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ABSTRACT

The complex pent CpV(CO)BH - (Cp=n5-C5H5) has been
prepared in T0% yield by sodium reduction of CpV(CO)h
followed by protonation of the resulting dienion [pr(CO)3]2-
vith weter aud cation exchange with PPK'C1”. The physical
properties and chemical reactions of PPN+CpV(C0)3H' have
been investigated. The sodium salt of CpV(CO)sﬂ- is ccn-
tact ion-paired in the so0lid state and in THF; dissociation
of sclvent-~separated pairs occurs on conversion to the PPN+
salt cr dissolution in polar solvents such as EMPA. PPN+
CpV(C0)3H' reacts with a wide range of organic helides,
resulting in substitution of the halogen atom by the hydro-
gen of CpV(CO)3H-. The organometallic products of these
reactions are the vanadium halides PPN+[CpV(CO)3X]T in
some cases a second organometallic product is observed;
this material is the binuclear bridging hydride PPN+
[CpV(CO)3]2 H, and it is formed by reaction of the kinetic
product CpV(CO)BX- with starting CpV(CO)3H- present in the
reduction solutions. Irradiation of CpV(CO)h in the
presence of CpV(C0)3H_ provides an alternate route to
bridging hydride ICpV(CO)3 2 H™. Competition experiments
against PPh3 have shown that CpV(CO)SH- reacts more rapidly
than the phosphine with transient, coordinatively unsaturat-
ed CpV(CO)B, but thermodynamically PPh3 is the better ligand.

The borohydride salt ?PN+prV(CO)BBHh]— has also been
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prepared, by treating CpV(CO)h with NaBHh and by treating
CpV(CO)SH- vith BH,*THF. The mechanism of the reaction
between CpV(CC):H- and organic halides has been investi.
gated in detail, and compared in several cases with halide
reductions carried out using tri-n-butyltin hydride.
Relative reactivity, stereochemistry, cyclization and
trapping studies demonstrate that in almost all ceses,
the reduction reaction proceeds via free redical interme-~
diates, As in the RSSnH ;ase, these intermediates are
generated in a chain process, and are trapped by hydrogen
transfer from CpV(CO)3HT The absolute rate comstant for
this trensfer step can be estimated to be ca. 2 x 107 M'l
sec'l, nearly an order of magnitude lerger than the rate
constant for hydrogenm transfer from tri-n-butyltin hydride.
Reduction of cyclopropylcarbipnyl bromide appears to be

exceptional, and probably proceeds by a two-electron mecha-

nisnm.

Sodium amalgam reduction of CpRh(CO)2 or a mixture of
CpRh(CO)2 end CpCo(CO)2 affords two new anions, pen’t
[cp,Rh (c0), ] ana PPN+[szﬂhCo(CO)2]7 The latter compound
appears to be physically and chemically similar to the knowr
PPN+[Cp2CO2(C0kJ: whereas the former posesses the same
substructure bridged by a Hh(CO)2 unit. Both anions
react with CHSI producing acetone via CpRh(CO)(CH3)2
or CpCo(CO)(CH3)2. In addition, the compounds Cp2RhCo(CO)2R2

S
(H=CH3,CHQCF3) are formed upon alkylation of @pzﬂhCo(Co)ﬂ
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and ere observed to decompose to CpRh(CO)(CHECF3)2 and
CpCo(CO)(CHECFB)z.

CpMo(co)3H(;) has been found to reaet with CpMo(CO)3R
(R=CH,,C,Hy, CH,CGHys 28,2b,2¢) at 25-50°C to quantitativ-
1y produce sldehyde RCHO and the dimers [CpMo(co),],
and [CpMo(CO)é]z. Evidence is presented indicating that
aldehyde fermation oecurs by insertiom of CO into the Mo-R
bond followed by hydride trensfer by 1 forming an inter-
mediate acyl hydride. The intermediate aecyl CpMo(CO)z(COR)
also reacts with ethylene and CPMo(CO)sH producing ketones
R—g—czﬂs. A mechenism is proposed for these remctions and
a comperison with the cobalt anmlogues in the hydroformyl-
etion process discussed.

The reactions of PPN+CpV(CO)3H- with some transition
metal carbonyls, alkyl and scyls are studied. 1In mlmost
21l cases substitution of hydride (H™) for CO is observed.
The chemistry of CpMo(CO)BH with similar compounds is also
examined and compared with that of CpV(CO)BH'. In general,
CpV(CO)3H_ appears to transfer a hydrogen mstom to the
meteal radical anion formed in an electron transfer process,
vhereas CpMo(CO)BH transfers hydride in a 2-electron process
to 8 vacant coordination site. The chemiecal conseguences
are that CpV(CO)BH- generally reacts with metal alkyls to
give alkares via. intermediate alkyl hydride species whereas

CpMo(CO)3H reacts with metel alkyls to produce aldehyde,

via. an intermediate acyl hydride species.
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Chapter I

The Reduction of Alkyl Halides

by [(PhaP)EN]+ [cPv(co)3n]’



Results and Discussion

Properties and Remctions of PPN’ _ [cpv(co) &)™ ,PPNt-1
5 L

Almost two decades ago, E. O. Fischer reportedl the reduction of
CpV(Co)h, 2, with sodium metal in 1liquid ammonia forming the tight ion
pair Nachv(CO)s, év _2, upon treatment with agueous HC1l and extrac-
tion with hexane yielded the dimer Cpav,‘,(co)s -

We heve found that in THF 2 may be treated with water rather than
HC1 to obtain the mono-protonated species la"’[CpV(CO)3H]-. The IR
spectrum of this new anionic vanadium hydr:lde3 in THF indicates that
it consistsofatight ion pair in equilibrium with a solvent separated
or free ion pa:i.rh (Scheme I). If one equivalent of
[(¢3P) 2N] *c1” (PPu*C1T) is sdded in small portions, the V., bands at
1792 and 1732 cm'l attributable to the tight ion paired complex are
observed to collapse into the vco band at 1775 cm'l, vhile the band
et 1887cm_1 remeins unchanged (Fig. 1). 1 may exist in THF solution

5,6

either as free ions or as a solvent separated ion pair.

] ¥ T T B ] T T T

A R

0 equiv, PPNC1 | 1/2 equiv. PPNCI | 1 equiv.

q | ] A 1 TII 1 ] ° 1 -(-;1 ) | i 1
1900 1800 1700 1900 1800 1700 1900 1800 1700 en™t
Fig.1- Na*va(co)3H + PPNCl———> PPN‘CpV(CO)3H
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Scheme 1 .
‘o1 seu e ~
Nl‘Cp\'(50]3H'= Na®- -THE-- -cpv(co) 3"- M_’_ PPN THEF- - - CpV(CO)  H
+ NeClt
M| cpv(coyH° pex’ | cpvicor

An IR spectrum similar %o that in Fig. lc is also obtained upon
formstion of Wa [CpV(CO)Bﬂ]-:ln EMPA, or upon addition of 18-crown-6
to a THF solution of N;[CpV(CO)BE]-.

The PPN® salt of ] may be isolated by adding PFR'C1™ to a
solution of Nﬁprv(co)3n]' and precipitating the yellow product with
n-hexane. The WMR spectruz of this hydride in aa.mr shovs a complex
pattern at$§ 7.6 ppm due to the PPN’ protons and a sharp singlet at
§ 4,60 ppm attributable to the CsHs protons with the relative areas
of 30:5. The hydridic hydrogen appears at § -6.72 ppm as a broad low
intensity peek with a width of ~‘lp}m.a
Reduction of l-bromoctane: AdAition or 1 equivalent of l-bromosctuane
to & THF solution of 1 (0.10 M) results after several hours in the
formation of p-octane in ~90% yield (eqn- 1). Reduction cf
1-tromoctane with PPNYCPV( co);0 %sa d-THF or with 1 in Cg-THF
gives only dl-ccta.ne or do—octa.ne, respectively, indiceting that the
vanacium hydride is the proton socurce.

pent CpV(CO) 1™ + REr ~——THF, ppy* CpV(C0) B + Ri (1)

The primery organcmetallic product of the reaction is the expec-

ted PPNY [CpV(CO)3B:]", L, which may be isoleated from the reaction

mixture by precipitation with n~hexane. This dark green compound
mey elsc be prepared by irradiating a THF sclution of 2 and PPEYBr-

or Na*Br~ while purging wvith nitrogen to remove liberated CO and

precipitating the air sensitive product with hexane.
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(Anal. Caled. for ChhH3SBrNO3P2V: c, 64.58; H, L.28; B, 1.71;
Br, 9.77. Found: C, 6k.50; B, L.76; W, 1.70; Br, 9.60).
The IR spectrum of this vanadium halide in THF shows three vco bands
et 1941 (m), 1847 (s), and 1804 (m) ang = singiet in the MMR for the
CsHs protorns at & 4.83 ppm.

The reducvion of an alkyl bromide by 1 may be followed by
monitoring the changes in the IR (Fig. 2) or NMR (Fig. 3) spectrum.
The IR spectrum shows the disappearance of the ¥

co

1887 end 1775 cm~1 with the simultmneous growth of bands at 1941,

bands of _:L at

1847, and 1804 em™l of L. The color of the solution is observed to

change from yellow to dark green.

Fig.2- CpV(CO)3H ™ (l) + RX—> CpV(CO}X" (%)

1900 1800 1700 1900 1800 1700 1900 1800 1700 em~1
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However, the CsHs region of the MR (B U-6 pmm) shows the

formation of two organometallic products as _:L is consumed; }_a' at

6 4.83 ppm and a new material which we believe to be a hydrogen

bridged dimer, P‘PN+[CpV(CO)3] s 5, at§ 4.65 ppm (singlet)

| {
G-
c/ \C '_'/\t

(vide infra).

&
The CSHS resonance oi‘i at§ 5.60 ppm is found to disappear at
at a rate faster than the octyl bromide triplet at § 3.L0 ppm and

an insufficient amount of ‘l:' is observed compared to the amount of
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ogtyl bromide consumed. Furthermere, the quantity of 2obaerved

(tased on § 05}15 protons per equivalent) is equal to the amount of
missing }’l‘ plus _:‘I.' Therefore, z appears to be a 1:1 adduct formed

by the reaction of remining}'\rith newly formed J: Indeed, an XMR
siznal is observed at § 4.65 ppm upon mixing THF solutions of 1 and

4, suggesting the reaction in equation 2.
~

cpv(co) u~
CpY(CO)3Br~ ExCpV(CO) 5 + By~ kpv(co),]  H™ (2)
L k. 2

2 may be prepared in situ by a variety of methods, but isolation
attermpts at 25°C have been unsuccessful. If a THF solution of 2,
and -:l.' is irradiated while purging with nitrogen, IR bands due to 2
at 1855 and 1814 cm-l are observed to grow in while bands of 2 and 1,
diminish®® (Fig. 4). The formation of J probably occurs via the
photodissocietion of CO from 2 to yield a coordinatively unsaturated
intermediate followed by hydridic attack at the vacant site by “1”

This ability of a metal hydride to act as a ligand has been
suggested previously by Kaesz, Bau, end Churchill.n The changes
in the MR spectrum as the photolysis proceeds are also consistent
witlh this formulation.

& has elso been formed by the reduction of (.‘1:2V2(C0)5 in THF
solution with Na/Hg amelgam followed by treatment with 820. PPH+C1

and CO. An oxidation of}' by AgClob also yields 2_
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Fig.g CpV(CO), + CpV(CO),H™—B—w[cpv(co),],H"
2 3 2

We propose & syrmetricel bridging hydride structure with equi-
valent Cp rings for the intermediate 5, anamlogous tc the isoelectron-
-~

12 potn

ic tungsten complex reported by Davison and Wilkinson.
compounds show 2 IR bands in the ¥ co region consistent with a D311
or D3d structure for the bridging hydride. Other similar transition
metal bridging hydrides are slso known.l3

2 dissociates slowly (T% = 6 hrs. st 25°C) in solutvion to form
land "CpV(CO)a" which may be acavengéd by Pﬁa (egn. 3) forming the
Knownl¥ CPV(CO)BP‘B, L. Tn stoiciometric reductions of alkyl bromides
by 1 the consumption of the latter in forming 2 limits the rate of

the reaction, in which case the slow dissociation of 2 bec.mes the



rate determining step.

PER’ [::pv(co)312r.,_—_-_~m+ CpY(CO) K + cpv(co), (3)
5 1
2 L o,
cpv(co) P4,
s

This ergument is supported by the observation that no 2' is seen
in the cese of a reactive bromide (e.g., benzyl brouide), in which
the reduction iscomplete within one minute and both S and 1:' are not
present for an appreciable length of time. However, if only 1/2
equivalent of benzylbromide is added an almost quantitative yieid
of 2 is observed by NMR. Addition of a second 1/2 equivalent of
benzyl bromide results in the diseppearance of 2 over 2 hours with
the formation of one equivalent of k’ demonstrating the slow
dissociation of 2’ intoﬂ]; and coordinatively unsaturated Cp\'(CO)a.

