be
a very small energetic difference between these two mechanisms, since
the same complex may react with different organic halides by different

mechanisms [12c].

Instead of alkylation and metal-carbon bond formation, all of

2- i
4 b 5 9

protonated with acids varying in strength from water to acetic acid

the dianions, M(CO) M = Fe,Ru,0s, and M(CO) M= Cr,W, can be

4 5
Even after protonation, the iron atom is nucleophilic enough

[5,13] to form the mono-anionic hydrides, HM(CO), and HM(CO)

that HFe(CO)i reacts with electrophilic carbon centers, such as alkyl
halides and tosylates. New carbon-hydrogen bonds are formed by what
has been suggested to be [14a] alkylation of the metal, and reductive
elimination of the alkyl group and hydrogen. This mechanism is consis-
tent with the observed inversion at carbon [14a], as it is likely the
metal alkylation goes with inversion [14b], and the reductive elimina-

tion with retention [14a]. Interestingly, no alkyl migration to carbon



monoxide was observed in the reactions of HFe(CO); with alkyl halides
[14a]. Likewise, in the reactions of Fe(C0)4R' with acid, no alky]l
migration was observed, in contrast to the reactions of Fe(CO)4R'
with alkyl halides [1]. Reductive elimination of carbon and hydrogen
is faster than alkyl migration, and reductive elimination of two alkyl
carbons is slower at this iron center.

5 and HW(CO); are less basic than HFe(CO)

4
be less nucleophilic. No reactions of metal alkylation of HM(CO)

HCr(CO) and appear to

5>

M = Cr,W, have been reported [5]. Because alkylation would generate a
heptacoordinate chromium or tungsten complex, nucleophilic displace-
ment by the HM(CO); complexes may be very difficult.

Alternative mechanisms for the reaction HM(CO)% complexes with
alkyl halides might be electron transfer [12c,d], or homolytic metal-
hydrogen bond cleavage and halogen atom abstraction by the resultant
metal radical, as in the reactions of tin hydrides [15].

The new anionic hydride, (nSC H )V(CO)3H', has been prepared and

55
its reactions with organic halides and tosylates were investigated.



Results and Discussion

Preparation of Ngg[n5C5ﬂ5)V(CO),]-THF from (n5C5ﬂ5)V(CO)4;_ The
di-sodium .salt of the dianion (nSCSHS)V(CO)g',l, was previously pre-

pared by the reduction of (nSCSHS)V(CO)4, 2, with sodium metal in liquid

ammonia [16] (Scheme IA). 1 was characterized by the nujol mull infra-
red spectrum of the cesium salt, Csz-l, which'showed carbonyl absorption
at 1742 and 1645 cm']. Later, the sodium salt, Naz-l, was reported as
the product of the reduction of 2 with sodium amalgam in tetrahydrofuran
(THF), though no information concerning the characterization of this
product was given [17]. It has also been noted that hexamethylphosphor-
amide (HMPA) solutions of 1 could be generated by adding g to sodium
metal dissolved in HMPA (Scheme IB). The IR spectrum of these solutions
showed carbonyl absorptions at 1742, 1619 and 1573 cm! [18].

We have found that when 2 was treated with sodium amalgam or
sodium dispersion in THF, a yellow precipitate, characterized as Naz-l-
THF, was formed quantitatively. The IR spectrum of this precipitate as
a KBr pellet or as a nujol mull showed carbonyl absorptions at 1742,
1590 and 1550 cm”! (Figure 1). The absorption at 1742 corresponded
directly to those for 1 in HMPA solutions and CSZ—I. But the bands at
1590 and 1550 cm'] for Na -l-THF from our reactions were considerably
lower in energy than the absorptions for 1 in HMPA and for Csz—l. This
splitting of the lower energy absorption for Cs —1 into two absorptions
for Na —I»THF was likely due to ion pairing of the sodium, but not the

cesium, cations to the carbonyl oxygens of 1 [19]. This ion pairing

reduces the expected [20] C3V symmetry of 1, causing the lower energy E
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Figure 1

Infrared Spectra of Naz(nSCSHS)V(CO)3 THF

a) KBr Pellet

b) Nujol Mull




SCHEME I

Liq. NH3
A) Cpv(CO); +Na ———=— CpV(CO),>" + 2Na

2Csl
Cs2 CpV(CO) g + 217

HMPA o

B) CpV(CO), + Na=———@=CpV(CO);"" + 9Na*
THF
C) CpV(CO), + [Na/Hg| ———e=Na,CpV(CO),. THF

or
Na

Cp = (n°CgHy)
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band to split into two nondegenerate absorptions. The shift to lower
energy for these absorptions in Na -l-THF compared to HMPA solutions
of 1 was probably due to stronger ion pairing in the solid than in
solution.

The NMR spectrum of Na,-1-THF in HMPA showed a single cyclopen-
tadienide absorption at §4.32 PPM (s,5H) and absorptions for the
methylene protons of THF. Integration of these signals indicated there
was one molecule of THF for each cyclopentadienide molecule, and there-
fore the product from the sodium amalgam reduction in THF was actually

the mono-solvated salt.

Preparation of [(CH:) PNP(CcH) 31 [n°CoH:)V(CO) K] from
5 - +-, 5 = +
Nap[n°CaHE)V(C0) - THF.  [(Cehg) PNP(Cehg) 31 [ (n°CoHg )V(C0) H1™, PPN'-3,

was prepared from Na2—1°THF by protonation of 1 with water [21], to
generate a solution of Na-§. Exchange of PPN for sodium cation and
precipitation with petroleum ether led to the isolation of the air sen-
sitive, red-brown solid, PPN+-§.

The IR spectrum of PPN+-§ showed carbonyl absorptions at 1890
and 1780 cm'] as the THF, HMPA and acetonitrile solutions and as a nujol
mull and a KBr pellet (Figure 2). The two carbonyl absorptions for 3
are consistent with either local C3V symmetry for the vanadium tricar-
bonyl fragment with the hydride ligand located on the C3V axis, or with
a square pyramidal structure with the three carbon monoxide and the
hydride 1igands occupying the basal sites [Figure 3]. The two lower
energy carbonyl absorptions predicted for the Cs symmetry structure are

not resolved.
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Figure 2

5 -
Infrared Spectrum of (C6H5)3PNP(C6H5)3 [(n CSHS)V(CO)3H] in THF
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Figure 3

Possible Structures for [(nSCSHS)V(CO)BH]—
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It has been concluded, based on the width at half height of
the lower energy carbonyl absorption in the IR spectrum, and on NMR
spectral data, that the structure of (n5C5H5)W(CO)3H is square pyra-
midal [22]. Analogously, the width at half height for the 1780 cm_]
absorption for 3 was great enough to conclude that this absorption
could actually be two non-resolved bands. Also, other compounds with the
(n°CgHg)V(C0) ,R formula, (R=CH, P(CoHs) 5o P(n-CyHg) 5, Br™, C17) had
three carbonyl stretches in their IR spectra, which indicated that these
compounds had square pyramidal structures, and that it was therefore
possible that § had a similar structure. Particularly interesting was
the IR spectrum of (n5C5H5)V(CO)3 P(C6H5)3, which had three carbony]l
absorptions in hexane but Only two in THF.

However, other observations [23] about the site preference for
hydride ligands in five coordinate complexes indicated that the hydride
preferred to coordinate in an axial position compared with a basal posi-
tion of a square pyramidal structure. Likewise, the ligand Sn(C6H5)5
also showed a preference to coordinate in an axial position [23], and
the complex (nSCSHs)V(CO)3 Sn(C6H5)5 contained only two carbonyl absorp-
tions in its IR spectrum, consistent with a C3V structure. It appeared
then, that the IR spectra of 3 and (n5C5H5)V(CO)3 Sn(C6H5)§ were consistent
with the observed preference for H and Sn(C6H5)§ to coordinate in an
axial position. Therefore, it was not possible to assign conclusively
the structure of 3 from the IR data.

Single crystals of sufficient quality to carry out an x-ray

crystallographic analysis of PPN+—§ were not obtained. Though it was
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not likely that the exact position of the hydride 1igand could have
been determined, the positions of the carbon monoxide 1igands may have
distinguished between a C3V or a Cs structure for 3.

No IR absorption for the vanadium-hydrogen stretch was identi-
fied. The IR spectra of the KBr pellets of PPN+[(n5C5H5)V(CO)3D]',

PPN+-§:Q,and PPN+-§ showed exactly the same absorptions between 4000

and 300 cm .

The IR spectrum of solutions of Na-3 indicated significant ion
pairing. When one equivalent of water was added to a slurry of
Naz-l-THF to produce Na-3, the IR spectrum of the solution showed car-
bony1 absorptions at 1890, 1795, 1780(sh) and 1735 cm—]. The four car-
bonyl absorptions indicated more than one vanadium species in solution. The
IR spectrum of this solution changed as Timiting amounts of ppNTCT™
were added (Figure 4). The carbonyl absorptions at 1795 and 1735 cm'1
were reduced in intensity as the absorption at 1780 cm"] increased. The
IR spectrum of the final solution showed two carbonyl absorptions at
1890 and 1780 cm"], identical to the spectrum of isolated PPN+1§,dis—
solved in THF.