Reduction of l-iodooctane:

The reduction of 1-iod-octane (0.1 M) by 3 (0.1 M) is complete
within 2 minutes end produces a quuatitetive yield of octane.
However, PPN*[CpV(CO)aﬂ- » J4is the only organometallic product
observedal? and has spectral properties similar to those of }g_

(IR: vco = 1936 (m), 1846 (s), 1806 {m), NMR: muitiplet §7.55 ppm
(30 H), singlet §1.86 (5 H)), The lack of formation of 5 indicates
that the rate of reaction of 1 with 1-iodooctane to form ;{v is faster
then the rate of reaction of 1 with ‘1’

Reduction of Acid Chlorides:

The reduction of heptanoic acid chloride with one equivalent of
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3‘4 occurs instantaneously with a quantitative yleld of heptanal and

PPN+[(.pV(CO)3CJJ- (IR: V__ = 1942 (m), 18kk (s), 1802 (m); MMR:
miltiplet §7.55 pom (30 H), singlet §1.83 ppm (5 M)15 1 reduces
other acid chlorides tc aldehydes in high yield with no further

reduction to the alcohol.

Competitive Rate Studies:

1 reduces a host of organic halides including primary, secondary,
tertiary, vinylic, snd aryl centers as given in Table I. Iodides are
reduced much more quickly than bromides, while chlorides (except for
cyclopropylearbinylchloride andbenzyl chloride) and tosylates (except
for methyl tosylete and cyclopropylcarbinyltosylate) do not react
at all at 25°C.

The relative reactivity of primary, secondery, and tertiary
bromides was determined by reducing a mixture of l-bromopentane,
2-bromohexane, and 2-bromo-2-methylpropane (0.5 M) with a deficiency
of 1 (0.1 M). The product solution was analyzed to determine the
raetio of pentene to hexane to 2-methylprope.e, which gives the
relative rates of reduction of primary, secondary, and tertiary
centers, as 12:1:5, respectively.

A similar reduction of a mixture of l-bromopentene, l-bromohexsne
and l-bromo- 2,.-dimethylpropsne provided pentane, hexane, and 2,2-
dimethylpropene in a L4::3:1 ratio. These results together suggest
that there are two important effects in the reduction of alkyl
halides; a steric effect that allows unhindersd primary haiides to
be reduced more quickly thean secondary or tertiary, and a smaller

electronic effect that allows tertiary healides to be reduced more



10

quickly than secondary.

Mechanism of Reduction of Alkyl Halidee:

One can imagine several possible mechanisms for the reduction »f
alkyi halides by 1. including: 1) Sg2 or nucleopkilic attack on
carbon (oxidative addition), followed by reductive elimination of
product, 2} an outer sphere election iransfer process, and 3)
radical chain process.

Tuble I. Pefuction of alkyl haiides by PP’ cpvico)

Al¥yl Haitde Product Reacticn Tise e2a (2t
1-bromocctane cotane & hrs. 5
1-icdooctane ottane 0.5 hrs. 57
1-tromohexane hexane 7 brs. T3
2-icdooctane octane 3 hr. 97
1ok eye 10 brs. 65
ﬂb&r mAar 0.5 hrs.® o5
=, Br u: 9
3
CghyaCOCT Cghy4CED 0.1 br. 100
{cHyiqCor (cnsl3cu 12 hre. 200
CeHigCH BT CgBgCEy 0.5 hr. 90
(’)'ccxscﬂl"”‘ma’ (£)-C HCED(CH, ) 0.5 br. [
CLRgCERrCH,3r Culy="1T, 2.5 hrs. 100
CeRsir Ceng 8.5 hrs. 13
CgB CRT=CHET CgRgCH=CR S. hrs. L
;:T;c_:s:c-ugé;)cszc% cis-3-hexene 260 brs. A
trans-3-hexene 260 hrs. T0
6-b 1=hi 1-h AT Prs. 8o
methyleyclopentane 17 hrs. 6.8
D—cﬂznr methylcyclopropane 2 hra. 32
cyclohexencne no reaction 1 hr. -
':6"-\3c°2ca3 no resction 12 hrs. -

s =~ Yieldc determined by integrati:n of 1R and VPC peaks.
v - No further reductisn even a 24 hours.
¢ = Isolated yield (preperstive VPC).

. d = CorTected for unreacted starting waterisl.
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Nucleophilic Attack (Oxidetive Addition)

A po§sib1e mechaniem to account for the observed reaction
would be m nucleophilic attack by 1 upon the halide carbon, either
by the hydride ligand or the metel, forming an slkane plus & ccurdin-
atively insaturated CpV(CO)3 intermediate in the case of the former
or a metal alkyl hydride that could reductively eliminate alkane and
a C}:)V(CC‘)3 fragment in the case of the latter [Scheme II). This
CpV(C0)3 fragment could then react with the free halide ion to form

the primery organcmetellic product (4 or 7).

Srheme I
Cp(CO)BV...H...R...Br '--b-c;;v(co)3 + RH + Br-
CPV(C0)3H- + RBr or #
H
c1>(co)3v\R + Br CpV(CO)5Br

We have been sble tc rule out these mechanisms on the dasis of
tw¥o observations: 1) The reduction of optically active (-)-f bromo-

ethyl-benzene with pm*[cPV(co)3DJ = yields racemic a-deterioethyl-

16

benzene, - whereas the mechanism(s) depicted in Scheme II would

predict a clean inversion in stereochemistry, and 2) the CpV(C0)3
fragment cannot be trapped with & ligand to form & CpV(CO)3L with
up to a 35-fold excess of PRy (R=f, CH,) or with CH3CN (used ss
solvent). In both of these competition experiments PPN+[CpV(C0)3x']'
(X = halogen) is formed ss the kinetic product which then is slowly

17

substituted by PR3 or CH.CR. Control experiments performed by

3
irredition of a THF soluifon of CpV(CO)y, P@s, and FEX™ in a 1:2:2

ratio show CpV(CO)aP’3,v§, being formed 10:1 over the halidel?,
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demonstrating that ‘_6_, is the kinetic product formed in the competition

between Pﬂz and halide fon for a CpV(CO)3 fragment,

This mechanism is also unlikely in view of the observation that
tertiary, vinylic and benzylic centers are reduced as well as primary
end secondery centers., We have also been able to rule out the
intermediacy of carbonium ifons. Reduction of neophyl bromide with
1 produces t-butyl-benzene with only traces (< 0.17) of iscbutyl~
benzene, the latter being expectead as the product of a carbonium

jon rearrangement (ean. L4).

EHCOR S ¢+\B—>-?—l— + >'\ ()
r

83% <15 §

Electron Transfer

Another possible reaction mechanism is en outer sphere electron
transfer from } to R-Br, forming CpV(C0)3H', and an .termediante
free alkyl radicel capable of sbstracting a hydrogen from the
CpV(CO)3H' species (Scheme III). However, this mechanism predicts
the formation of a CpV(CO)3 intermediate that would have to find a
bromide ion in solution to form }L The competition experiments
involving PR3 and CH3CN described previously allow this intermediate
and consequently this mechanism to be ruled out.

Scheme III:

cPv(co)sn' + R-Br —GCv(co)sm + R- + Br-
CpV(CO) ;R +:R——-CpV(CO)3 + R - H
CEV(CO) 5 + Br=——3CpV(CO) Br™

The possibility of formation of intermediate carbenions has
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also been examined by the reduction of l-bromodecane in a 'I'HF/CD3OD

sclution (L4:1,V:V) with A. The hydrocarbon produced is do-deca.ue
(~95%), vwhereas an intermediate carbanion would be expected to accept

a deuterium from the CD30D, producing dl-decme.

Radical Chain
The mechanism that we propose for the reduction of alkyl halides
'by'}v:l.s a radical chain process similar to that observed for

(n-CyH,).SnH. An advantageous radical initiator sterts the chain by

9)3
abstrection of & hydrogen atom from }', forming a vanadium radical
anion species. Subsequent halogen abstraction frem R-X (X = Br,I)
produces a free alkyl radical and the observe? organometallic product
L directly, without the intermediacy of a coordinatively unsaturated
intermediate. Propagation of the chain occurs by abstraction of a
hydrogen atom frem ‘}' by the free alkyl redical (Scheme IV).
Scheme IV

- I <
CpV(CD)3H ——-—-—)—Cp&’(co)3
cRV(CO);-  +R-X —>va(co)3x' + R

R- + CPV(CO)gH ————>CpV(C0); ~ + R-H
Reduction of 1,2-dibromohexane with _}' produces l-hexene as

the only product. If either cis- or trans-3-bromo-3-hexene is re-

duced the same ratio of eis to trans-3-hexene is found in both react-

ions (1:2.3, respectively). Reduction of 1,l-dibromocyclopropane

proceede only to bromocyclopropane with no further reduction to

cyclopropane. These observations are consistent with the formation

of alkyl radicals, as have been reported in other systms.22

The intermediate free alkyl radicals may be scavenged using
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21,23,24
2,2,6,6~tetramethylpiperidoxyl (TMPO) as & trapping sgent.
Addition of a mixture of l-iodoheptane and TMPO to a THF solution
of 1 (5:2:1 ratio)produces a 15% vield of O-heptyl-2,2,6,6-tetra~

methylpiperid-1-yl oxide (egn. 5).

0+ AAAT + opv(co) B ———— 50N\ (5)
15%

TMPO reacts quickly with 3, yet enough reduction occurs to produce
some free radicals.

Similarly, addition of a mixture of 2-allyloxyethyl fodide
and TMFO to a CH3CN solution of‘]‘.v(l:h :1 ratio) produces a 5:1
ratio of O-sllyloxyethyl-2,2,6,6-tetramethylpiperid-1-yl oxide to
the cyclized product O-3-tetrshydrofurylmethyl -2,2,6,6-tetramethyl.-
piperid-1-yl oxide in 20% combined yield (egn. 6).

~5
804 WAA  + cpv(co) i —+ Cl’gw- o‘\'ledv-o
(6)
5 1

We have been unsble to trap the intermediate free radicals using
oxygen as a scavenger. Addition of benzyl bromide to a THF solution
of 1 while purging with oxygen prodv.ed no benzyl alcohol after work-
up. Although}' is oxidized by oxynen within 30 seconds of purging,
benzyl bromide reacts with L upor. mixing, implying that elther the
vanadiur hydride is a better proton donor than 02 is a scavenger, or
that all of the oxygen in solution reacts with 1 before it can scav-

enge en alkyl radical.

Radical Rearrangements

We have also demonstrated the intermediacy of free alkyl

radicals by examining substrates whose radicals are capable of
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undergoing intramolecular rearrangements at rates competitive with

hydrogen abstraction. Several such alkyl radicals are known to
undergo isomerization, ring openings, and cyclizations. The slkyl
halides used in this investigation and their rearrangement products
are listed in Table II. The competition by alkyl radical between

rearrangement and hydrogen abstraction from 1 is indicated in Scheme V.

Scheme V

Y
B
o
Y
™

If an excess of 1 over RY is employed in the reductionszs, then

the ratio [Rl:lg is given by equetion T as has been noted by

Beckwith, et al.25

_ X5 [epvico)md
[-RL%;} = E (52 3 (1)

Plots of [RH])/ [R'H] vs. PPN' [t.‘pV(CO)3H]' concentration for the

reductions of /\/OVBr and %\/\,—Br give the expected

streigit. 1ines as shown in Figs. 5 end 6, respectively.



TABLE II

Radical Rearrangements with ”]_‘a

Reactants Products
T _ 1 I T rearranged (M) !
Substrate Conc. (M)  PPNCpV(CO)¢ H Conc. (M) Unrearranged (M) Rearranged(M) unrearranged (M)
“®\Asz:  0.0050 0.,0200 g /V (0.0039) (5(0.0000) 0
AASBr 00192 0.0770 WA (0.0184) é(o.om) 0.027
-
D= B 0.0200 0.1620 A7 (0.0195) 6(0.0005) 0.026
0.0810 (0.0178) (0.0008) 0.075
0.0405 0.0184) (0.0022). 0.120
b oo 2 b b
NOVBE  0.0200 0.1640 A0V (0.ci07) (0.0074) 0.69
0.0820° (0.0085)° (0.0096)° 1.13°
0.0410" (0.0051)° ©0.02n®  2.49°
0.0809 ( 0.010)° (-0.010)¢ 1.0°

0.1500 ¢ 0.008)° € 0.012)¢ 0.6°



Resctants

\
Substrate Conc. (M) PPNCpV(CO)jﬂ—Conc.(H)

MNOV 0.0200

V‘t 0.0200

D—\Br 0.0200

0.081

0.1600

0.0800

0.1500
0.1600

0.0400

0.0400

TABLE I1 (cont.)