These changes in the IR spectrum of this solution are consistent

with the reactions shown in Scheme II [24].
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Figure 4

Addition of Limiting Amounts of PPN C1  to a
Solution of Na[(nSCSHS)V(CO)3H]
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SCHEME I

THF
NaszV(CO)3 THF + H,0 e NanV(CO)3H + NaOH

PPN" = (CgHg)qPNP(CgHy), Na® + CpV(CO);H"

PPNt C1”

NaCl + PPNT 4+ CpV(CO)BH'

The carbonyl absorptions at 1890 and 1780 em”]

in the IR spec-
trum of the solution of Naz-]-THF and water, Figure 4a, by analogy to
[24], corresponded to a solvent separated ion-pair of Na+, and the bands
at 1795 and 1735 cm-] were from a more intimate ion-pair [24]. The
intimate ion-paired species must also have had a carbonyl absorption at

1890 cm_]

, Since the position and intensity of this absorption did not
change in these IR spectra [25].

As PPN+C1° was added, the sodium cation was irreversibly removed
from solution as NaCl, and Teft only PPN' and.g, so that the IR spectrum
was identical to isolated PPN+—§ in THF (Figure 4d).

The NMR spectrum of PPN'-3 in d

PPM (m,30H,PPN'), §4.60 PPM (s,5H,n°C

-THF showed resonances at &§7.55

and 6-6.10 PPM (s,1H,hydride).

8
5"5)
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The resonance at §-6.10 was very broad. The width at half-height was
greater than one PPM at room temperature, but the signal sharpened to
0.43 PPM wide at half-height at -50°C (Figure 5). This temperature de-
pendence for the hydride absorption was similar to that attributed to
quadrupole coupling between vanadium nuclei and hydride ligands in other
vanadium hydride complexes [26].

Reactions of (nSQBﬂ;)V(CO)?H' with alkyl halides. Organic

Products. The reactions of [(n5C5H5)V(CO)3H]—, 3, with alkyl halides

proceeded with overall exchange of the halogen of the alkyl halide by
the hydrogen of 3, forming the corresponding alkane and the new vanadium
complex, PPN+[(n5C5H5)V(CO)3Br]", PPN+—§ (equation 1). The hydrogen in
the alkane was shown to come exclusively from 3 by treating

[(HSCSHS)V(CO)3D]- in h,-THF and [(n5C5H5)V(CO)3H]_ in d8-THF with

8
1-bromooctane. Only C8H17D and C8H]8 were observed, respectively (Scheme
I11).
(n°CgHg)V(CO) g™ + RBr s (n°CoH;)V(CO) Br" + R-H (1)

THF solutions of PPN+—§ at room temperature reacted with equi-
molar quantities of primary, secondary and tertiary alkyl bromides,
vinyl and aryl bromides and gem-dibromocyclopropanes. Reaction times,
products and yields for individual reactions of alkyl chlorides, bro-
mides and iodides are shown in Table I. The order of reactivity was
jodides > bromides > chlorides, with only the most reactive chlorides,

such as benzyl chloride, reacting at room temperature.
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SCHEME Il

i d,-THF )
CpPV(CO)gH  + n-CgH,pBr —tgmmCpV(CO)4Br™ + CgHyg

h,-THF

CpV(CO)3D" + n-CgH,,Br --a-—-—a-Cp(CO)?,Br' + C8H17D
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TABLE I (continued)
(a)

(b)

A11 reactions were carried out with equimolar quantities of PPN =3
and organic substrates at 25°C unless stated otherwise.

Yields were determined by gas chromatographic analysis peak area in-
tegration, or NMR integration unless otherwise noted.

Reaction monitored by NMR spectra to approximately one half-1ife.

When cis-B-bromostyrene was reacted with PPN+-§D and the organic
products vacuum transferred from the reaction mixture, the styrene
obtained was 70% cis and 30% trans by NMR integration.

Volatile material vacuum transferred from reaction mixture immediately
( )after addition of acid chloride.
h

The product was isolated as the 1,2-dianilinoethane adduct.
(T)Isolated as the 2,4-dinitrophenylhydrazine adduct.

(J)An immediate reaction occurred with PPN’ - 3, but no absorption for
any aldehydes were observed in the IR speCtrum.

(k )Product identified only by aldehyde NMR signal at 69.85 PPM.
(2 )No aldehyde signal present in the IR spectrum of the reaction mixture.

m)The product was identified by the IR spectrum of the reaction solution
only. The aldehyde carbonyl absorption was no longer present in the
IR spectrum 2 hours after the reaction.

(C)No cyclohexene could be detected by gas chromatography.
(d)No isobutene could be detected by NMR.
(e)

)

-

(

(g)

(n)

No hexane or monobromohexanes were formed as indicated by gas chromato-
graphic analysis. The reaction was carried out with a molar ratio of

pPN*t =3 &0 C4H9CHBrCH28r of 2.6:1.

)The dibromides were analyzed by gas chromatography on a 10% DEGS
chrom PNAW 10' x 3/8" glass column.
(p) ‘

Greater than 97% d,% isomer. PPN*- 3:dibromide; > 2:1.
q)Greater than 99% meso isomer. PPN*- 3: dibromide; 2.9:1.

(r )The hexenes were analyzed on a AgNO3, chromsorb P column. Relative
yield of the given isomer. The total yield was not calculated. See
reaction of 1,2-dibromohexane.

s)Product isolated as an impure oil.

t)75% optically pure. PPN+[(n5C5H5)V(CO)3D]‘ was used in this reaction.
u)Pr‘oduct isolated by preparative gas chromatography.

v)

This was the ratio at the end of the reaction. The ratio varies during
the reaction.

w)Assumed product.
(X)Identified by NMR.
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It should be noted that alkyl-p-toluenesulfonates reacted much
more slowly than the corresponding bromides. Also, the reactions of 3
with secondary and tertiary bromides showed no elimination products.
The reactions of § with vinyl and aryl bromides and the gem-dibromo-
cyclopropane were particularly noteworthy, since simple nucleophilic

displacements do not usually occur readily at these carbon centers.

Reactions of [(n5C5HE)V(CO)3H]- with acyl chlorides. The re-
actions of PPN+-§ with aliphatic acyl chlorides were instantaneous, and
again led to exchange of halogen and hydrogen atoms, to yield the corre-
sponding aldehydes and the new vanadium complex, PPN+[(n5C5H5)V(CO)3C1]Z
PPN+-§ (equation 2). The aldehydes were identified by IR and NMR spec-
troscopy and by gas chromatography. No over reduction of the aldehydes

to the alcohols was observed.
0 . 0

_ ] _ ]
(n5C5H5)V(CO)3H + RC-C1 —wm (n°CoHg)V(€0) 4017 + R-C—H (2)

The reaction of § with heptanoyl chloride was shown to be quanti-
tative by gas chromatographic analysis of the volatile fraction of the
reaction solution. However, the aldehydes were not stable to the final
reaction solution. In the reaction of § with phenylacetyl chloride, the
carbonyl absorption in the IR spectrum for phenylacetaldehyde was gone
two hours after the initial reaction was complete. Dodecanal persisted
in the final reaction solution for over 6.5 hours, though the carbonyl
absorption in the IR spectrum decreased in intensity over that period,

Because of this Timited stability of the aldehydes in the final

reaction mixture, and the presence of the unstable metal complex, 4, no
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satisfactory, general procedure for isolating the product aldehydes has
been developed. Methods investigated for isolation of the aldehydes
from these reactions included direct vacuum transfer of volatile alde-
hydes from the reaction solution, separation of vanadium and organic
products respectively into aqueous and organic phases, column chromatog-
raphy of the reaction solution, and precipitation of the vanadium prod-
ucts from the reaction solution and subsequent formation of aldehyde
derivatives.

The best yield of isolated aldehydes was a 32% yield of 1,2,3-
triphenyltetrahydroimidazole from the reaction of § with benzoyl chloride.
1,2-dianilinoethane was added to the reaction after precipitation of
PPN'-4.

The IR spectra of the reaction solutions of p-nitrobenzoylchloride
and cinnamoyl chloride with § showed no aldehyde carbonyl absorptions.
3-carbomethoxypropanol was formed from the corresponding acid chloride,
as evidenced by the aldehyde proton resonance in the NMR spectrum of the

reaction solution.

Reaction of (n5C5

Products. Treatment of 3 with an equimolar amount of 1-bromohexane gave

ﬂE)V(CO)aH— with alkyl halides. Organometallic

a solution whose IR spectrum showed new carbonyl absorptions at 2030,

1945, 1930, 1850 and 1810 cm™

(Figure 6). The absorptions at 2030 and
1930 cm”] corresponded to (n5C5H5)V(CO)4 [27], and the bands at 1945,
1850 and 1810 cm'] were from the new, air sensitive vanadium carbonyl

compound, PPN'[ (n°C4Hg)V(€0) ;Br],” PPN'-4 (Scheme IV).