Products
1L
I 1 rearranged(M) ]
Unrearranged(M). Rearranged(M) unrearranged (M)

#/°V (0.0099)

D~ (0.0008)

(0.0003)

D>— (0.004n¢
(0.0106)
(0.0043)9
(0.0062)

€Y (0-102

WA (0.0142)
(0.0142)

WA (0.0007)¢
(6.0070)
(0.0019)¢
(0.0106)

1.03

8511 product ylelds >85% as determined by gas chromatcgraphy with internal standard, All reactions in

THF at 25°C excupt as noted. bCHJCN solvent “determined by NMR intesgration of ~CHy tesonances of

products in d_THF.

dvaluea at 30% co ,.ation

LT
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]
Also within experimental error the ratio of NOV to < Z

is independent of halogen (Br or I), solvent (THF or CHBCN) and of

% completion (Fig.T), as predicted for the radical chain mechanism

in Scheme IV.

] .
[ Fig.7 Product ratio in
]2 G\ o, the reduction of /O gy
B (] by 1 vs. % completion.
1 \Hm [8x] =0.02 M
Py NV [1)= o.04 M(A), 0.08 M(m),
:0.16 M(®)
2 N . N P
20 4o 60 80 100
% complete
If the rate constant for cyclization of the allylethyl eiher
6 =1 27

radical is assumed to be 1.2x10" sec , then a value for kH of
1.5x10" ¥ Ysec™ can be calculated from the date in Table II and
equation 7. This rate constant for ebstraction of a hydrogen atom

from “Z‘l' by a free alkyl radical is mbout 12 times that for abstraction
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30
from (n-ChH9)3SnH.

Deuterium Isotope Effect:

Reduction of l-bromodecane (0.027 M) with a 52/L48 mixture of
PPN+[CpV(C0)3D] -/PPN+['CPV(CO)3HJ. {0.14M each) produced 58.3%
d,-decane and 41.7% ¢ -decane, corresponding to & primary deuterium
isctope effect of kE/kD = 1.28. This extremely low value compared
vith that for (n-C,Ag) Snll (k/k;=2.7)> indicates that the vanadiun-
hydrogen bond is very weak, thereby accounting for the rapid hydrogen

abstraction rate constent.

Effects of Initiators + Inhibitors:
Our attempts to inhibit this radical chain have been unsuccessful,
since many commonly used inhibitors react with }v Addition of

30,31

galvinoxyl to a solution of}' produces an immediate deep purple

31,32 reacts

color assoclated with the galvinoxyl enion. Oxygen
with radicals at a diffusion controlled rate, yet addition of 10 mole
percent oxygen to a solution of l-bromooctane a.nd_l_ has no noticable
effect upon the rate of reduction. Also, addition of either o,o0,
p-tri-t-butylphenol31 or duroquinane3o'31'33 to a reduction solution
of 1 and l-bromooctane has no effect upon the rate of reduction
compared to an identical reductior with no inhibitors.

Irradiation of & solution of 1 and l-bromooctane produces no
enhancement of the rate of reduction, with or without added azo-
bisisobutonitrile3l»33:3% oo yngp1i ity to initiate or inhibit

these reactions suggests thet short chain lengths are involved or
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thatinitiation oceurs easily enough that termineation of many of the

chains does not alter the observed properties of the rel.c‘tion.35

Reduction of cyclopropylcarbinyl derivatives:
We have examined the reduction of cyclopropylcarbinyl iodide

bromide, chloride and tosylate and have found anomalous behavior to the
mechanism proposed in Scheme II. Using a wvalue of 1.hx1085ec-1 for the
rate constent for ring opening of the cyclopropylcarbinyl rul:l.t:nl36

at 25°C and a value of 1.2x10 M. lec- for the rate constant for hydro-
gen abstraction from }', one would predict 1% methylcyclopropane to be
observed iu the reduction of cyclopropylcarbinyl halides. Indeeq,
reduction of cyclopropylearbinyl iodide (0.02M) with 1 (0.08M) gives
all 1-butene (98%) and little methylcyclopropane { 2%).

Howeve.', reaction of cyclopropylcarbinyl bromide (0.02M) with Py
produces more methylcyclopropane (30-50%) than in the iodide case
(Teble II). Abstraction of hydrogen from 1 by cyclopropylearbinyl
radicals would require a hydrogen transfer rate of-loau-lsec-l in
order to account Tor the observed product ratio, an oider of magnitude
higher than the rate determined usiag other radical rearrangements.
Furthermore, the ratio of l-butene to methylcyclopropane was roughly
independent of the concentration of }_ (Fig. 8) and suggested that a
different mechanism was (also) occurring.

The inconsistency was clarified by the obssrvition that cyclopropyl-
carbinyl tosylate reacts w:ith ‘.'_l." to produce exclurively methyleyclo-
rropare with en overall rate constant for reactjor approximately 0.2

times that for the corresponding bromide. Tbzrefore we propose that

cyclopropyl carbinyl tromide is being reduvced by two different mechan-
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isms: 1) & radical chain mechunism (Scheme IV) that produces almost all

l-butene, and 2) an oxidstive addition/reductive elimination mechanism

producing exclusively methylcyclopropane (Scheme VI).
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Figure § Ratio of I-butene to formed on
of:y:lopropylmrbm)l bromlde by CpV(CO),H' in THF under varyi: g
d as a function of reaction time {cor -

centrations given in mol L—}).

Scheme VI

B
M + opV(CO) T ——m Cp\lf(CO)3 + X

c1:v(cc>)3 + D—

if X=Br if ¥=0Ts

CpV(CO)aBr' Cpv(C0)), + "V" species
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In the reduction of cyclopropylcarbinyl bromide by l the overall
rate of production of l-butene by the radical chain process must be
approximately twice the rate of production of meuhyleyclopropane by
the oxidative addition/reductive elimination process. Yet in the
reduction of cyclopropylearbinyl iodide,the radical chain reaction
dominates completely any nucleophilic process. A similar observation
has been made for the alkylation of[cPFe(co)zl- by ecyelopropylcarbinyl
derivatives.BT We suspected that reduction of cyclopropylearbinyl
chloride with Y if possible, would produce entirely methylcyclopropane.
Indeed, the reduction proceeds very slowly (7% product after L days)
to yield exclusively methyicyclopropane.

The question as to why cyclopropylcarbinyl derivatives are
capeble of undergoing nuzleophilic displacements whereas other primary
bromides, chlorides, and tosylates are not can be ansvered if one
considers the relative rates of solvolysis of cyclopropylcarbinyl
tosylate vs. isobutyl tosylate. Roberts has :l’ounﬂ38 that due to
stebilization of the intermediate cearbonium ion by the cyclopropane
ring, cyclopropylcarbinyl tosylate is hydrolyzed at a relative rate
of 106 times !‘asf:er than its isobutane isomer. This tremendous rate
enheancement for a carbonium ion intermediate could be reflected by a
substantial increase in the rate of nucleophillic attack at the cyclo-
propyl carbinyl center relative to a primary center due to stabilization
of the slight positive charge that would build up at the a-carbon
dy.aiing substitution. We propose that cyclopropyl cerbinyl centers
can undergo nucleophilic ottack by 1 beciuse their AGY for substitu-

tionis substantially lover in energy than theAG* for substitution at
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& primary center.

The only other system for which we have evidence of nucleophilic
attack is for CH3X derivatives (¥=I,Br,0Ts). As a probe for the
amount of SN2 component in these reductions in THF solution we have
used a 4-fold excess of P¢3 to trap eany coordinatively unsaturated
Cp\l(CO)3 intermediate produced by nucleophilic attack on CBBX. The
radical chain component to the mechanism is measured by the amount of
[CpV(CO)ax]- formed, the relative quantities of the la*“er and CpV(CO)3P'3,
§, being determined by their vCO IR absorptions 1940 and 1950 cm.l,
respectively.

Reduction of CH31 by 1 in the presence of excess P‘S occurs won
mixing, producing J in i0-“cld excess over §; Then 1 1s slovly
(1‘1123 hrs.) observed to be suostituted by P¢3 forming g

However, reduction of CH3Br uader ‘2uzntical conditions occurs within
30 seconds and produces an approximately 60/40 mixture of § and L,
respectively. Slowly ('1322'3 hrs.) the halide complex}g_is converted
to the phosphine complex ‘§_, indiceating that the .6., initially observed
was the kinetic product of the reaction, presumably formed from the
reaction of P¢3 with CpV(CO)B. Therefore, CHSBr also appears to
react with 1 by tvo mechanisme, a radical chair and a nucleophilic
process.

In support of the existence of an 5,2 component to the reduction
of CH4Br is the observation that CH30TS reacts with 1 to produce CH,,
yet n-heptyl tosylate produces no heptane after several days in solution

uith‘l at 25°C. As CH_X has no electronic stabilization of an Sn2

3
transition state, we propose that reaction occurs due to the tremendous
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decrease in steric hindrance at the methyl center. Apparently even

Primary tosylates are too hindered to undergo Sn2 displacement by the

bulky [CpV(CC)sl-ﬂ— rucleophilic.

Metal Hydrides As Ligands. Evaluation of Kinetie and Thermo-

dynamic Ligating Ability of &pV(CO)sﬂ::_ The photochemical synthesis

orlz from 1 and _g is enalogous to the photochemistry outlined in
Scheme II, except that the ligand entering the vanadium coordination
sphere is a molecule of ‘]_.'. rather than phosphine, helidr, or aceto-
nitrile. Although a few other bridging hydrides are knm,12'13 angd
ligating strengths of conventional ligands have been discussed at
some 1en51:h,39 to our knowledge tlhere has been only scant discussion
of the reletive mbility of a metal hydride to mct as a ligeand in the
coordination sphere of e second meta.l.ll Qur interest in this problem
vas stimulated by the obser=ation, reported above, that irradiation
of 2 in the presence of 1 led only to bridging hydride 3 —that is,
formetion of dimer 0p2v2(co)5 was completely suppressed by the presence
of 1. It was also spurred by indirect evidence recently obtained by
Norton and co-vorkersho that a rapid reaction betwe=n an osmium
hydride and an unsaturated osmium complex pleys an important role in
the binuclear reductive elimination of methane from (CO)hOs(CH3)(H).
Because phosphines have played a central role in determination
of relative ligating abilities,39 we decided to attempt to compare
the affinities of 1 and PPh3 for the CpV(C0)3 fragment. Our first
experiment involved preparing a THF solution ofzby irradiatirg

g_ in the presence of L We then added PPh3, which (at & moderate rate)
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completely converted the bridging hydride to equimolar amounts of

[:pV(CO)BB,'I- and CpV(CO)BJ"Ph3 (this incidentally provided additional
confirmation for the empirical formula of _5-). This experiment demon-
strated that PPh3 i1s clearly a thermodynanically better ligand for

vanedium than is 1. However, the kinetic ligating ability of taese
ligands does not f»llow the same trend. Thus, ve irradiated 2 (0.60M)

in the prese ice of equimolar quantities (0.12 M each) of b3

3 and examined (cf. Schems IV) the kinetic ratio

oré toz at early reaction times. The precision of this experiment

[CD\'(CG)3HT and PPh

was affected somewhat by the thermal reaction betveenz and PPhs;
However, it is clear that L enters the coordination sphere of vanadium
more rapidly than PPhB. By extrapolating t» t = 0, we were able to
determine from the kinetic product ratio that kH/kL (Scheme VII) is

at leest 2:1. Thus, there is some (es yet unexplained) property

of hydride _}vwhich allows it to enter the vapadium coordination spuere
more rapidly than phosphine, despite

Scheme VII

.
cpv(co),—22 > cpv(co) I P [cPv(co)aaz'Hl—[cPv(co)sﬂ]‘

2 2
ky [PV &jpv (co} 3H']

CpV(CO) ,(PPh.) <EPhy [Cp(CO)av—H-—V(CO)BCp] -

33 S
o~ -

the fact that the thermodynamic affirity of vanadium for phosphine is
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larger.

It is possible, of course, that the photochemical replacement
reaction takes place by & mechanism not involving CPV(CO)B {despite
much indirect evidence to the contrary).bl In order to check this
r.3sibility, we carried out & competition experiment on CpV(CO)3
generated in a completely independent reaction. We chose the protonation
of 3, e reaction which presumably 2 first forms CPV(C0)3H2; this
transient dihydride loses H,, giving CPV(CO)3 which in the absence of
external ligend forms CppVp(CO)g. Thus, 0.12 Mlcpv(co) il vas treated
with one-tenth equivalent of TsOH in the presence of 0.10 M PPhB.

As in the irrediation, no (21:2V2(C0)5 dimer wvas observed, but a mixture
of § and § was formed instead (agein, this was slowly converted to pure
é). The initiel 2/‘_6 ratio observed was 1.9:1, which is satisfyingly
close to that seen in the photochemical reaction, considering the
complicating thermel reaction and the difference in reaction conditions
employed. This provides support for the quentitative reliability of
the kinetic trapping ratio, as well as for the postulate that

CpV(CO)3 or a reactive auzlog of this species, such as CpV(CO)BTB}",

is the intermediate in both reactions.

Preparation of FPN' [cPv(co)ngh]‘ . The hydride-as~ligand

experiments outlined above, as well a&s syntheses of transition metal
borohydride complexes which have eppeared in the literature recently,
stimulated us to investigate the possibility of carrying out replace-
ment reactions on CpV(CO)h with borohydride as the entering ligand.
We therefore pz-eparecih2 PPH"'BHh', and irradieted CpV(CO)h in a THF

solution of this materiml. Analysis of the reaction soluticn by IR
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showed that both hydride é and & new complex were formed. The new

materinl has IR abeorptions in the carbonyl region at 3835 ard 1721 cm-1,
and absorptions characteristic of metal~bound BH,.- at 2360 em™1

(KBr pellet). In the KMR, this complex has a Cp signal at § 4.1h ppm,
and (as in the case of similar complexesl'a) coupling tc boron and
vanadium renders the boron-bound hydrogen signals too broad to be
observed at room temperature. )

The new complex proved to be difficult to separate from hydride
_J;, and so in an alternative method of synthesis, pure PPN+-lvas
treated with BHB-THF. This produced the new material in a clean
reaction, and it was isolated as green crystals and characterized
as PPN* [CPV(CO)EBH,‘]- (8) on the basis of its spectral characteristics
ané elemental analysis.

Control experiments demonstrated that ‘g_ was not the source of
hydride ] observed in the photochemical reaction; 3 is therefore
produced in a direct reaction between 2 and PPN"’BH,]'. We suggest
pathways outlined in Scheme VIII are those responsible for the com-

plexes formed in the reactions discussed here.

Scheme VITI

cpv(co)), — 5 cpvico), + o
2 BH),
cP(co)sv—ﬂ '..:13
.-CO
/H -
Cp(CO)zv\ >sz va(co)3n + BH,
H

8 2
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Table III

Spectral data on cyclopentadienyl vanadium compounds

Compound IR (¥, ) in THF nE* in dg-THF
Li"’-(:pV(CO)301" 1941, 18k9, 181k cm™l 4.80 ppm
PPN+-CpV(CO)3c1' 1942, 184k, 1802 4.83
Li+-CpV(CO)3Br' a9k1, 1847, 1806 u.88
PPN"'-CpV(CO)sBr' 1941, 1847, 180k 4.83
ma*-cPv(co)ax' 1936, 1846, 1806 4,86
PPN+-CpV(CO)31' 1938, 1848, 1810 14.80
cpY(co)), 2008, 1915 5.22
chvz(co)S 1995, 1942, 1893, 1861, 1828 5.08
na*-cpv(co) Ji 1889, 1792, 1778(sh), 1732 .73
PPN -CpV(CO)H- 1887, 1775 L.60, -6.72°
NayCpv(C0), 1733, 1595, 1530° -—
PPN+-[CpV(Co)3]2H' 1855, 1814 4.65
opv(00) 57, 1950, 1870(sh), 1856 4.86(doublet ),7.46%
CpV(CO)B(CHSCN) 1968, 1866, 1843(sh)* 5.08
PPN"'CpV(CO)Z(BHh]' 1846, 1735 b1k

a-All singlets unless other wise noted. (Cp resonances)
b-hydridic resonance (broad)

c-KBr pellet

a-P}., proton resonauces

e-c}13CN solvent
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Experimental

General. All reactions of cPV(CD)h, lachV(CO)s'THF, and
PPN*'EmN(CO)aﬂl', R = H, X~, were carried out in a Vacuum Atmospheres
Corporation drybox, with continuously circulating nitrogen, or in
serur capred reaction vessels which were prepared in the drybox.
Reagents were added to the serum capped reaction vessels by syringe
techniques. All other synthetic reactions were carried out under
normal atmosphere conditions.

Proton nuclear magnetic resonance (NMR) spectra were recorded
on either a Varian A60A, EM390, or HR-220 MHz spectrometer.

A1l chemical shifts are relative to internal tetramethylsilane,

unless otherwise stated. The low temperature NMR spectra were recorded
on & Varian 56/60 MHz instrument in NMR tubes sealed under vacuum.

NMR spectra of oxygen sensitive solutions were recorded In FMR tubes
which were loaded in the drybox and stoppered with regular IMR tube
caps wrepped with parafilm, or rubber septa. Additional reagents were
added through the septza by syringe.

Infrared spectra were recorded on a Perkin-Elmer 237 grating
spectrophotometer. Solution spectra were recorded on 0.1 mm sodium
chloride cells which were loaded in the drybox and stoppered with
solid teflon plugs. KBr pellets were prepared in the drybox, but no
precautions were taken to prevent contact with the atmosphere when they
were removed from the drybox. HNujlol mull spectra were recorded between
sodium chloride plates in a holder sealed from the atmosphere by
rubber O-rings.

Gas chromatographic analyses were carried out on either a Hewlett-
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Packard 5750 or a Varian Associates Model 90-P instrument. Peak area

integrations vere performed by multiplylng the peak widths at hal®-
height by the peak heights, by cutting out and weighing the pesks,

or by electronic integration. Optical rotations were measured on a
Perkin-Elmer 14l polarimeter, and melting points were obtained with 2
Thomas Hoover capillary melting point apparatus. Melting points were
uncorrected. Irradiations were carried out with a 500 W high pressure
Hg lamp (Osram HBO500W/2), in an Criel Corp. focused beam lamp housing.

Elemental analyses were performed by Galbraith and Schwarzkopf
Laboratories and Dornis u. Kolbe Mikoanalytischer Laboratorium.

Tetrahydrofuran (THF), diethyl ether, benzene, petroleum ether
and hexene used in the drybox were purified by vactum transfer from
sodium-benzophenone ketyl. Prior to vacuum transfer from sodium-
benzophenone ketyl, petroleum ether and hexane were stirred repeatedly
over concentrated sulfuric ecid until the sulfuric acid did not become
colored. Then ~ney were stirred with saturated potassium permanganate
in 10M sulfuric ecid overnight, washed with water and dried over
calcium chloride. Hexamethylphosphoramide (HMPA) was purified by the
litereture procedure.r‘3 All other liquid substrates were degassed
by freeze-pump-thaw cycles before being used in the drybox.

CpV(CO)h was purchased from Ventron or Strem Chemicel Comparies
and purified by sublimation at 0.25 mm Hg and 80°C. Commercial
triphenylphosphine was recrystuilized once from benzene, once from
absolute methanol, and dried under vacuwum ( 5 mmHg) at 65°¢ for T hours.
Other phosphines were commercial samples purified by distillation.

Sodium dispersion and lithium dispersion (Lithcoa Co.) were commerciel
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samples and sodium amalgam was prepared by a published procedure.“‘
Commercially available alkyl halides were Jbtained from Aldrich

Chemical Co. or Chemical Samples Co. Samples of meso- and d,f =3,4-

L6 l-bromo-2,2-

dibromohexane ,hs 1,1~dibromo-2,2-dimethylcyclopropane,
dimetbylcyclopropane.l‘ﬁ gis~ and tzvﬁ-}bromo-s—hexe.ne."" cyclo=-
propylearbinyl bromide"® ana tosylate,49 and benzyl chloroformate5®
were prepered according to literature procedures. All other alkyl
helides were commerciel samples. They were washed with agueous
thiosulfate to remove halogen, washed with water, dried over sodium
sulfate, and distilled before being degassed.

Dodecanoyl chloride, heptenoyl chloride, and cinnamoyl chloride
were prepared from either the corresponding acids or their sodium
selts by published procedures.s'l Ben2oyl chloride, phenylacetyl
chloride and 3-carbomethoxypropionyl chloride were commerical samples
which were distilled end degassed.

Necopentyl-p~toluenesulfonate, n-heptyl-p-toluenesulfonate,
2-octyl-p-toluenesulfonate, n-octyl- trifluoromethylsulfonate,
methyl heptanoate, & o sphiniminium bromide were all prepared by
literature procedures. = ° 3

All other organic substrates were commercial samples used without
purification.

Preparation of Na,CpV(cO)_'TEF from CpV(CO), - Method A.
3 P

Titration of scdium dji-persion with a solution of @V(CO)I‘_.

Approximately 0.5 grams of 40% sodium dispersion in L0OO ml of THF
was titrated with & solution of va(co)h, 1.66L g (7.3 mmol) in

90 ml of THF . The E}pV(CO)lI solution was added dropwise to the
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sodium dispersion over a period of 10 hrs. The sodium dispersica
suspension was initially grey, but shortly after addition of CPV(CD),'
the solution began to turn yellow, and a yellow precipitate formed.
Near the end of the addition, the solution turned & light orange-
brown. BSmall amounts of sodium dispersion were added to the solution
to reduce the excess Cpv(C0),. When all of the (.‘pV(CO)h solution had
been added, and the reaction mixture remained 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 CpV(CO)h.
Then the preciritate was washed with petroleum ether and dried in the
drybox. 1.3€L g (4.3 mmol) of Na CpV(CO); THF (59% yield} was
obtained.

Method B. FReduction of CpV(C0)) with sodium amalgam. 2.42 g

(10.6 maol) of C'pV(CO)h was dissclved in 75 ml of THF, end 75 g

of sodium amslgam (.0072 g Na/g amalgam) as added. The solution was
stirred for 21.5 hr. 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 Na2CpV(C0)3'THI‘
was collected (S8 #yield). NMR (BMPA): § L.32 (s, 5H, Cp); IR (KPr,
Nujol): 1T7h2, 1590 cm'l; (HMPA): 1TL5, 1620, 1570 em™Y; (Lit.)
(mEa): 1742, 1619, 1573 cu3;5% 1748,1645 en™; Cs,COV(C0) 5, ugor’.

Addition of water to & THF slurry of @gpv(co)B—an: 0.254% g

(1.03 mmol) of Na20pv(co)3-m was slurried in 30 ml of THF and
20 ml (1.11 mmol) of water was added. The NQZCpV(CO)3 dissolved to

give a greenish-yellow solution. 0.6586 g (1.14 mmol)} of rertc
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was added as the solid, andthe solution turned dark red-brown and s
white precipitate formed. The solution was filtered, and petroleum
ether (30-60°C) was mdded slowly until a reddish-orange precipitate
formed. The precipitate was collected and reprecipitated from THF-
petroleum ether. This gave 0.4152 g (0.56 mmol) of PPN' [CpV(CO)SH]'
(109 yie1d), mp 201°C (decomp.). NMR (ag-THF): § 7.55 (=,30H,PPH*),§
4.57 (s, 54, Cp),$-6.10 (broad signal, 1 H, hydride); IR (THF, HMPA,
KBr pellet, nujol mull) vco: 1890, 1780 ent.

Anel. Caled for ChhH36N03P2V: C, Ti.44; H, 4.91; P, B.36;
Vv, 6.88; N, 1.89. Found: C, 70.72; H, 4.87; P, 8.46; Vv, 6.89;
N, 1.96.

The preparation of PPEY [cpv(co);D]l~ from RaECpV(C0)3'THF was
analogous to the preperation of PPN+[CPV(CO)3H]', with deuterium oxide

substituted for water.

Reactions of CpV( co)31-1‘ with alkyl haelides. General Method.
The reactions of CpV(C0)3H' with alkyl halides were carried out by
two different procedures. Equimolar quantities were mixed and stored
in the drybox, and the reaction solutions were removed from tke drybox
after a specific period and anelyzed. Alternatively, a solution of
CpV(CO)3H" was prepared in the drybox in a serum cepped flask, and the
alkyl halide was added by syringe after the flask was removed from
the drybox. Aliquots were then removed from the reactior solution
and analyzed by gas chromatography. Examples of these reaction
procedures are given below.

Reaction of 3 with benzovl chloride. 0.651 g (0.88 mmol) of

ren’ [cpV(CO)5H)~ was dissolved in 12 ml of THF and 0.120 g (0.85 mmol)



34

of benzoyl chloride was added from a 250 sl syringe. After 1 min,

25 nl of petroleum ether was added. The green precipitate which

formed was collected. The light green filtrate was taken from the

drybox, and the solvent was removed by roto-evaporation. 5.0 ml

of 1,2-dianilinoethane reagent (0.53 g 1,2-dianilinoethane and

0.5 ml 50% acetic acid in 10 ml of methanol) was ad.«d to the residue.