5)
PPN"-4 was identified as a product of the reactions of 3 and

alkyl bromides by a comparison of the carbonyl absorptions and NMR
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Figure 6

. 5 -
Reaction of [(n CSHS)V(CO)BH] and n-C6H13—Br

Infrared Spectra

2000 1800 20C0 + 1800 2000 ¥ 1800
a) Start b) 2 Hours c¢) 5 Hours

*  [(n°C B )V(CO) 1]
+ [(n5CSH5)v(co)33r]'
A [(n’c H)V(CO),
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SCHEME IV

CpV(CO)3P(C6H5)3 + CpV(CO)2 P(CGH5)32

|

P(CgHy)g

THF
CpV(CO)sH™ + R-Br —e=CpV(CO)3Br~ + R-H

' unidentified
CpV(CO) 4 + vanadium
products



28

cyc]opentadienide resonance of PPN+-§ which was isolated from the photo-
lyses of PPN'Br™ and (n5C5H5)V(CO)4 [28]. The green solid isolated from
the photolysis reaction was characterized by elemental analysis.

PPN+-§ was unstable in solution and decomposed, giving a low yield
of (n5C5H5)V(CO)4, 2, as the only identifiable vanadium carbonyl product
(Scheme IV). This accounted for the detection of 2 in the reaction solu-
tions of § and alkyl bromides.

The NMR spectra of the reaction solution of 3 and a molar excess
of 1-bromooctane showed two new cyclopentadienide resonances, one at
8§4.76 PPM, which corresponded to PPN+-§, and the other at §4.67 PPM
(Figure 7). The NMR spectrum indicated there were actually two vanadium
cyclopentadienide products, whereas the carbonyl absorptions in the IR
spectrum of the reaction solutions appeared to be accounted for by PPN+§
only.

When all of 3 had reacted, the absorption at 64.67 PPM decreased
in intensity, and the absorption for 4 at 64.76 PPM increased in inten-
sity. The second vanadium product was converted into PPN+-§ in the
presence of excess 1-bromooctane.

The vanadium carbonyl compound responsible for the §4.67 PPM
cyclopentadienide resonance was not isolated as the pure material. IR
and NMR spectroscopic data, and the preparation of this compound in
solution by other reactions [29], indicated that it was the vanadium
hydride bridged dimer, [(n5C5H5)V(CO)3]2H', 6 [30].

The IR spectrum of solutions containing 6, but not 4, showed
carbonyl absorptions at 1857 and 1817 ean, The bands overlapped the car-

bonyl absorptions for 4. This explained the presence of only three
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Figure 7

Reaction of [(nSC5H5)V(CO)3H]— and n-C_H__-Br

B S

Ne

—/

a)

817
NMR Spectra

* [(nSCSHS)V(CO)BH]_
T [(USCSHS)V(CO)3Br]_

A [(nSCSHS)V(Co)g]zH' i
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carbonyl absorptions in the IR spectra of the reaction solutions of 3
and q]ky1 bromides.

The IR spectrum of b was obtained by reacting § with one-half
equivalent of 1-bromooctane. When all of the 1-bromooctane had reacted,
the NMR spectrum showed cyclopentadienide resonances at 64.76 PPM from
ﬂ, 64.67 PPM from 6, and at 64.60 PPM from 3 (Figure 8). In the presence
of excess § and the absence of alkyl bromide, § was not converted to ﬁ.
After 18.5 hours 4 had decomposed to give a solution with cyclopenta-
dienide resonancesfor 6, 3, and 2. The IR spectrum of this solution

showed carbonyl absorptions at 2030 and 1930 cm'1

]

which corresponded to
2 and at 1890 and 1780 cm ' from 3. The additional carbonyl absorptions
at 1857 and 1817 cm'] were due to 6 in the solution. Two carbonyl bands
would be consistent with either D3h or D3d symmetry for the carbonyl
ligands 1in 6.

No NMR signal for the bridging hydride ligand of § was observed at
room temperature. This was probably the result of quadrupole coupling
from the vanadium nuclei [26].

Solutions of 6, without ﬂ, were also generated from the reactions
of 3 with p-toluenesulfonic acid, galvinoxyl radical and silver (I). The
IR and NMR spectra of these reaction solutions corresponded to those for
§ formed by the reaction of 3 with alkyl bromides.

Additional support for the formulation of § as a hydride bridged
vanadium dimer came from the reaction of 3 with p-toluenesulfonic acid.
In this reaction only one-half molar equivalent of acid was required to
react with one molar equivalent of §. Since § was the only cyclopenta-

dienide containing product of this reaction, it must have contained the
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Figure 8

Reaction of [(nSCSHS)V(CO)3H]— and one-half

equivalent of n—C8H17—Br

NMR and Infrared Spectra

% [(n°C H)V(CO) I

A [(nSCSHS)V(co)3]2H'

+ [(n°C HV(CO),
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elements of the coordinatively unsaturated vanadium species
(n5C5H5)V(C0)3, 7, [27] and 3. It was assumed that 7 was the initial
product of 3 and p-toluenesulfonic acid, since the other product was
hydrogen gas [28]. 6 would then have been formed by the reaction of ¥
and § (Scheme V). The observation that § was regenerated when 6 decom-
posed was also consistent with 6 containing the molecular fragment, 3.

When 3 was added slowly to a solution of p-toluenesulfonic acid
and a large molar excess of triphenylphosphine, no 6 was observed in the
reaction solution. Only (n5C5H5)V(CO)3 P(C6H5)3 [31] was produced, as
indicated by the IR spectrum of the reaction solution.

6 was also formed from the reaction of 4 and 3, by the formal

displacement of bromide ion of 4 by 3 (Scheme V).

Reaction of KDSCSQF)V(CO)QH' with alkyl bromides. Mechanistic

considerations.

Organic intermediates. The similarity of the rates of reaction

of (HSC H5)V(C0)3H—, 3, with primary, secondary, and tertiary bromides,
and the reaction of § with vinyl and aryl bromides suggested that these
reactions proceeded through carbon radicals.

Schemes VIA and VIB show possible mechanisms for carbon radical
formation in these reactions. In scheme VIA carbon radicals are formed
by a radical chain similar to the mechanism of the reactions of tin
hydrides with alkyl halides [32]. Carbon radical formation in Scheme
VIB occurs by electron transfer, analogous to the reactions of one elec-
tron reducing agent with alkyl halides [33].

The rapid reaction of 3 with gem-dibromocyclopropane also sug-

gested the presence of carbon radicals in these reactions. The absence
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SCHEME VI

A) Radical Chain
CpV(CO)3H- + In’ ———’-CpV(CO); + InH
CPV(CO);~ + R-Br——=—CpV(CO)3Br~ + R’
CPV(CO)3H™ + R* ————=— CpV(CO),~ + R-H

B) Electron Transfer
CpV(CO)3H- + R-Br -——.--CpV(CO)sH' + R° + Br
CpV(CO)BH' + R° —————’-—CpV(CO) + R-H

CpV(CO)3 + BY =————@=— CpV(CO),B
b (L) ————— CpV(co? L)

C) Nucleophilic Displacement

CpV(CO)3H' + R-CH,CH,-Br
fm— CpV(CO)3CH2 CHZR
H

/-————.--CpV(CO)3 + R-H
CpV(CO)4CH, CH,R
\-————-’-CpV(CO)3 5 + R-CH=CH,

5
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of alkene products from the reactions of 3 and alkyl bromides (even ter-

tiary bromides) suggested that a vanadium alkyl complex, (nSC (CO)3H,

575

R
was not an intermediate. Such a complex could be expected to undergo
g-elimination, if R contained B hydrogens, to yield alkenes or reduc-
tive elimination to yield alkanes (Scheme VIC).

The formation of carbon radicals in the reactions of 3 with alky]l
bromides was also supported by the products of the reactions of 3 with
vicinal dibromides and 6-bromo-1-hexene, and the reaction of
(n°CHg)-¥(C0) ;07, 3-D, with (-)-1-phenylethylbromide.

The reactions of chromous ion [33] and tin hydrides [32] with
vicinal dibromides, which have been shown to proceed by halogen atom ab-
straction and carbon radical formation, produce the corresponding
alkenes. Likewise, the reaction of 3 with 1,2-dibromohexane and meso-
and\d,2—3,4—dibromohexane gave only alkene products (Table I).

The formation of the 5-hexenyl radical from 6-bromo-1-hexene by
halogen atom abstraction with tin hydride led to the formation of both
1-hexene and methy]cyg]opentane [34]. When 3 was reacted with 6-bromo-
1-hexene, both 1-hexene and methy]cyciopentane were produced, indicating
that the 5-hexenyl radical was formed in the reaction (Scheme VII).

The reaction of §—D with (-)-1-phenlethyl bromide produced com-
pletely racemized o-deuterioethylbenzene, indicating the presence of a
planear carbon intermediate. This intermediate was most likely the car-
bon radical [35].