The solution was heated on e steam beth for 5 min and upon cooling

to room temperature a white precipitate formed. 0.1516 g (61%) of

erude product was obtmined. 0.0838 g (31%) of pure 1,2,3-tri-

phenyl-tetrahydroiridazole was collected after resrystallization from

CE,Cl,: hexane. HHR (cnc13): §7.13 (m,10H, pheny1),86.57 (m, 5H,

phenyl), (s, 1H, methine),§3.72 (m, LH, methylene); mp: 135 - 136°C.
Preparation of PPN' [CLV(CO)zBr]- from PPN [CPV(C0)3H ]” end

benzyl bromide. 0.392 g (.530 mmol) of PEN" fepv(co) 8] vas

e

dissolved in 15 m! of THF and 0.090 g (0,526 mmol) of benzylbromide

was added. The solution immediately turned a dark green color, and
a derk green precipitate formed when 25 ml of petroleum ether was
added. 0.389 g of precipitate was collected. This was reprecipi-
tated from 10 ml of THF by edding 8 ml of petroleum ether. 0.322 g
(0.393 mmol) of ¥PN'[CpV(CC) Br) ™ was collected (74%).

Preparation of PPN’ [CpV(cO) Br)” from COV(CO),. ©.0526 &

(0.230 mrmol) CpV(CO)h and 0.0865 g PPN Br~ were added to S ml

of THF. Not all the PPN'Br~ dissolved. This solution was irradiated
with & 1000 watt Hg/Xe lezp through pyrex while cooling the reaction

vessel exterpally with water and purging tne solution with nitrogen.

After 0.5 hr the infrared spectrum of the reaction solution showed
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bands at 1948, 1855, 1810 em™l. Petroleun ether was sdded to a

portion of the reaction solution until a green precipitate formed.

This precipitate was collected and dried. HNMR (da-TH'F): § .83

(s, SH, Cp); IR (THF): 1945, 1855, 1820 cm"l; mp:  190°C (decomp).
Anal. celed for ChbH3sBrN03P2V: C, 64.58; H, b.2R; N,

1.71; Br, 9.77. Found: C, 64.50; H, L4.76; K. 1.70; Br, 9.60.
Reaction of c2v§c023n‘ with one-half equivalent of l-bromooctane.

0.0L87 £ (0.066 mmol) of PPN [CpV(CO)3H]- wvas dissolved in 0,350 ml
of ds-THF in an NM% tube with a serum cap and 5.7 &1 (.033 mmol)
of l-bromooctane was added from a 1odsyringe. The progress of
the reaction was monitored by recording the NMR spectrum of
the reaction solution at various times. Two new cyclopentadienide
resonences were observed initially. After 4.5 hr the reaction between
Cp\'(C0)3H_ and l-bromoocizne was complete, as indicated by the
absence of the signal for the alpha methylene proton of l-bromo-
octane in the NMR spectrum. At this time the § L.67 ppm resonance
was the most intense abscrption in the spectrum.

After 18.5 nr the cyciopentadienide resonence at & 4.83 ppm
was absent from the NMR spectrum of the reaction solution, but the
resonance at § U.67 ppr was still present, mlong with the resonance
from CpV(CO)3H— end a small broad absorption from CpV(CO)h at
§ 5.22 ppm.

The IR spectrum of the reaction solution at this time showed
carbonyl absorptions st 2008, 1915, 1890, 1857, 1817, and 1780 em™>.
The absorptions at 2008 and 1915 emt correspond to CpV(CO)h,

the absorptions at 1890 and 1780 o~ corvespond to CpV(CO)sﬁ_, and
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the sbsorptions st 1857 and 1817 em™" to [CpV(C0),JH .

Preperation cf solutions of CpV(CO).\(EL{BCN). Reaction with
2

E‘}-_ A Bolution of 27 mg (0.12 mmol) CpV(CO)b in 5 ml CB3CN
was irradiated for 10 min vwhile purging with nitrogen. IR analysis
of 0.1 ml aligquots of this solution removed during the cour.e cf

the irradiation showed the disappearance of the carbonyl IR bands

of CpV(CO), and the eppearance of new bends at 1968, 1866, and 1843
(sh) el attributable to CpV(c0) 5 (CH,CR).

2 similarly prepared solution of CpV(CO)3(CD3CN) (0.063 mmol)
in CD3CN was treeted with an excess of PPh3 {0.31 mmol). Orservation
of the Cp region of the J'NMR showed the complete conversion of
CpV(CO)B(CDBCT) (& 5.8 ppm, singlet) into CpV(CO)3PPh3 (8 4.86 ppr,
doublet) after 15 min.

Preparation of €p,V,(C0); by irradistion of CpV(CD),. A

0.15 M solution of CpV(CO), in THF was irrsdiated for 2 hr while
purging with nitrogen. The THF was removed (30°C, 0.1 zm) and the
remaining solids taken up in 2 ml hexane and pessed through a

2 cm x 10 cm silica gel chrometography column using hexane as eluent.
The first yellow bend contained unreacted CpV(C0), (33%); the second
green band yielded 2 Cp2v2(00)5 (10%) upon removal of the hexane
(25°C, 0.1 m). IR (THF) yoo: 1995, 1942, 1693, 1861, 1618 en™s
1y NMR: § 5.08 (singlet) ppm.

Halide reduction experiments with isotopic tracer. A solution

of FPN* [CpV(CO)3D]' was prepared as described above for the

corresponding hydride, except that D0 was used as the proton

2
source. A solution of 0.058 mmol of the deuteride in 1 ml THF
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was allowed *~ react with 0.059 mmol l-bromooctane, aad the

resulting n-cctane examined after 8 hr by airect GC-mass spectro-
rcopic analysis of the reaction solution. This anmlysis showed that
the octane produced in the reaction was extensively monodeuterated
(90% dl’ 10% do). A 3imilar reduction and analysis, employing

PPN’ [CpV(CO)sﬂ]' and 1-bromooctene in THF-dg, gave protiated n-octane
(99% a5, 2% 4)).

Photochemical formation of PPN+[CpV(C0)3]2H' and its reaction

with PPh A solution of 40 mg (0.18 mmol) va(co)h and 35 mg

3
(0.047 mmol) PPN+va(co)3H' in 1 ml 4g-THF was irradiated for

6 min while purging with nitrogen. An RMR spectrum of the sclution
showed the equimolar dissppearance of the Cp resonances of CpV(CO)h

(5§ 5.22 ppm) ard PPN+CpV(C0)3H- {54.57 ppm) and the stoichiometric
formation of the single Cp absorption at §%.67 ppm due to PPN’
[CpV(CO)a]z}i‘. Treatment of this solution with 26 mg (0.099 mmol)

1=1=h3 produced pr,'(co)31=1=h3 (8§ L.86 ppm, doublet) and PPH+CpV(CO)3H-

in essentially quantitative yield by MR integration over the next few
hours.

343 X - " "
Competition between PPh, and CEV§Q0)3';I for @V‘QQ)B_,_
(a) Photochemical experiment. 75 mg (0.10 mmol) PPN+[CpV(CO)3H]-,

26 mg (0.10 mmol) FPh_and 115 mg (0.51 mmol} va(co)h were dissolved

3
in 0.85 ml dB-THF in an NMR tube. The tube was irradiated for

15 sec at room temperature, and cooled to -TBOC to slow the subseguent
thermal reaction between the bridging hydride and PPh3. Observation by

MR and iirtegration of the eppropriate Cp resonances showed a ratio

of [va(co)3]2H’ to cpv(co)3PPh3 of 2.8 £ 0.5. Alloving this solution
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to stand resulted in complete conversion of the bridging hydride to

phosphine complex.
(b) Protonetjon experiment, To a solution of 27 mg (0.10 mmol)

FPh.and 90 mg (0.12 mmol) PEN’ va(co)sn' in 0.8 m1 THF-dg vas

3
added 2.2 mg (0.012 mmol) p-toluenesulfonic acid-H,0 in 0.2 ml
THF-dg. An NMR spectrum “ecorded 1 min later showed a ratio of
S to g’ of 1.9 ¥ 0.5 by integration of Cp resonances. Once again,
allowing this mixture %o stend resulted in complete conversion to

the phosphine complex.

Preparation of PEN'CpV(70),BH, . (s) From PPN Cpv(co) H™

&nd BE "THF. 1.35 ml of 1 M BH,'THF {1.35 mmol) was added to 25 ml
THF conteining 200 mg (0.27 mmol) PPN"va(co)aB‘ in & stoppered

flesk and stirred for 4 hr, Upon addition of 35 ml hexane 2 green

0il seperated that solidified after standing overnight. The solia

was collected by filtration, dissolved in 10 ml THF, filtered, and
crystallized by adding 20 ml diethyl ether. A second recrystallization
yielded 100 mg (51%) of pure PPN+CpV(CO)23Hh-. IR (THF) Yeo! 1846,
1735, en”Y;  (KBr petlet) Vg 2360 em‘l; Veo: 1835, 1721 em™L;
WM® (dg-THF): § b.14 (singlet, 5H),§7.52 (multiplet, 30H) ppm.

Anel. caled for C‘h BN02P2V: Cc,71.19; H, 5.42; N, 1.93.

339
Found: C, 70.80; H, 5.64; N, 2.00.

(b) _From PPN+BH,|- and CpV(CD), . A solution of 50 mg {0.22

mmol) va(co)h and 121 mg (0.22 mol) PPN+BHh- in 10 ml THF was
irradiated while purging with nitrogen for 15 min and allowed to stand

for 24 hr. An IR spectrum of 0.1 ml aliquot showed IR bands
(1846, 1735 cm ),

due to CPV(CO), (2008, 1915 em™), PPITCpV(CO) B,
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and PPH+CpV(CO)3H- (1890, 1780 .cm-l). Precipitation with hexane
provided a mixture of PPN+CpV(CO)3H- and PPN+CpV(C0)23Hb_
which could not be separated.

Competition between l-bromopentane, 2-bromohexane, and l-bromo-

2emethylpropane for PPN’ [opv(CO),H]™. 1.0 ml of a THF solution

of 1l-tromopentane, 2-bromohexane, and l-bromo-2-methylpropane
(0.5 M each) was mdded tr © . capped vial containing 75 mg
(.10 mme1) PRE” [cpv(co);E} , 1 a2 alquots were anslyzed on a
25', 5% B, p'-ODPK column at 25°C using 2-methylpentane as an
internal standard. The reaction was 80% complete after 2.5 hr;

e 12:3:5 ratio of pentene:hexane:2-methylpropane was observed.

Reaction of CPV(C0)3D— with (-) -l-phenyleviyl bromide.
0.820 g (1.11 mmol) of PPN’ va(co)3D' was dissolved in 2.0 ml
of THF in a septum stoppcred flask. 0.150 ml of (-) -l-phenylethyl
bromide (75% optically pu.z'e)55 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 min a precipitate formed. The volatile material was
vacuuz transferred from the reaction mixture at room temperature, and
a light yellow solution was collected. The &~deutericethylvenzene from
the volatile fraction wes collected by preparative gas chromatography
on a 10' x 3/8% 10% DEGS 60/80 Chrom P  glass column and identified
by mass spectrometry. Instrument conditions: 1Injector 150°C;
column 100°C; detector 143°C; flow rate 30 ml/min. 0.0763 g of

-deuterioethylbenzene was collected (64% yield). There was less

than 1% THF in this sample.
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T2 sl of this d-deuterioethylbenzene was dissolved in 720 «d
of d,f-g-deuterioethylbenzene. This mixture showed absolutely
no optical rotation at 589 ma or 365 ma at room temperature in
a 1 decimeter cell. The calculated rotation for the above solution,
if the reaction of va(co)sn' and (-)~l-phenylethyl bromide had
proceeded with complete inversion or retention’ would have ‘neen55

0.030°C, well within the detection limits of the polarimeter.

Reaction of CpV(CO)BB' with benzyl bromide snd triphenyl-

phosphine. 0.045 g (0.263 mmol) of benzyl bromide and 0.085 g

{.32k mmol) of triphenylphosphine were added to 2.0 ml of THF,

Then 0.8 ml of a THF solution of PI-’N+CpV(CO)3H- was added drop-

wise over a period of 5 min. The solution turned green as the
CpV(CO)B}{- was added. An IR spectrum of the reaction solution after
all of the CpV(CO)3H' soiution had been added, showed only CpV(CO)3Br—
carbonyl absorptions at 1940, 1845, and 1805 en™L.

Competition between PPh_ and halide ion for "CpV(C0).".

& THF solution of 40 mg (.18 mmol) Cpv(CO),, 86 mg (.33 mmol)
PPh3 , and 48 mg (.32 mmol) NaIl was irradiated under nitrogen purge for
15 min, An IR spectrum of a 0.1 ml mliquot showed 'CO bands
at 1050 and 1854 em © due to CpV(CO)3PPh3 and only a very small
band at 1806 cn ' sttributable to CpV(C0),I .