The evidence for formation of carbon radicals in these reactions

is consistent with Schemes VIA or VIB, but not with Scheme VIC.
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SCHEME VI

CpV(CO)gH™ + Br \/\/\/

+ CpV(CO)3
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Organometallic intermediates. The important differences between

the mechanisms outlined in Scheme VIA and VIB are the initial reactions
between 3 and alkyl bromides, leading to formation of carbon radicals,
and the formation of the coordinatively unsaturated vanadium inter-
mediate, (n5C5H5)V(CO)3, 7, formed only in Scheme VIB. The direct
electron transfer mechanism, Scheme VIB, causes homolytic cleavage of
the carbon halogen bond. The carbon radical formed abstracts a hydrogen
atom from the oxidized species, (n5C5H5)V(CO)3H;, to yield the alkane
and the coordinatively unsaturated species Z. If this coordinatively
unsaturated species is generated in the reactions of 3 and alkyl bro-
mides, then in the presence of some added ligand, L, (n565H5)V(CO)3L
[28] would be expected as one of the vanadium products.

The radical chain mechanism, Scheme VIA, which is analogous to
the mechanism established for the reduction of alkyl bromides with tin
hydrides [32],is initiated by hydrogen atom abstraction from 3. The
vanadium radical, CpV(CO); , possibly formed by a small amount of some
initiator always present in the reactions, abstracts a halogen atom,
leaving a carbon radical to carry the chain by abstracting a hydrogen
atom from a second molecule of 3. In this sequence of reactions the
halogen atom is transferred directly into the coordination sphere of
vanadium and the coordinatively unsaturated species, 7, is not formed.
Therefore, in contrast to the electron transfer mechanism, Scheme VIB,
the radical chain mechanism of Scheme VIA predicts that if the reaction

of 3 and alkyl bromides is carried out in the presence of an added

ligand, L, the initial organometallic product would still be only

( n5C5HS) V(C0) Br”, 4.
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The initial organometallic product of the reaction of 3 with
benzyl bromide, with a five-fold molar excess of triphenylphosphine

added, was 4. No (n’CH:)V(CO)sP(CeHg) 4r 8 was detected by IR analy-

sis of the reaction solution immediately after benzylbromide was
added to a THF solution of 3. 8 was thermodynamically more stable
than ﬂ, and the triphenylphosphine displaced the bromide ion of ﬂ

after a few hours.

The photolysis of 2 in the presence of triphenylphosphine and
PPNTBr™ [28] gave mostly 8 with only a small amount of 4 [29].  The
reaction of 3 with p-toluenesulfonic acid in the presence of triphenyl-
phosphine and 1ithium bromide produced only 8. Q was produced in the
reaction of 3 and p-toluenesulfonic acid, with only Tithium bromide
added, confirming that bromide ion can trap 7 in the absence of
triphenylphosphine.

The intermediate vanadium complex formed in the photolysis of
2 [28] and in the reaction of 3 with acid [27] reacted more rapidly
with triphenylphosphine to form 8 than with bromide ion to form 4. But
the reaction of § and benzylbromide with triphenylphosphine added pro-
duced only 4, initially.

Therefore, the same vanadium intermediate was not formed in all
of these reactions. It was concluded that the coordinatively unsat-
urated species, Z, was not formed in the reaction of § and benzyl bromide,
since it was more likely to be the intermediate in the photolysis [28]

of 2 and the reaction of 3 with acid [27].
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The specific formation of 4 in the reaction of 3 with benzyl
bromide, and the absence of the coordinatively unsaturated species,
7, in this reaction is consistent with the radical chain mechanism,
Scheme VIA, but not with Scheme VIB.

Further attempts to demonstrate the radical chain nature of
these reactions by inhibition or initiation of the radical chain were
not successfu]. The rate of disappearance of § in the reaction with
1-bromooctane did not change when the reaction was carried out in the
presence of duroquinone or 2,4,6-tri-t-butyl phenol, nor when the re-
action mixture was photolyzed with ultraviolet Tight in the presence or
absence of azobisisobutyronitrile (AIBN).

Additional evidence for a radical chain mechanism might also be
obtained from the rearrangement of an appropriate carbon radical.
Consideration of the radical chain mechanism, Scheme VIA, showed that
if radical R" could rearrange to R'" before hydrogen atom abstraction
from §, then the ratio of non-rearranged to rearranged product
(R-H/R'-H) would be a linear function of the initial concentration of
3 (if that concentration does not change significantly during a reac-
tion, Scheme VIII). A plot of R-H/R'-H vs. the initial concentration
of 3 should have a slope of the rate constant ratio k3/k].

The reactions of 3 and 6-bromo-1 hexene, with varying initial
concentrations of 3, did not show a measurable variation in the ratio
of 1-hexene and methylcyclopentane. The rate of cyclization of
5-hexenyl radical [34b] was so slow compared with the hydrogen atom

[N b
abstraction from (nJCSHS)V(CO)3H [36] that only a small amount of
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SCHEME VIII

CpV(CO)3" + R-Br ————#= CpV(CO);Br  + R’

k ] s 4 =
R’ 1 —f R ° k2 = R-H + CpV(CO)3
CpV(CO)3H

k3 CpV(CO)BH

R-H + CpV(CO)3‘

aB-H - kR Coveogr]  dR-B - g /]

At dt

d [R-H = k,[CpV(CO)4H] . R-H = Xy [Cov(CO)H]

d -1 kg R-H ky
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methycyclopentane was formed. Small changes in the already small quan-
tity of methycyclopentane produced could not be accurately measured.

However, the observed decrease in the 1-hexene to methylcyclo-
pentane ratio during a single reaction was consistent with Scheme VIII.
As the concentration of (n5C5H5)V(CO)3H' decreased during the reaction,
the rate of bimolecular hydrogen abstraction by the non-rearranged,
5-hexenyl radical decreased relative to the unimolecular rearrangement,
allowing more rearranged cyclopentymethyl radical to form. Therefore
the total percentage of rearranged product, methylcyclopentane, increased
as the reaction proceeded (Table II).

A carbon radical with a rearrangement rate faster than that of
the 5-hexenyl radical is required to demonstrate conclusively the linear
dependence of the non-rearranged to rearranged product ratio of the ini-
tial concentration of 3 |37 ]

Even though the rate of the reaction of § with alkyl bromides was
not affected by radical inhibitors or initiators, the formation of car-
bon radicals and the absence of the coordinatively unsaturated vanadium
carbonyl species, Z, in these reactions are best described by the radical
chain mechanism, Scheme VIA.

The failure of radical initiators and inhibitors to affect the
rate of these reactions implies that the proposed radical chain process
must be very efficient. There must always be at least some small amount
of initiator in these reactions, since added initiator did not increase

the rate of the reaction. And, once the chains are started, the chain

carrying steps (particularly hydrogen atom abstraction from § by carbon
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radicals) must be very efficient [37], since added carbon radical i
n—

hibitors did not affect the rate of the reaction
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Mechanistic Considerations: Secondary Organometallic Products

The formation of [(n5C5H5)V(CO)3]2H', §,'in the reactions of 3
with alkyl bromides must be considered with regard to the radical chain
mechanism, which accounts only for 4 as product. The appearance of 6
in these reactions implies that it must be a secondary product, formed
from other vanadium compounds in solution.

When THF solutions of ﬂ and § were added together, § was formed
immediately, as indicated from the NMR spectrum of the solution. The
formation of 6 as a secondary product from 4 and 3 was also consistent
with the observation that the ratio of ﬂ‘@ varies with the alkyl bromide
used in the reaction with 3, such that the faster the reaction of 3 and
alkyl bromide, the greater the 4:6 ratio (Figure 9). When 3 was removed
from solution by the reaction with alkyl bromides, less 3 was available
to react with 4 to form 6.

The ratio of ﬂ to § produced in these reactions varies not only
with the alkyl bromide used, but also with the procedure followed to
carry out the reaction. For the reaction of 3 with benzylbromide, when
one equivalent of benzylbromide, as the neat liquid, was added to a solu-
tion of 3 in a single aliquot, only a very small amount of § was formed
(Figure 9a). However, if small aliquots (less than one equivalent) of
benzylbromide were successively added to a solution of 3, then much
larger amounts of 6 were formed (Figure 10). This also indicated that 6
was formed by a secondary reaction of § and ﬂ.

When small aliquots of benzylbromide were added to §, after the

fast reaction between 3 and benzylbromide, there were still Targe amounts
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Figure 9
Reactions of [(nSCSHS)V(C0)3H]— with Organic Halides:

Variation in the ratio of [(nSCSH5

and [(nSCSHS)V(CO)3Br]- produced.

)v(co)3]2H“

9a) Benzyl Bromide
9b) t-Butyl Bromide
9c) B-Bromostyrene

9d) Phenglacetyl Chloride
([ CSHS)V(CO)3C1] is the only product)
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Figure 10

Reaction of [(nSCSHS)V(CO)3H]_ and 0.82 Equivalents of

C6H5CH2Br Added in Small Aliquots

NMR Spectra

1

A A ik - oy

P WG, B

5.0 4c

A [(nSCSHS)V(CO)3]2H_

t [(n°C H)V(Co) Br]”
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of 3 present in solution to react with 4 to form 6. But when one equiva-
Tent of benzylbromide was added all at once, 3 was used up quickly by
the reaction with benzylbromide, and Tittle § was left to react with f
to give 6.
In addition to the formation of 6 in the reactions of 3 and

alkyl bromides, when 3 was reacted with 1-bromooctane in the presence
of triphenylphosphine, the final reaction solution contained

4

(n C5H5)V(CO)3P(C6H5)3. However, the IR spectrum of the reaction solu-
1

tion also showed carbonyl absorptions at ~1870 and 1780 cm ', and the

NMR spectrum showed a cyclopentadienide absorption at 64.28 (t, J=3.0 Hz)
6Hs)3lys 9 [17,381.
In this reaction, the kinetic product 4 was not observed, since

which corresponded to (n5C5H5)V(C0)2[P(C

the displacement of Br~ by triphenylphosphine on 4 was faster than the
reaction of 3 and 1-bromooctane. However, g was not the result of car-
bon monoxide displacement in [(n5C5H5)V(CO)3P(C6H5)3], 8, by triphenyl-
phosphine. The displacement of carbon monoxide in § by triphenylphos -
phine did occur, but much too slowly to account for g in the reaction of
§ and T-bromooctane. When ﬂ or § were reacted with triphenylphosphine,
both 8 and g were formed.

Formation of 9 in the reaction of triphenylphosphine with 6 im-
plied that a carbon monoxide 1igand was displaced by triphenylphosphine
at one vanadium atom and then a second triphenylphosphine displaced
(n5C5H5)V(CO)3
ment of (n5C H_)V(CO)

58 3
8 was also formed. Scheme IXwas analogous to the reaction of triphenyl-

H™ from the same vanadium (Scheme IX). The direct displace-

H™ from 6 by triphenylphosphine must occur, since
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phosphine with [Cr(CO)SJZH—, except that no mono-triphenylphosphine

comp1ex,Cr(CO)5P(C6H5)3

Presumably, the formation of 9 in the reaction of triphenylphos-

was formed from [Cr(CO)S]ZH_ [30].

phine and 4 occurred by displacement of carbon monoxide by triphenyl-
phosphine to form (n4C5H5)V(CO)2P(C6H5)3(Br_). Then a second molecule
of triphenylphosphine displaced Br , to form 9 (Scheme IX).

This apparent preference for displacement of carbon monoxide on

5
(n C5H5)V(CO)3

was quite unexpected. And, the substitution reactions on 4 and 6 pro-

Br, 4, and [n5(c5H5)V(c0)312H‘, 6, by triphenylphosphine

ceed more rapidly than with (n565H5)V(CO)4, 2. It was shown [38] that
phosphine substitution on 2 proceeded by dissociation of carbon monox-
ide and it was therefore likely that substitution on ﬂ and § proceeded
by a similar dissociative mechanism. It might have been expected that
the total negative charges on ﬂ and § would have stabilized the carbon
monoxide Tigands to dissociation, as compared to g, by increased 7
bonding from the metal. This, of course, was not what was observed.
Brown [23] has noted a similar effect for the substituted carbony]l
complexes, M(CO)SX, where M = Cr, Mo, W, Mn, Re and X = C17, Br , I,
P(C6H5)3, NC5H5. These complexes undergo carbon monoxide substitution
(the carbon monoxides cis to X were substituted preferentially) by a
dissociative mechanism at a greater rate than the corresponding M(CO)6
complexes. Again, it might have been expected that the substituted
comp lexes M(CO)SX would have substituted more slowly, since for X equal

to the above ligands, X was more sigma donating and less m accepting

than carbon monoxide. Each of these differences in bonding appeared to
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put more electron density on the metal, so that the carbon monoxide
ligands in M(CO)SX would have been stabilized to dissociation, as com-
pared to M(CO)G.

Ground state effects (i.e., changes in cis M-C bond Tengths or
shifts in vCEO) did not appear to account for the cis Tabilization of
carbon monoxide in M(C0)5X complexes [23]. Brown [23] proposed a tran-
sition state/intermediate stabilization [39] effect to rationalize the
observed increase in labilization of the carbon monoxide ligands cis to
X in M(CO)SX.

The dissociative loss of a ligand from an octahedral complex must
proceed through a structure which has some square pyramidal character as
the ligand begins to leave the coordination sphere of the metal. Those
ligands ,which help stabilize five coordinate square pyramidal structures
relative to the stabilization by a carbon monoxide 1igand, should make
loss of carbon monoxide from M(CO)SX faster than from M(CO)6.

Those ligands X, (X = C1°, Br , P(C6H5)3,
large carbon monoxide labilization effects in M(CO)SX, do stabilize five

NC5H5) which do show

coordinate square pyramidal structures more than carbon monoxide (i.e.,
M(CO)4X is more stable than M(C0)5) [40,23]. These ligands also.show a
preference for the basal site over the axial site in a square pyramid
[40]. The basal site preference for X in M(CO)4X accounts for the cis
labilization, since loss of carbon monoxide cis to X allows X to occupy

a basal site in M(CO)4X without major ligand rearrangements, equation 3.
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It is possible that similar transition state stabilization for

loss of carbon monoxide is occurring in the substituted complexes

5 s (17 Rem (D
(n"CgHg)V(C0) 5X, where X = C17, Br', (nCgHg)V(CO)H™, P(CeHg) 4.

55 3

Prgpagat1on of [(n SﬁS) (CO)3R]', (R= CH,, CoH ]7) from
ﬂgei-§5_5) (CO)3 - THF

Treatment of a THF slurry of Na —I-THF with HMPA generated a
homogeneous [18b] red-brown solution. Addition of one molar equivalent
of methyl-p-toluenesulfonate and exchange of the sodium cation by PPN
led to a brick-red solid which was characterized by elemental analysis as

PPN'[(n°CoH;)V(CO) 5CH 1, PPN'=10.  In THF slurries without HMPA added,

55
this reaction did not yield 19. The IR spectrum of these reaction solu-
tions showed carbonyl absorptions for §, and when benzyl bromide was

added to the reaction solutions only small amounts of toluene (the
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product from 3 and benzy] bromide) were obtained. No ethylbenzene from
an analogous reaction of 10 and benzyl bromide was detected.

The IR spectrum of PPN+—IQ in THF showed carbony] absorptions at
1895, 1795 and 1775 (shoulder) cm_]. The NMR spectrum on d8-THF, in
addition to the large absorption for PPN+, showed a cyclopentadienide
resonance at 64.43 PPM, and a slightly broadened signal (4 Hz at half
height) at §~0.33 PPM for the methyl Tigand.(Figure 11). PPN+-19 was
air sensitive, both as a powder and as a THF solution.

When an HMPA solution of Na -I-THF was treated with one equiva-
lent of T-bromooctane, the cyclopentadienide resonance at §4.32 PPM for
1 disappeared and a new large absorption at §4.42 PPM appeared along
with a small absorption at §4.55 PPM which was due to §. The absorption
at 64.42 PPM was presumed to be from [(n”CoHg)V(CO)5(Ceh

b 817
this material was not isolated. The similarity of the chemical shift of

)1, although

the new cyclopentadienide resonance in this reaction to that for 10

implied that 1 had been alkylated by 1-bromooctane. The IR spectrum of

the solution was very similar to those of § and IQ, with carbonyl absorp-
tions at 1895 and 1790 cm_]. This compound decomposed over a period of
approximately 100 hours at room temperature, as indicated by the decrease
in intensity of the §4.42 PPM absorption in the NMR spectrum of the solu-
tion. At the end of this period the 64.42 PPM signal was almost completely
gone. However, there was no concomitant increase in intensity of any new
cyclopentadienide resonances in the NMR spectrum. Most significantly, §

was not produced during the decomposition, as might have been expected if

the decomposition of [(n5C5H5)V(CO) CH

( Y]~ occurred by R-elimination.
3'78'17
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The reaction of 1 with neopentyl chloride or neopentyl-p-
toluenesulfonate was complete within fifteen minutes. This was compar-
able to the reactivity of Na2Fe(CO)4 [24] with these same substrates.
However, these reactions were not investigated in detail, because no
vanadium products were observed in these reactions. The NMR spectra of
the reaction solutions showed only the disappearance of the cyclopenta-

dienide resonance for 1, but no new absorptions appeared .

Reactions of [(nSCSHE)V£CO)Q]2' with secondary alkylating agents

The reactions of Na,-1-THF in HMPA with 2-iodopropane and with
bromocyclopentane were completed in a few minutes, but no new character-
izabTe vanadium products were formed, as indicated by the absence of any
cyclopentadienide resonances in the NMR of the reaction solutions.

However, when an HMPA solution of Na -I-THF was added to 2-octyl-
p-toluenesulfonate, the NMR spectrum showed a single new cyclopentadienide
absorption which corresponded to g. g could have resulted from either
the formation of the vanadium alkyl complex, (n5C5H5)V(CO)3[CH(CH3)C6H13]'
and B-hydrogen elimination, or by direct proton abstraction from the
B-position of 2-octyl-p-toluenesuifonate.

There was no indication of a vanadium alkyl complex in thié reac-

tion. However, at lower temperatures if B-elimination is slowed, then the

vanadium alkyl complex might be observed.