In a separate control experiment a solution of the vanadium
halide (0.01 M) and I»‘Ph3 {0.1 M) in THF was divided into two portioms
and one portion irradisted. The rate of substitution was slow, and

was eszentially the same for the two solutions.
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Preparation of 7-bromo-2-methyl-2-heptene. 29.8 g (.29 mmol)

dihydropyran was stirred with 1 ml 5 N HC1 and 200 ml

BH,0 at l65°C for 1 hr and alloved to come to room temperature

2
overnight. The aqueous solution was extracted with ether (3 x 150 ml)

and the ether dried (MgSO,) and removed (30 mm, 25°C). The remeining

o0il was vacuum distilled, discarding 1 ml of forerun, to yield 22 g

(.18 mmol) 2-hydroxytetrahydropyran (bp 70-81°C, 0.1 mm).
Isopropyltriphenylphosphonium iodide was prepered by com-

bining 21.6 g (.082 mmol} FPh, and 9.6 g (.057 mmol) 2-iodopropane

in a 3-neck flask fitted with reflux condenser and heating with

e stean bath under nitrogen for 20 hr. After cocling, the so0lid was

crushed end the powder obtained washed with benzene (3 x 50 ml).

0 yielded 11.9 g (.028 mmol) of
53

Recrystallization from ‘E.‘t'.OI‘L’Et‘.2
isopropyltriphenylphosphonium iodide, mp: 196.2-197.20(3 (1it.
195-1960°C).

11.9 g (0.028 mmol) isopropyltriphenylphosphonium iodide
was slurred in 150 ml ether under nitrogen, 19 ml of 1.45 M
(.028 mmol) methyllithium added slowly, and the deep red solution
stirred for 3 hr. 2.6 g (.028 mol) of 2-hydroxytetrahydropyren in
5 ml ether was added slowly, whereupon a white precipitate formed,
After 6 hr the mixture was poured into 150 ml HEO' filtered, and the
remaining solids washed with ether (2 x 10 ml). The anueous
portion was washed with ether (2 x 50 ml) and the combined ether
extracts dried (Mgsoh) and concentrated (25°C, 30 m). The remaining
0:l1 was vecuum distilled to yield 1.38 g (.011 mol) 2-methyl-2-

hepten.7.ol. T
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Addition of 1.18 m1 (.022 mol) lBl"2 to 6.7 g {.022 mo1)
P(OPh) 3 in 10 m3. anhydrous ether at o°c under nitrogen produced
vhite erystals of BrzP(OPh)3. The supernatant liquid was removed
vith a pipette and the solid washed with dry, nitrogen purged
ether (2 x 20 m1). 1.38 g (.011 mol) 2-methyl-2-hepten-T~ol and
1.7k m1 (.022 mol) pyridine (distilled from Ba0) were added slowly
to the cooled (0°C) salt with stirring and the mixture was worked up
by adding 50 ml K,0, extracting with ether (3 x 50 ml), end vashing
the ether with dilute HC1 (2 x 25 ml) and dilute NaOH (2 x 25 ml).
Atter drying (MgSO,) and removing the ether (25°C, 30 mm), the remaining
0il was vacuum distilled to yield 0.7 g (3.7 mmol) of 70% pure 7-
bromo-2-methyl-2-heptene (bp 88-92°C, 0.1 mm). The bromide’C vas
further purified by preparative gc on & 12 x 3/8" L% SE-30 column
at 120°%. MR (cCl,): §5.09 (m, 1H),§3.34 (t, 2),61.85 (m, 10H),
.68 (s, 38),i1.59 (s, 3H).

+ -
Reduction of 7-bromo-2-methyl-2-heptene with PPR [CpV(CO)g}l] .

A 0.16 M solution of PPN' ECpV(CO)3H]_ in THF was prepared and
portions diluted to give 0.08 M and 0.0L M solutions. To 1.00 ml
of each of these solutions was added 3.35 sl (.02 mmol) T-~bromo-
2-methyl-2-heptene and 1 &1 aliquots analyzed by gas chromatograpiy
on a 25' 10% 3,p' -ODPN column &t 20°% using hexane as an internal
standard. The 2-methyl-2-heptene/isopropylcyclopentane ratio was
found to be 4O, 22, and B for the 0.16 M, 0.08 M, and 0.04 M

pent LCPV(CO)3H]- reactions, respectively.

Preparation of 2-allyloxyethyl bromide. U.3 g (.19 mol)

sodium was added in small pieces to 100 g ethylene glycol followed
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by 13.8 m1 (.16 mol) allyl bromide. After stending overnight

the solution was distilled to yield 11.5 g (.11 mol) of 85% pure
2-allyloxyethanol, bp 155-161°C (ethylene glycol impurity). The

alcohel was mixed with 9 ml pyridine (distilled from Ba0) and

added slowly to %1 g {.122 mol) Br2P(0Ph)3, prepared as described above.
After 1 hr the reaction mixture was poured into 100 ml HEO and

extracted witb ether (3 x 50 ml). The ether was weshed with dilute

NaOH (2 x 100 m), dilute HCl (2 x 100 wl), end H,0 (2 x 100 ml}.

After drying (MgSOb) and removing the ether (25°C, 30 mm), the remaining
30 ml oil was vacuum distilled (.1 mm) into three fractioms: The

first fraction (bp 28-29°C, 1 ml) contained 10% Et20, 10% 2-ally~
oxyethanol, and 80% 2-allyloxyethyl bromide; the second fraction

(bp 29—1J0°C,1 ml) contained 85% 2-allyloxyethyl bromide; the

third fraction (bp 40-42°C, L ml) contained 40% 2-allyloxyethyl

bromide and higher boiling impurities. Fractions one and two

were combined and the bromide purified by preparative gas chromatography

25 = 1,305,

before use on a 12' x 3/8" 4% SE-30 column at 100°C. &
MR (CCly): §6.0-h.8 (m, 3H),83.58 {a,2H),83.22 (4, 2H),53.01
(@, 2H); IR (neat): Voo T 1640 (w), Ve o= 1100(s) cm-l; mass
spectruw: perent ion 166/164 {Br isotope pattern), fragments
109/107, 85, 71,57, 41.

Anal.Calcd.for CyHgOBr: €, 36.59; H, 5.50. Found: €, 36.38,
H, 5.43.

Preparation ¢f 2~allyloxyethyl isdide. 1.1 g of 45% pure
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(3.0 mmol) 2-allyloxyethyl bromide and 9.5 g (63 mmol) Wal were dis-

solved in 25 ml acetone and heated at reflux for 1 tr. The scolution
vas filtered and the acetone removed (25°C, 30 mm). The remeining
s0lid was taken up in 50 ml H20 and 50 ml ether. The ether layer wes
washed with 5% sodium thiosulfate {1 x 20 ml), dilute HC1 (2 x 50 ml),
dilute NeOH (2 x 50 m1), and H20 (2 x 50 m1). The ether was dried
(MgsC, ) and removed (25°C, 30 mm), yielding 0.5 g (2.3 mmol) of 90%
pure 2-allyloxyethyl iodide. The product was purified by preparative
gas chromatography before use on & 12' x 3/8" L% SE-30 column at 110°C.
a®® = 1.60; mm (cc1): § 6.0-4.8 (m, 3H),§3.93 (4, 2H),43.58 (5, 20),&
3.20 (t, 2H); IR (neat): v .. = 1640(w), V,_o = 1200(s) em™
mass spectrum: perent ion 212, fragments 184, 155, 127.

Anal. Celed for CSHQOI: ¢, 28.2z; H, 4,48, Found: ¢, 2B.65,
H, 4.21.

Reduction of 2-allyloxyethyl bromide and iodide. A 0.16 M solution
of PPN [CpV(CO)SHT in CH,CN was prepared and portions diluted to meke
0.08 M and 0.04 soluti~ns. To 1.00 ml of each of these solutions
was added 2.5 ul (.02 mmol) 2-allyloxyethyl bromide and 1 a1 aliquots
analyzed throughout the reaction on a 100' x 1/16" TCEP open tubuler
column at 60°C (injector at 50°¢) using 1,2-dimethoxyethane as mn inter-
nal standard. The ratio of allyl ethyl ether to 3-methyltetrahydrofuren
wvas found to be 0.4, 0.B8 «nd 1.5k in the 0.0k M, 0.08 ¥, end 0.16 M
pen’ [CpV(CO)sll]- reactions, respectively, and remained constant
throughout the reduction.

} similar reduction in CH_CN using 2.65 &1 (.02 mmcl) 2-2llyl-

3
oxyethyl iodide and 60 mg (.08 mmol) PPN’ Lepv(co) 1™ in 1.00 w1
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CH.CN provided a 0.98 to 1 ratic of allyl ethyl ether to 3-methylteira-

3

hydrofuran, essentially the same product ratio as found for the tromide.
Reductions of 1.25 sl (.02 mmol) 2-sllyloxyethyl bromide with

0.50 ml of 0.08 M and 0.0% M PPN [c;av(co)3h']' solutions in dg-THF

gave ellyl ethyl ether/3-methyltetrahydrofuren ratios of roughly

1.5 and 1.0, respectively, by NMR integration of the methyl absorptions

of the products.

Reduction of 2-allyloxyethyl iodide with Bu_SnH. 2.65 &l (.02 mmol)

2-gllyloxyethyl iodide was added to a solution of 21 &1 (.08 mmol)
Bu3SnH in 1.00 m1 CH.°N. Gas chromatographic analysis cf a lal aliguot
after 30 min showed a 98% yield of products consisting of 19:1 ratio
of 3-methyltetrahydrofuran to ellyl ethyl ether.

Reduction of n-heptyl and 2-allyl-oxyethyl icdides with Bu_SnH
4

in the preserce of 2,2,6,6-tetramethylpiperidoxyl. To 5 «l ( 0.3 M)

alkyl iodide ard 5 41 (.03 mmol) piperidoxyl in 0.5 ml benzene was

added 10 41 (.0 mmol) Bu.SnH, and 1 ul aliquots anelyzed by gas chrom-—

3
atography on a 10' 10% SE-30 column at 200°c. 2,2,6,6-tetramethyl-

piperidoxyl, Bu,SnI, and Bu,SaH were identified by co-injection with
3

3
authentic samples. In the n-heptyl iodide case one other product was
observed (15% yield), which coinjected with an authentic semple (see
below) of O-n-heptyl-2,2,6,6-tetramethylpiperid-1-yl oxide. In the
case of 2-allyloxyethyl lodide, two edducts were formed, and sufficient
quantities were collected by preparative gas chromatography (from a
larger scmle reaction) to obtein NMR and high resolution mass spectra.

The products were ildentified as 0O-zllyloxyethyl-2,2,6,6-tetramethyl-

piperid-1-yl oxide NMR(CCL,): §5.0-6.0 (m, 3H),§3.88 {a,2n),
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3.81 (4, 2H),$3.45 (t, 2H),81.45 (s, 6H),51.15 (s, 6H),§1.08 (s, 6H);

high resolution mass sSpectrum (peak match): calecd. for cl"HZTOZH’
241,207; found 241.2071 and 0-3-tetrahydrofurylmethyl-2,2,6,6-tetra-
methylpiperid-l-yl oxide RMR (CC1,): §3.4-3.8 (m, 6H),§1.%5 (s, 61),
1.16 (s, 6H),§1.09 (s, 6H); high resolution mass spectrum (peak match)
caled. for Clbﬂ2702n’ 241.207; found 241.205 .

Reduction of 2-allyloxyethyl iodide with PPN [cpv(co).H]™ in

the presence of 2,2,6,6-tetramethylpiperidoxyl. L .«1 (.03 mmol)

2-gllyloxyethyl iodide and 2041 (.12 mmol) piperidoxyl in 0.5 ml
+ -
CH,CN were added to a solution of 28 mg (.038 mmol) PPN ECpV(CO)BH]

in 0.5 ml CHBCN. A 1 ad aliquot was analyzed by gas chromatography on

e 10' 10% SE-30 column at 200°C, and showed a S:1 ratioc of the two

sdducts isolated from the R, Sull reduction (20% combined yield).

Reduction of n-heptyl iodide with PPN’ [cpv(co) B]™ in the

presence of 2,2,6,6-tetramethylpiperidoxyl. A mixture of 111 «Q

(.68 mmol) heptyl iodide and 46 a1 (.27 mmol) piperidoxyl were added
to & solution of 106 mg (.14 mmol) PPN’ [cPv(co)SH]’ in 1.0 ml THF.
Gas chromatography anelysis of a 1 al aliquot on a 20’ 5% SE-30 column
at 200°c using pentane as an internal standard showed s 15% yield of =
long retention time product that coinjected with an authentic sample
(see below) of O-n-heptyl-2,2,6,6-tetramethylpiperid-1-yl oxide.

Preparation of O-n-heptyl-2,2,6,6~tetramethylpiperid-l-yl oxide.