Reaction of [(H?CSEB)V(CO)g]Z_ with acetyl chloride

0 Attempts to form the vanadium-acyl anion complex [(n5C5H5)V(CO)3—

] - . :
(CCH3)] . J] by the reaction of 1 and acetyl chloride in HMPA gave solutions
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which, from their IR spectra, contained only [(n5C5H5)V(C0)4], 2. It
did not seem likely that 11 was formed in this reaction. The formation
of 2 from 11 required the overall loss of a methyl anion. One possible
pathway for this to have occurred would be the loss of carbon monoxide
and de-insertion of the methyl group (Scheme X ), to form the known
vanadium-methy1l anion (n5C5H5)V(C0)3CH§, 10.  The de-insertion was ther-
modynamically favored, since the reverse reaction, the insertion of the
methyl ligand into a carbon monoxide of lg,did not proceed, even in the
presence of excess triphenylphosphine. In order to form g, 10 would then
have had to lose a methyl anion and add a carbon monoxide. This might
have occurred by the reaction of 10 with a second molecule of acetyl chloride
to form acetone and the coordinatively unsaturated species, (n5C5H5)V(CO)3,
7y which could have coordinated a free carbon monoxide, present from the
decomposition of another molecule of 7. 10 did react with acetyl chloride
when solutions of each in THF were added together, but no g was formed.
Therefore, loss of methyl anion from 11 does not appear to have occurred
by the formation of 19.

It seemed more likely that the reaction of 1 and acetyl chloride
occurred by electron transfer, which generated the coordinatively .unsatu-
rated species, 75 and coordinated to free carbon monoxide in solution.
The reaction of 1 with silver perchlorate produced 2, along with some 3.
This reaction most certainly occurred by electron transfer to generate Z,
which was coordinated by free carbon monoxide.

The reactions of 1 and alkylating agents did not form the stable

vanadium-alkyl compounds (n5C5H5)V(CO)3R', except for R equals methyl and
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SCHEME X

0 0
- 1] fl -
CpV(CO)32 + CHgC-Cl ——=—CpV(CO)5(CCH,)™ + Cl

O
I - -
CpV(CO)3(C CH3) —— CpV(CO)3CH3 + CO

O

- I
CpV(C‘O)3CH3 + CH3C -Cl ——e CpV(CO)3 * 5

]
CH5C CHq

CpV(CO)3 + CO -—-’-CpV(CO)4
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some primary alkyl groups. N8r did it appear that the anionic vanadium-

acyl complex, (n5C5H5)V(CO)3(6CH3)_, was formed.

Reactions of;[nSCSHS)V(CO)3Qﬂ3]- with alkyl halides and alkyl-p-
~ toluenesulfonates '

[(nSCSHS)V(CO)3CH3]", 10, does not react with alky]
halides and alkyl-p-toluenesulfonates to give products analogous to the
products from the reaction of (n5C5H5)V(C0)3H', 3, with the same sub-
strates. It was anticipated that carbon-carbon bonds, instead of carbon-
hydrogen bonds as with 3, might have been formed from the reaction of 10
and alkylating agents (equation 4).
( 5 5

n C5H5)V(CO)3CH3 + RX —e= (n C5H5)V(CO)3X + R—CH3 (4)

When 19 was reacted with acetyl chloride, benzyl bromide, ethy]l
iodide or methyl-p-toluensulfonate, no vanadium products could be identi-
fied in the product solutions. No organic products corresponding to
halide or p-toluenesulfonate replacement by a methyl group were produced.

No new carbonyl absorptions were observed in the IR spectra of the
reaction solutions of IQ with acetyl chloride or ethyl iodide. The reac-
tion with acetyl chloride was complete in a few minutes, while the carhony]
absorptions for 10 were absent from the ethyl iodide reaction so]ﬁtion
after 14 hours.

NMR spectra of the reaction solution of 19 and methy}—p—to]uenesu1-
fonate showed decreases in the intensity for the cyclopentadienide |
resonance and methyl resonance from 19. The sulfonate methyl resonance
from methyl-p-toluenesul fonate also decreased in intensity, but no new
cyclopentadienide resonances, nor any absorption corresponding to ethane,

appeared in any of the spectra.
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When benzyl bromide was added to a THF solution of 19, the solu-
tion changed color from reddish-brown to black, indicating that lq had
reacted, but no ethyl benzene was identified by gas chromatographic
analysis of the volatile fraction of the reaction solution.

Possible formation of the vanadium methyl hydride complex,
5 1o ‘
[(n°CHL)V(CO) 5(CH)H]

T

The reaction of 10 with p-toluenesulfonic acid was of interest
because protonation at the vanadium would lead to the vanadium methy]l
hydride complex, [nSCSHS)V(CO)3(CH3)H], 12.  Formation of 12 is of in-
terest because of recent work on the reductive eliminations from metal
alkyl hydrides [42], and because it was suspected that 12 or other
vanadium alkyl hydrides may have been formed when 3 was reacted with
alkyl-p-toluenesulfonates rather than alkyl bromides. The reactions of
3 with alkyl p-toluenesulfonates are much slower than with the corres-
ponding alkyl bromides (Table I). It was suspected that the reactions
of § and alkyl-p-toluenesulfonates might therefore be occurring by alkyla-
tion of the metal hydride, and reductive elimination to form alkane. If
this were the case then the reaction of 10 with p-toluenesulfonic acid,
and 3 and alkyl-p-toluenesulfonates could both produce a vanadium
alkyl hydride intermediate, Scheme XI . Reductive elimination would
leave the coordinatively unsaturated species (n5C5H5)V(CO)3, Z, which
could be trapped by added ligands, L. This would be different from the
reaction of (n5C5H5)V(CO)3H', 3, with alkyl bromides where 7 was not

formed. Therefore the reactions of 10 with p-toluenesulfonic acid and §

with methyl-p-toluenesulfonate were carried out in the presence of the
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added ligands, bromide ion and triphenylphosphine.

When 10 was reacted with p-toluenesulfonic acid, HOTs, in the
presence of 1ithium bromide or triphenylphosphine, methane and
(n°CgHg)V(CO) B, 4, or (n’CoHy)V(CO)P(CeHg) s 8 were formed, re-
spectively. Likewise 4 on 8 was formed, along with some [(n5C5H5)-
V(C0)3]2H—, 6, when 3 was reacted with methyl-p-toluenesulfonate,
CH3OTs in the presence of the same ligands, respectively.

The formation of 4, 8, and 6 in these reactions was consistent
with Z as an intermediate in these reactions. In addition, when 19
was reacted with HOTs in the presence of both 1ithium bromide and tri-
phenylphosphine, no 4 was produced, as indicated by the lack of a car-
bonyl absorption at 1810 cm'] in the IR spectrum of the reaction solu-
tion. From the carbonyl absorptions in the IR spectrum of the reaction
solution, 8 and a small amount of (nSCSHS)V(CO)Z[P(C6H5)3]2 were pro-
duced in the reaction. This was consistent with other experiments that
Z reacts more rapidly with triphenylphosphine than it does with bromide
jon [29].

The formation of z was consistent with, but did not require, the
formation of lg as an intermediate in these reactions. It was possible
that Z was formed by direct hydride transfer to methyl in the reaction
of § with CH3OTs, and by direct protonation of the methyl Tigand of 19
in the reaction of 19 with HOTs (Scheme XI ). Both of the alternative
reactions would produce Z.

Therefore, without direct evidence, it cannot be concluded with

certainty that 12 was an intermediate in these reactions [42b].
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Experimental

General Methods

Al1 reactions of (n5C5H5)V(CO)4, 2(n5C5H5)V(CO)3

PPN+[(n5C5H5)V(CO)3R]—, R= H,CH3, were carried out in a Vacuum Atmos-

Na *THF, and
pheres Corporation drybox, with continuously circulating nitrogen, or
in serum capped reaction vessels which were prepared in the-drybox.
Reagents were added to the serum capped reaction vessels by syringe
techniques. ATl other synthetic reactions were carried out under normal
atmosphere conditions.

Nuclear Magnetic Resonance (NMR) spectra were recorded on either
a Varian A60A, T60, EM390, or HR-220 MHz spectrophotometer. Al1l chemi-
cal shifts are relative to internal tetramethylsilane, unless otherwise
stated. The Tow temperature NMR spectra were recorded on a Varidn
56/60 MHz instrument in NMR tubes sealed under vacuum. NMR spectra of
oxygen sensitive solutions were recorded in NMR tubes which were loaded
in the drybox and stoppered with regular plastic NMR tube caps wrapped
with parafilm, or rubber septums. Additional reagents were added
through the rubber septums by syringe.

Infrared spectra were recorded on a Perkin-Elmer 237 grating
spectrophotometer. Solution spectra were recorded in 0.1 hm sodium
chloride cells which were loaded in the drybox and stoppered with solid
teflon plugs. KBr pellets were prepared in the drybox, but no precau-
tions were taken to prevent contact with the atmosphere when they were
removed from the drybox. Nujol mull spectra were recorded between sodium

chloride plates in a holder sealed from the atmosphere by rubber O-rings.
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Gas chromatographic analyses were carried out on either a Hewlett-
Packard 5750 or a Varian Associates Model 90-P instrument. Peak area
integrations were performed by multiplying the peak widths at half-
heights by the peak heights, by cutting out and weighing the peaks, or
by electronic integration. Optical rotations were measured on a Perkin-
Elmer 141 polarimeter, and melting points were obtained with a Thomas
Hoover capillary melting point apparatus. Melting points were uncor-
rected.