0.01 mmol of n-heptyl magnesium iodide was prepared by treating 1.6k
ml (.01 mol) n-heptyl iodide with 0.27 g (.01l mol) megnesium in 20
ml ether. Upon eddition of 0.75 ml (.004% mol) 2,2,6,6-tetramethyl-

piperidoxyl, two layers formed. After 30 min the ether layer was re-
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moved and the remaining liquid washed with 10 ml ether. The combined

ether layers were washed with 20 ml H,0, dried (Mgsoh), and concentrated

2
(30°C, 30 mm). Gas chromatography analysis of a 1 «l aliquot on a 12°
x 3/8! 4% SE-20 column at 180°C showed 60% tetradecane and 30% of
the desired product. Purification by preparative gas chromatography
vielded 0.3 g (1.2 mmol) O-heptyl-2,2,6,6-tetramethylpiperid-1-yl
oxlde. 4@°7 = 0.86; mE (cc1): 43.68 (¢, 28),42.7 (m, 16H},42.10
(a4, 22H),50.87 (s, 3H); IR (reat): CHy = 1467(m), Voo = 1045 (m)
cm-l; mass spectrus: parent ion 255, fragments 240, 156.

Anal. caled for 016H33N0: C, 75.23; H, 13.02: N, 5.48.
Fourd: C, 75.36; H, 12.50: N, 5.78.

Reduction of e elopropyl carbinyl tosylate with P‘PN+CpV(C0) 3H .

——

4.1 &1 (.02 mmol) cyclopropylcarbinyl tosylate was added to a solution
of 6L mg (.0B6 mmo1) PEN' Eva(co)BH]" in 1.00 ml CH.CN end 1al eliquots
anelyzed by gas chromatogrephy on sn 25' 5% g, 8' -ODPN column at
25°%c. After 2.5 days & 40F yield of methylcyclopropane was observed
accompanied by only 25 l-butene.
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Chapter II

The Reduction and Alkylation of CpCo(CO)2

and CpRh(CO)2.



Introduction 56

Our interest in studying binuclear reductive elimination
processes led us to investigate the reduction of CpCo(CO)2
with 0.65% iia/Eg in THF solution, which is knownl to give a
dimeric radical aniomn, Na+1L (eqn.l). The sodium ion may be
exchanged for & bulkier bis-triphenylphosphiniminium cation,
and the infrared spectrum shows a single vco absorption at

1690 cm-l. A crystal structure confirmed a D2h geometry.

O . ¢] s

= + &

CpcO(co)z—N—aﬂS-» ¥a* cpCodacocp—EEN e ppnt CpCoH);LH-Con (1)
¥at-1 PPN'-1
1 L

Alkylation of PPN+1£,with CH_I produces the dinuclear

3
dimethyl complexz, [CpCo(CO)(CH3)]2,gg (NMR,IR:Table I).

In the presence of CO this compound decomposes thermally to
form acetone and CpCo(CO)2 viae the intermediate
CpCo(CO)(CHB)2 complex? 3a. Similarly, alkylation of

PPR*-1 with CF,CH,T produces’ [cpco(co)(cu,cP )],, 2p(*H-NuR,

3772
lgF-NMR,IR:Table I). However, this compound decomposes
under CO to give only CpCo(CO)(CHZCFB)z, 3b (1H,19F_NMR;

Table I) and CpCo(CO)E, with no further decomposition to
ketone.

This chapter reports the analogous reduction and
mlkylation of CpRh(CC)2 and the co-reduction of CpRh(CO)2
and CpCo(CO)2 as indiceted in equations (2) and (3),
respectively. We expected greater stability in the Rh-Co
series of compounds l'and Evattributable to the added

electostatic interaction between the metal centers due to
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their electronegativity differences.’

Equetion 2: _ s 0 ¢ o R ﬁR/Cp CPRR(CO),
CpRh(CO)e—e—;ﬁ PPR |CpRE-RnCp| —= RE-Rf —> +
PPN cp ‘8’ R CpRR{CO)R,
k a, R=CH 6a, 6b
o~ e 3 A~ o~
22> R=CH,CF,
Equation 3:
CpRh{CO),
cpcCo(CO) +
pteo 2 ﬁ * Rr R ﬂ,Cp CpCo(CO)2
+ ——_;y— PPN {CpRh=~CoCp ——— /Rh-cc( +
CPRh(CO), PPN (] cf W B " cpru(co)Rr
2 0 0 N 2
7 8s, R=CH3 CpCa(co)R2
8k, R=CH,CF, 3a,3b

1. Reduction of CpRh(€CO),.

The reduction of CpRh(CO)2 has been reported by Knox6
to give [CPRn(CO)H] . A single IR band was observed (1890
cm-l, THF) and attributed to the carbonyl hydride product.
We have repeated this reduction employing 0.3% Na/Hg amzalgam

ané have found! that two products are formed. One product,

+ -
PPN [Rh(co)h] , is isolated as a white powder in ~20% yield

1

from the reduction solution. Its single IR band (1890 cm~
is the same as that reported by other workerstor Rh(CO)h_,
indicating that this was the species observed by Knox.

The other product is an anion which may be isoclated

in 40% yield (egn.h), PPN+[Cp2Rh3(CO)b]-'THF,'2 (IR,NMR:

Table I).


http://eqn.lt

Table I

iR, 1H-, and 19F—NMR Spectral Datau
Compound IR(THF) Ly.wmr(pPN)® _19p.nur(pPM)®
PPN+[CpCo(C0)]=(L) 1690 cm™t —
[cpco(co) (e )] ,(22) 1820 em™  65.09(10H),6~0. (2(6H)
&pCo(co)(CHZCFB)]Q(gQ)1879,18h7 en~1 b5.38(10H), 6=0.93(t,j=14.6hz)
’ 60.26(4H,q,3=1h.6hz)
cpco(co)(CcH,), (3s) 2010em™! bh. LU (5H),60.67(6H)® —
65.00(5H),b0.42(6H)" -_— -
CpCo(CO)(CH,CF_), (3b) 64.30(5H),51,80,0.66(bH)? b-1.91(t,j=1k.6hz) @
2V 3\ 22
[cern(co)(cH,CF )], (3b) 6k.95(5H),62.86(q of 4, 6-4.20(t of d,)=14.6hz)

3=1k.6,%.0nz)

CpRh(co)(cH_ ), (6a) b4 .88(5H), —_—

372 " 50.83(6H,d,3=3hz)
CPRR(CO) (CH,CF ), (6B) bu.63(5H),b2.06,1.13(b)¢  L-3.42(4 of 4,)=14.6,3.9n%
PPN [\p2RhCo(CO) (1) 1690 cm”t

Cp RhCo(CO) (CH ) (25)1862,1823 cm-l 65.24(5H) ,bu.TT(5H),b0.43
(3H1d1|1=3hz) 95'0'1"‘(3H)

CpRhCo(CO)(CH_CF,) {8) 1886,1847 cm Y §4.90(5H),64.50(5H),60.50 6~0.27(t,14.6hz),
2CF 3050
(2H5q,J:1h 6; ,61. 26(q of d, (t of d,)=4.8,14.6,3,9h3
J=1 Ohz

Ppu‘[Cpanhs(co)h]1g 1973,1910,1693em™"  67.60(30H) ,b5.20(10H) —
a) C6D6 b) dg-THF c) (003)200 d) see Fig. 8.
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Na/H
CpRu(CO) —_.5__>. - Cp Cp
2 pentca FPR ‘“2;‘23“
/
x4 (y)
/\
PPNTQ dc Cb

CpRu{CT)H"

A crystal structure of compounad 2’(Fig.1) shows two
seni-triple bridging7 CO molecules (Fig.2). Lists of
atomic coordinates, thermal parameters, and bond angles
and distances ere provided in Appendix I.

The changes in the infrared spectrum of the reduction
solution are shown in Fig.3. The immense extinction
coefficien*t of Rh(CO)h- dominates the vco region. However,
a second product may be observed with IR bands at 1973,

o

1970, 1750, 1693, and 1662 em T {Na® salt). Addition of

PPH+C1- collapses the three lower energy bands into &
single band at 1693 cm_l, and is typical of the ion pairing
effects reported for Na+1£.

The formation of 9 as well as Rh(CO)u' cen be explained
by the mechanism shown in Scheme I. Upon acceptance of an

electron by CpRh(CO) CO dissociation is competitive with

2,
loss of cyclopentadienyl anion. The product of the former,
CpRh(CO), reacts with another molecule of CpRh(CO)2
producing the expected radical anion, [CpRh(CO)];, L, but

further reaction with -Rh(CO)2 produces the observed

product, 2; Rh(CO)h- is produced by the reduction and
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Figure 1. ORTEP draving of Cpth3(C0)h-.

The ellipsoids represent 50% of the

electron djstribution.
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Iig . ORTEP view of cpzlhs(CD):-
The csﬂs rings have been reaoved
for clarity. The semi-triple
bridging ioteraction may be
observed between Rhl and C2.

Enz Rh2
T T T T T — T T T T T T T T T
A
Add Add
CpRh{(CO), Na/Hg priTCE”
15 min.
Al Y i a2 Y 1 3 Iy [l 2 i " 1 1 [l -
2000 1800 1600 2000 1800 1600 2000 1800 1600
-1

: cm
Fig.3. Reduction of Cpﬂh(co)2 in THF
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Scheme I
. [e;m5)”
cpRu(cO), Ne/Hg s [CPRB(CO),]" —> +
Rh(CO),
cpRa(co)” + CoO e”|co
Rn{co}),

CpRh(CO)2

0
CPw Cp

. \ I

[Cp-Rh$Rh-Cp] Rh(CO), , Rh—— Rl

° M
C C
3 d Y
9
"~y

carbonylation of -Rh(CO)Z.

Alkylation of z’in da-THF with an excess of CH3I
produces an unisolated compound with & new Cp resonance
(55.45 PPM)} and a new methyl doublet (b61.%8 PPM), consistent
with the compound CpRh(CO)(CH3)2. é& (30% yield,NMR).

é& decomposes slowly to give a quantitive yield of acetone

(T%=thrs.).



INDUCTION LINRC FOR  IFMS

- FINAL ENEFRGY: ENCH..« DEEN., ®CCEL.: g 23 565
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LEHGTH: BHCH.. DEBH.. RICEL., DRIFT: E95 328 139 SH
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Fig.%. Solution (TRr) lhd‘lmqll
stal ESA apectra of FPR
fcpAntoteo) )15 .

— solutior

This coupound may also be alkylated with CH3I to
form CpZRhCo(CO)Z(CHS)E,QE, which may be purified by
chromatography on silice gel with hexane {(27% isolsted
yield, lHNME,IE:Table I). The decompusition of Ba is
easily followed by NMR slowly giving acetone in 26% yield
(t% =25 hrs.) via. the mononuclear complex, CpCo(CO)(Cﬂa)g,
(15% by NMR: fhu.44 PPM,sH,s; §0.67 PPM,6H,s). CpRh(CO]Me2
is alsc observed (60%, £L.88 PPM,§0.3 PPM).

Similarly, alkylation of é,vith CF CHZI followed by a

3
fest chroratograpay gives Cp, RnCo{CO),(CH,CF,),, Bk (ean.3).
(17%isolated yield) The infrared spectrum of Bb in THF

solution shows carbonyl bands st 1886(w) and 1847 (m)cm-l,
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suggesting a structure analogous to 2b. The 1H-NMR of
§3 shows two siaglets at £4.90 PPM and 54.50 PPM attribut-
able to the two CSH5 resonances (5H). The -CH,~ resonances
(2H) appear as a quartet { § 0.50 PPM) and a gquartet of
doublets ( §1.2€ FPri).  19F-NMR shows & triplet (& -0.27
PpK)and e triple: of doublets (§ -1.65 PPM) in & 1:1
ratio.

At 25°C in THF solution 8b quickly(15 min.) exchanges
metels to form the known 3, Cp2C02(C0)2(CH2CF3)2 and
the previously unavailable Cp2Rh2(C0)2(CH2CF3]2, 5b, both
observable by NMR. The mononuclear complexes CpM(CO)(CHé'
CF3)2 are also observed to form more sloulyg (Fige. 5,6).

Upon standing under CO, spectra show the decomposition
to a mixture of CpCo(CO)2 (8§ 4.%1 PPM) and CpRh(C0)2
(§L.86 PPM) (~k:1), and 3b and gg (~1:6). The latter two
compounés were not isolated and display rather complex
lH—NMR methylenz resonances in the region § 1-2 PPM sas
the protons are diestereotopic and are split by both
fluorine and/or rhodium (Fig.7). The observed spectrum
for the methylene hydrogens of 3b and 6b arising from the

A ~—

decomposition of QR is shown in Fig. 8. A simulated
spectrum for éB is shown for comparisor}q showing
couplete resolution of all couplings.

The scrambling of metal atoms obhserved for QR may be
explained on the basis of symmetrical cleavage of the

metel-metel bond as indicated 1n Scheme II. The formation
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1
rigs. H=MME Of CD:IIICD(CO) (mqu) 2
in cD; after 10 min. at 25°C.