Elemental analyses were performed by Galbraith Laboratories [447,
Schwarzkopf [45], or Dornis V. Kolbe Mikoanalytischer Laboratorium [46].

Tetrahydrofuran (THF), diethyl ether, benzene, petroleum ether
and hexane used in the drybox were purified by vacuum transfer
from sodium-benzophenone ketyl. Prior to vacuum transfer from sodium-
benzophenone ketyl, petroleum ether and hexane were stirred repeatedly
over concentrated sulfuric acid until the sulfuric acid did not become
colored. Then they were stirred with saturated potassium permanganate
in 10% sulfuric acid over night, washed with water and dried over cal-
cium chloride. Hexamethylphosphoramide (HMPA) was purified by the
lTiterature procedure [47]. Al1 other liquid substrates were degassed
by freeze-pump-thaw cycles before being used in the drybox.

5

(n C5H5)V(CO)4

Company and was purified by sublimation at 0.25 mm Hg and 80°C. Com-

was purchased from Ventron or Strem Chemical

mercial triphenylphosphine was recrystallized once from benzene, once
from absolute methanol, and was dried under vacuum (v 5 mm Hg) at 65°C

for 7 hours. Other phosphines were commercial samples purified by
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distillation. Sodium dispersion and lithium dispersion (Lithcoa Co.)
were commercial samples and sodium amalgam was prepared gy a published
procedure [48].

Samples of meso- and d,%-3,4-dibromohexane [49], 1,1-dibromo-
2,2-dimethylcyclopropane [50], and 1-bromo-2,2-dimethylcyclopropane
[50] were prepared according to Titerature procedures. A1l other
alkyl halides were commercial samples. They were washed with aqueous
thiosulfate to remove halogen, washed with water, dried over sodium
sulfate, and distilled before being degassed.

Dodecanoyl chloride, heptanoyl chloride, and cinnamoyl chloride
were prepared from either the corresponding acids or their sodium
salts by published procedures [52]. Benzoyl chloride, phenylacetyl
chloride and 3-carbomethoxypropionyl chloride were commercial samples
which were distilled and degassed.

Neopentyl-p-toluensulfonate [52], n-heptyl-p-toluenesulfonate
[52], 2-octyl-p-toluenesulfonate [52], n-octyl-trifluoromethylsulfonate
[53], methyl heptanoate [52], and phosphineminium bromide[54] were all
prepared by 1iterature procedures.

A1l other organic substrates were commercial samples without

purification.

Preparation of Silver Nitrate GPC Column [55]

20 g of silver nitrate was added to 20 ml of glycerin and stirred
for 30 min. The solution was centrifuged and 9 ml of the supernatant
was added to 18 g of chromsorb P (100-200 mesh) and 100 ml of absolute

ethanol. The alcohol was removed from the slurry by roto-evaporation
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and the remaining solid was dried at ~0.5 mm Hg at room temperature
over night. The material was resieved (100-150 mesh) and packed in a
16' x1/8" analytical stainless steel column. The column was condi-
tioned by running a flow of helium through it for 3 hours. The column

was never heated above 60°C.

Preparation of 1,2-dibromohexane from 1-hexene

11.5 g (.137 mo1) of 1-hexene was dissolved in 75 ml of carbon
tetrachloride in a three-neck flask fitted with a dropping funnel, ther-
mometer, and ground glass stopper. The solution was cooled to 5°C and
a solution of 5.5 ml (0.268 mol1) of bromine in 15 ml1 of CC14 was added
dropwise at such a rate that the temperature of the reaction solution
did not rise above 8°C.

When all of the bromine was added, the solution was allowed to
warm to room temperature and the solvent was removed by roto-evapora-
tion. The reddish brown oil which remained was washed twice with equal
volumes of 5% sodium bicarbonate solution. The residue was only
slightly yellow and was dried over night with sodium sulfate. The crude
product was distilled at 13 mm Hg and 85°C to yield 13.5 g (56%) of
1,2-dibromohexane.

Preparation of Na,(nCeHg)V(CO) - THF from (n°CHs)V(C0) , [16,17].

Method A. Titration of sodium dispersion with a solution of

(n5C5H5)V(CO)4.

Approximately 0.5 grams of 40% sodium dispersion in 400 ml of

THF was titrated with a solution of (n5C5H5)V(CO)4 [1.664 grams (7.3



66

mmol) in 90 ml of THF]. The (n5C5H5)V(CO)4 solution was added dropwise

to the sodium dispersion over a period of ten hours. The sodium disper-
sion suspension was initially grey, but shortly after addition of
(n5C5H5)V(CO)4 the solution began to turn yellow, and a yellow precipi-
tate formed. Near the end of the addition the solution turned a Tight
orange-brown. Small amounts of sodium dispersion were added to the

solution to reduce the excess (n5C5H5)V(CO) When all of the

1
(n5C5H5)V(CO)4 solution had been added, and the reaction mixture re-
mained a light orange-brown, the reaction mixture was filtered. The
yellow precipitate was washed with THF until the IR spectrum of the

wash solution showed no (n5C5H5)V(CO)4. Then the precipitate was washed

with petroleum ether and dried in the drybox. 1.365 grams (4.3 mmo1)

n5C5H5V(CO)3-THF (59% yield) was obtained.

Method B. Reduction of (n5C5H5)V(CO)4 with sodium amalgam.

of Na2(

2.42 g (10.6 mmol) of (n5C5H5)V(CO)4 was dissolved in 75 ml of
THF, and 75 g of sodium amalgam (.0072 g Na/g amalgam) was added. The
solution was stirred for 21.5 hours. The yellow precipitate which
formed was collected, washed first with THF and then with petroleum

ether, and dried at room temperature in the drybox. 3.310 g (10.4 mmol)
of Na,(n’CghHg)V(CO) 5 THF was collected (98% yield).

NMR:  (HMPA) 4.32 (S,5H,(n’CgH;)
IR: 1742, 1590, 1550 cm™'; KBr, Nujol
1745, 1620, 1570 cm™'; HMPA
IR(Lit.): 1742, 1619, 1573 cm”' HMPA [18]
1748, 1645 cm™); Csz(nSCSHS)V(CO)3, Nujol [16].
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Other preparations of (n5Q555)V(C0)%'. Reduction of (nSCSﬁS)V(CQ4
with 1ithium dispersion

0.474 g (0.207 mmo1) of (nSCSHS)V(CO)4 was dissolved in 20 ml of

THF. This was added to 0.11 g of 30% 1ithium dispersion. After 5.5
hours the IR spectrum of the reaction mixture showed carbony] absorptions

at 1720, 1595 and 1540 cn™', corresponding to Li, (n°CgHg)V(CO), by

analogy to the IR spectrum of Na, (n5C5H5)V(CO)3

The reaction mixture was filtered and an orange precipitate was

-THF in HMPA [18].

collected. The orange precipitate turned black while setting in the dry-

box over night.

5

Reaction of PPN' (n C5ﬂ5)V(CO),Br' with Tithium aluminum hydride

PPN*[ (n°CcHg)V(C0) ;Br7] was dissolved in THF and a sTight excess
of 1ithium aluminum hydride (LAH) was added. The solution changed color
from dark green to dark brown. The IR spectrum of the solution showed

no carbonyl absorptions at 1722, 1595 or 1540 cm—1.

Reaction of (nSQSE;V(CO)4 with 1ithium aluminum hydride

(n5C5H5)V(C0)4 was dissolved in THF and an excess of LAH was

added. The solution changed color from light reddish-brown to dark
brown. The IR spectrum of the reaction mixture showed carbonyl absorp-
tions at 1895 (w), 1810 (w), 1722 (s), 1595 (s) and 1540 cm™'. The 1722,
1595 and 1540 cm”) absorptions corresponded to L1’2(n5C5H5)V(CO)4 in solu-

tion.

5

Reaction of (p CSF_{S)V(CO)4 with other hydride reducing agents

Treatment of (;CcH)V(CO), in THF with sodium hydride, 1ithium

hydride, and sodium borohydride gave no reaction at room temperature.
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Photolysis of the solution with sodium borohydride produced a solution
with carbonyl absorptions at 1890 and 1780 cm'] in the IR spectra. These

absorptions were due to (n5C5H5)V(CO)3H'.

Reaction of PPN (nSCKHS)V(CO)°01' with sodium amalgam.

When a THF solution of PPN’ (n5C5H5V(C0)3C]— was treated with sodium

amalgam, a deep red-brown precipitate was formed. This precipitate was
insoluble in organic solvents and was not identified.

b

Reaction of (n C5ﬂ5)V(CO)3Ei§655l,With sodium dispersion

0.0625 g (0.135 mmol) of (n5C5H5)V(CO)3P(C6H5)3 was dissolved in

10 m1 of THF and sodium dispersion was added from the tip of a pipette.
After one hour the solution had changed color from orange-brown to light
brown, and a yellow precipitate had formed. 0.0237 g of material was

collected by filtration, and its nujol mull IR spectrum showed carbonyl

absorptions at 1740, 1585 and 1550 cm'] for (n5C5H5)V(CO)§'.

5

Preparation of PPN*[n5c555)v(c0)3H]’from Na, (n°CeHi )V (€0) o THF

Method A. Addition of Naz(n5C5H5)V(CO)3- THF to water.

5 . ;
2(n C5H5)V(CO)3-THF was dissolved in 2 ml

of water. A light greenish-yellow solution resulted. An excess of solid

0.075 g (0.235 mmol) of Na

PPN+C1_ was quickly added, and a reddish-orange precipitate formed. This
precipitate was collected by filtration, dissolved in a minimum amount of
THF, and precipitated by adding petroleum ether. The precipitate was
collected, washed with petroleum ether, and dried in the drybox. 0.069 g
(.094 mmol) of PPN+[n5C5H5)V(CO)3H 1" was collected (40% yield).
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Method B. Addition of water to a THF slurry of Na,(n 5

THF

V(CO)

s 5 5)

0.2544 grams (1.03 mmol) of Na2( 505H5)V(C0)3-THF was slurried in
30 m1 of THF and 20 ul (1.11 mmol) of water was added. The Na2
(n5C5H5)V(CO)3 dissolved to give a greenish-yellow solution. 0.6585
grams (1.14 mmol) of PPN'C1”™ was added as the solid, and the solution
turned dark red-brown and a white precipitate formed. The solution was
filtered, and petroleum ether (30-60°) was added slowly until a reddish-
orange precipitate formed. The precipitate was collected and reprecip-

itated from THF-petroleum ether. This gave 0.4152 grams (0.56 mmol) of
PPN [n C5 5) (C0)3H] (70% yield).

NMR(dg-THF):  67.55 (m,30H,PPN); 54.60 (S,5H,(n° Gl )3
§-6.10 (broad signal 1H, hydride)

IR(THF,HMPA,KBr pellet, nujol mull): 1890, 1780 cm—].

Vc= 0
Elemental Analysis: Calc. P8.36 V 6.88 N 1.89
Found P8.46 V 6.89 N 1.96

M.P. 201°C (decomposition)

Preparation of PPN+[ﬂn5C55F)V(CO)QD]' from Ngg(nsc H

3l 0(C0) - THE

The preparation of PPN [( 5 V(C0)3D]' from Na n5C CO)3

5 5) 2( 5 5> (
THF was analagous to the preparation of PPN+[(n5C5H5)V(CO)3H] , with
deuterium oxide substituted for water. Method A was preferable for pre-
paring (n5C5HrV(CO)3D_ because it yielded an isotopically pure product,

whereas Method B gave a product which was only 60% isotopically pure.
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Reactions of (n°CoH)V(CO),H with alkyl halides

General Method

The reactions of (n5C5H5)V(CO)3H' with alkyl halides were car-
ried out by two different procedures. Equimolar quantities were mixed
and stored in the drybox, the reaction solutions were removed from the
drybox after a specified period and analyzed. Or, a solution of
(nSCSHS)V(CO)3H" was prepared in the drybox in a serum capped flask,
and the alkyl halide was added by syringe after the flask was removed
from the drybox. Aliquots were then removed from the reaction solution
and analyzed by gas chromatography. Examples of these reaction pro-

cedures are given below.

Reaction monitored by IR spectroscopy

(n5C5H5)V(CO)3H' was generated in solution by adding excess
PPN'C1™ to a slurry of 0.0754 g (0.237 mmol) of Naz(nSCSHS)V(CO)3-THF
in 2.0 ml of THF. The color changed from yellow to dark brown. The
solution was filtered, and the filtrate reduced in volume by vacuum
transferring solvent from the solution. 44 ul (0.312 mmo1) of n-hexy]
bromide was added to the solution, and the infrared spectrum of the
reaction solution recorded at various times during the reaction (Figure

6). The infrared spectra showed the appearance of five new carbonyi

absorptions at 2030, 1945, 1930, 1850, and 1810 cm™ .
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Reaction monitored by NMR spectroscopy

0.0299g (0.0405 mmo1) of PPN'[(n>CH:)V(CO)H]™ were dissolved

in 350 pl of d.-THF in the drybox. The NMR tube was removed from

8
the drybox and 21 ul of n-octylbromide was syringed into the NMR
tube. The NMR spectrum of the reaction mixture was recorded at
various times during the reaction (Figure 7). The NMR spectra

showed the appearance of two new vanadium cyclopentadienide signals

at 64.67 PPM and at §4.80 PPM.

NMR spectra of reaction mixtures of (nBCEHS)V(CO)QH‘ and

benzyl bromide, phenylacetylichloride, B-bromostyrene, and

t-butyl bromide

When (n5C5H5)V(CO)3H” was reacted with equimolar quantities of

benzyl bromide, B-bromostyrene and t-butyl bromide, the same two new

vanadium cyclopentadienide resonances appeared in the NMR spectra of

the reaction mixtures at 64.67 PPM and at &4.80 PPM (Figure 9). How-
ever, for the reaction of phenylacetyl chloride with (n5C5H5)V(CO)3H'
only a single new vanadium cyclopentadienide resonance appeared at

54.85 PPM.
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Reaction of (n5§5ﬂ5)V(CO)3H' with 1-bromoadamantane

0.2568 g (0.348 mmo1) of ppN* (n5C5H5)V(CO)3H_ and .0750 g (0.348
mmol) of 1-bromoadamantane were dissolved in 10 m1 of THF in a serum
capped flask. After 65 hours at room temperature only a small amount of
(n5C5H5)V(CO)3Br' had formed, as indicated by the IR spectrum of the re-
action mixture. The reaction mixture was heated to 70°C for 5 hours.

At the end of this period no 1-bromoadamantane was present in the reac-
tion as determined by GC analysis.

The THF was then removed from the reaction mixture by roto-
evaporation, and the residue was extracted with benzene, filtered, and
the benzene removed by roto-evaporation. 0.0557 g of a dark brown solid
remained. This residue was again taken up in benzene, and GC analysis
showed the same new peak which had appeared in the original reaction
mixture.

After setting overnight, a dark brown solid had precipitated. The
solution was filtered and the light yellow filtrate was roto-evaporated
to dryness. The residue was taken up in pentane, filtered, and a

slightly yellow filtrate was collected. When the pentane was removed

by evaporation, 0.0289 g (60%) of an amorphous solid was collected.
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NMR (CC14): 1.77 PPM (s, methine); 81.75 PPM (s, methylene)

Lit: 1.80 PPM (s, methine); &1.77 PPM (s, methylene).
(Sadtler NMR Spectra Index, NMR #835)

Reaction of (n5C5ﬂ5)V(CO)3H_ with 6-bromo-1-hexene

7 ul (.052 mmo1) of 6-bromo-1-hexene was added to a solution of
pPNT (n5C5H5)V(CO)3H' (.054 g, .068 mmo1) in 1.0 ml of THF in a round
bottom flask stoppered with a serum cap. The progress of the reaction
was monitored by gas chromatographic analysis of aliquots of the reac-
tion mixture. The analyses were carried out with a 20' x 1/8" 25% STAP
CHROM-WAWDMCS column, 100-200 mesh, with the injector at 115°C, the
column at 62.5°C and the flame ionization detector at 230°C. Results
of the GC analyses are shown in Table II. The products, 1-hexene and
methylcyclopentane were identified by co-injection with authentic

samples. No cyclohexane was detected. The combined yield of 1-hexene

and methylcyclopentane was 99%.

TABLE II

GC Analysis of Reaction Solution of (nSCSHS)V(CO)3H' and
6-Bromo-1-Hexene

Time (Hrs) Relative Area

Methylcyclopentane
1-Hexene Methylcyclopentane

Total Product

0.5 .282 -

<D .476 .017 .034
4.0 .473 .030 .059
6. g3 .542 085 .092

17.0 .546 .085 135
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Reaction of (n CSHS)V(CO)3D_ with (-)-1-phenylethyl bromide

0.820 g (1.11 mmol) of ppnt (n5C5H5)V(CO)3D' was dissolved in
2.0 ml of THF in a septum stoppered flask. 0.150 ml1 of (-)-1-phenyl-
ethyl bromide (75% optically pure) was added from a 250 ul syringe. The
color of the reaction solution changed from dark red-brown to deep
green immediately, and the reaction solution warmed slightly. After 15
minutes a precipitate formed. The volatile material was vacuum trans-
ferred from the reaction mixture at room temperature, and a light yellow
solution was collected. The a-deuterioethylbenzene from the volatile
fraction was collected by preparative gas chromatography on a 10‘x 3/8"
10% DEGS 60/80 Chrom PNAW glass column and identified by mass spectrometry.

Instrument conditions: Injector 150°C; column 100°C; detector

143°C; flow rate 30 ml/min.

0.0763 g of a-deuterioethylbenzene was collected (64% yield)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>