\ Ilu

A

=

—T
o rPn

CF,)

" 19,
rig.b. F-NHR of Wzmo(m)z(ﬂz 32

in €D, after 20 min. ax 25°C.
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Fig.8 Observed spectrux for the ln-m methylene
resonsnces of CpRh{(CO) ((:l!zl.‘F:‘)z and

Cpca(w)(cl!ch,)z. Some hexane impurity

is indicated by the srrous. A siwulated
spectrum of CpRh{CO) (CM:E)'a)z is shown

for comparison.

v

""‘Q‘.‘ “I"“"WM
T R

T

1.0 D.s 0.0 PPM
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Fig.7. Compounds 3 & QB cp
showing diasteriotopic \\ _’,QHCF3
RO
L4
hydrogens (M=Rh,Co). oc C-——CF3
H

of metal radicals is supported by the observation that

3b has no NMR at 2500; a single, broad ESR signal {g=2.11k)
is observed instead. Upon c¢ooling to - 10°C & broad

peak appears at §5.38 PPM in the lH-NMR, and eventually
(-50°C) a sharp C5H5 line is observed as well as the
~CH,CF, quartet (§0.26 PPM).3 The dialkyl compounds

3b and §p form through an alkyl transfer reaction.

Our expectation that the CoRh bond in B would de
stronger than the Co-Co bond in 2 was borne out by the
observation of a slower decomposition rate for ﬁ: and by
the observation of sharp NMR signals for g_at 25°C.
Unfortunately, no new binuclear chemistry was observed with
this system. Rather, the predominant pathway in these
systems is the formation of CpM(CO)H2 whieh then proceeds to

ketone,
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Experimental

All solvents were distilled from Na/benzophenone/
tetraglyme pricr tc use on a vacuum line or in a Vacuum
Atmospheres glove tox. CpRh(CU)ewas prepared from
Na+C5H5- and [Rn(c0),C1] Jlas described below. PPN'C1™
was obtained from Alfa Corporation and recrystallized
from CH,C1,Ft,0 before use. CpCo(CO)2 was purchased
from Alfa Corporation.

NMR spectra were recorded on a 180 MHz 1H (169
MHz lg?) NMR equipped with a Brucker superconducting
magnet and & Nicolet Corporation Fourier Transform Computer
package. IR spectra were recorded on a Perkin-Elmer
283 Infrared Spectrometer., Analyses were performed by

Mr. V. Tashinian at the University of Califernia, Berkeley,

4nalytical Ladboratory.

Preparation of CpRh(CO)Q; The preparation is a modification
of that reporteduearlier. 3.0 g (34 mmol) Na+(CSH5)-

ves added to a THF solution (65 ml) of [Rh(CO)2Cl]2

(3.36 g, 8.6 mmol) in the dry box. The THF was then

removed (25°C, 10-2mm) and the remaining so0lid treated

wvith 100 ml H,0, extracted with ether (3x75ml), and the

2

ether dried (MESOL) and removed (20°C, 10 “mm). The

remaining 0il was distilled under dynamic vacuum
(10°c, 10'5mm) to yield 2.57 g (66%) CpRh(CO)z,’95% by
NMR (csns): §1.86 PPM. IR (THF): 2041, 1970 en”?.

Reduction of QpRh(CO)z; 0.43 g (2.9 mmol) CpRh(CO)2
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was dissolved in 15 ml THF under N2 and 12.5 g of 0.3%

Na/Hg amalgam added. After 125 min. the solution

was separated from the emalgam and 1.2 g PPN+Cl- edded.

The mixture was filtered to remove NaCl and en equel

volume cf hexare added. Filtration provided micro-
crystaliine PPN+[Cp2Rh3(CO)h]-sTHF that was washed with
hexane. This material was recrystallized from THF/hexane
and dried in vacuum (25°C, 10 -2mm), yielding 0.3k g

(38%) of product. Anal. calecd. for CShHh8P2NO3Rh3:
55.83%c, 4.16% H, 1.21% N; found: 55.04% C, 4.10% H, 1.37%

+
N. Adc¢ition of more hexane precipitated white PFN
Rh(CO}) “(IR: 1890(s) cm'l, NMR(dB-THF): §7.52 PPM),20%.

Diffusion of hexane through a sintered glass frit
into a THF solution of PPN’ [Cp,Rn_(C0),]” provided
yellow-brown crystalline plates (0.imm x 0.3mm x O.kmm).
A crystal was mounted in epoxy on a glass fiber mnd subjected

to x-ray diffraction analysis using & Syntex P21
diffractometer employing the /26 scan method. Lé2k
reflections in a single gquadrant were collected for 5q<2e
<50°. A Patterson map revealed the location of all
three rhodium atoms; a subsequent Fourier map revealed
all other non-hydrogen atoms in PPN+[Cp2Rh3(CO)h]'. A
difference Fourier map showed m single THF molecule
situated in a crystel void (see Appendix I)., Aniso-
tropic least squares refinement of all non-hydrogen

atoms led to the final discrepancy factors Rl=5.3%,
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R2=l.055 for the 2502 reflections with Fobé>3r'

Preparation of PPN’ [Cp,RhCo(C0)_.]". A THF solution

(50ml1) of 0.47 g (1.1 mmol) CpRh(CO), and 0.35 g (2.9 mmol)
CpCo(CO)? was treated with 41 g 0.3% Na/Hg amalgem.

After 15 min., the solution was transferred via. cannula
into a flask containing 1.7 g (3.0 mmol) PPN+Cl-. The
solution was filtered to remove NaCl and 60 ml hexane
added. This product was dissolved in 50 ml THF and 10 ml
hexene added; cooling to -3000 provided crystalline
PFN*[Cp RhC0(C0),]* (0.60 g, 326). Anal. calcd. for

Cy gl N0, P RNCo: 65.02%C, 4.55% H, 1.5B8%N; found: 6L.56%
C, L.66%H, 1.50%N. IR (THF): 1690 cm~l Adding 15 bl

more hexane produced 0.27 s(3h5)PPN+[Cp2Rh3(CO)h]--

I. A solution

Reaction of PPN*[szggsigglh]' vith CH,

of 38 mg (0.032 mmol) PPN+[Cp2Rh3(CO)h]- in 0.3 ml dB-THF

was treated with bk ul (0.065 mmol) CHSI in an NMR tube.

A fast reaction ensued, showing the appearance of a
doublet at §1.48 PPM (6H) and a singlet at §5.45 PPM

(5H) attributable to CpRh(CD)(CH3) Acetone was

P
observed to form slowly at 25°C by NMR (§2.03 PPM).

Reaction of PPN'[Cp RhCo(co)gj‘ with CH.I. A solution
-4

3
of 0.80 g (1.0 mmol) PPN" [cp,Ruco(c0),] * in THF

(50ml) was treated with 0.4 ml(6.% mrol) CHal’ The THF
was removed (0°c, 10—2mm) and the remeaining solid taken up

in benzene and quickly chromatographed on silica gel

(2em x 25 cm) using benzene as eluent. A preliminary
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yellow band (CpM(CO),, M=Co,Rh) was followed by a red-

2’
brown band of the product. Removal of solvent (Ooc,
10~%mm) provided 100 mg (27%) Cp,RhC0(CO),(CH,). Sublimat-
ion (60°c, 10'hmm) produced analytically pure product in

13

low yield:

Reaction of PPN*[Cp RhCo(cO) 1" with CF,CH,I:
[ 4

500 mg (0.56 mmol) PPN+[Cp2RhCo(C0)2]L was reacted
with 2 n1(20 mmol) neat CF_CH,I. The excess CF CH,I vas
removed (23°¢, 1072 mm) end the remaining solid chromato-
graphed on silica gel (2 x 23cm) using hexene as eluent.
A preliminary yellow band was followed by a red~brown
bend containing the product. The solvent wss removed

-2mm). This sclid was rechromatogrephed

(10%, 10
(1 em x 30 em silica gel) using benzene as eluent. The
brown fraction wes collected and the solvent removed

"10°C,10-2 mm), yielding 50 mg (17%) analytically pure

1

Cp2RhCo(CO)2(CHZCF IR(THF): 1886, 1BLT cm™ .

32
Anal. Calcd. for 016H1h°23h0°F6‘ 37.38% Cc, 2.7L%H;
found: 37.63% C, 2.92%H. “H-JMR (CeDg): § 4.90 PPM,
5H, s;§ 4.50, PPM, 5H, s; §1.26 PPM, 2H,t of d; j=il.6,

khz; §0.50 PPM, 2F, q, 3= 1lb.éhz. 19

F-NMR (c6D6):
§-0.27 PPM, t, j=1L4.6hz; §-1.65 PPM, t of d, J=14.6,
L4.8hz.
Decomposition of CEZRhCo(CO)ég§312; A solution conteining
€ I~ :
S mg (0.040 mmol) szRhCo(CO)z‘LHB)z in 0.5 ml C¢Dg

was prepared in an NMR tUbe attached to a ground glass



74
joint. On e <~wacuum line the tube was sealed under a

pressure of 620 mm CO. 1H FT-NMR spectra were recorded a&s
the tube was heeted at 50°C for 2 hours. The NMR
resonances of the starting material decreased as reson-
ances attributable to CpRh(co)(CH3)2 (s4.88, § 0,83 pPPM,
a), cPCo(co)(CH3)2(sh.hh, §0.67 PPM), CpRh(CO)2

(§4.87 PPM), CpCo(CO), (§L.b1 PPM) and acetone

(§1.58 PPM) appesred.

Decomposition of Cp_ RhCo(CO) (CH_ CF._)_.
2 2 2=—3=2=~

A solution of 20 mg (0.039 mmol) Cp,RhCo(CO),(CH.CF.)
2 2 7 277372

in 0.5 ml C6D6 wvas prepared in a- NMR tube =nd the tube

sealed under 600 mm CO. IH and 1QFFTNMR were recorded

over the next hour. The initial 1H spectrum showed
resonances at §4.90 (S5H,s) and §4.50 (5E,s) PPM, as

well es a quartet (§0.50 PPM) and & guartet of doublets
(§1.26 PPM) obscured by some hexane impurity. The 19
spectrum showed s large triplet (£-0.27 PPM) and triplet

of doublets (§-1.65 PPM). Gated decoupling of each of

these 19? fregquencies separately resulted in the collepse

of the 1H quartet and quartet of doublets, recpectively,

into singlets.

Within 1/2 hour new 19F resonances appeared,

attributable to Cp2Hh2(C0)2(CH2CFS)2 (§ -y .20 PPM,t of 3),

and CpRh(CO)(CHECF3)2 (§-3.42 PPK, t of 4), CpCo(CO)(CH20F3)2
(§-1.91 PPM,t), and CpZCoz(co)E(CHZCF3)2 (§-0.93 PPM, t).

1
New "H Cp resonances erpeared st 54.95, 5 5.38, & 4,30,
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and §4.63 PPM assignable to these compounds. Eventually
{2nrs.) only the resomances of CpCo{CO}{(CH,CF,), -15%)
and CpRh(CO)(CHECF3)2 (~85%) remained (see Fig.8).

B resonances for CpCo(CO), (80%, §4.41) anda CpRR(CO),

(20%, & 4.87 PPM) were also observed.
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Chapter IIT

The Reactions of CpMo(CO)3H with CpMo(CO)3R

end Ethylene.
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Results and Discussion

The cobalt catalyzed hydroformylation of olefins is
one of the most important uses o trans, ion metal complexes
to meccomplish organie synthesis on an industriel scale and
has been studied extensively by many vorkers.l’2 Several
studies have suggested that aldehyde formation in this pro-
cess results from the direct reesction of HCo(CO)k with a
cobalt acyl complex.2 Others have proposed the interaction

of H, with a cobalt complex generating aldehyde via. an

2
intermediate cobalt acyl hydride.l

The more general question concerning the mechanism of
reductive elimination of aldehydes and elkanes from hydridc
metal acyls and alkyls and their relastive stabilities bears
directly upon the mechanism and products of the oxo-process,
Several stable traensition metal hydridoaslkyls are known
(e.g., H(cHB)Pt(PPh3)23a, H(CHB)OS(CO)th, H(CHs)Ni(PRB)EBC,
H(i-butyl)Zr[CS(CH3)5]23d, H(2-naphthyl)Fe(MezPCHZCHzPMeE)Zf
H(CHB)ZrCPZBf, and H(Nccue)Pt(an3)23g), but statle acyl
hydrides are more rare and only a few such products have
been repgrted.h’s’zzzsﬂydrido metel alkyls have been impli-
cated as unstable intermediates in reductive elimination
processes;6 hydrido metel &scyls have elsoc been proposed in
oxo-type processes,2 in sldehyde decarbonylation reactions,T
and in hydroscylastion reactions.h’B

In our studies of the reactions of trensition metel

hydrides with metal alkyls end acyls, we have fcund that
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(Csﬂs)Mo(CO)SH. 1, reacts stoichiometrically with complexes

. o
(C5HgIMo(CO) R (R=CHg, C,Hg, CH,CgHgs 2m, 2B, 2¢) at 50°C
to generate the corresponding aldehydes, RCHO, and the

dimers? [(cgn )Mo(c0) ], ana [(CgH,IMo(C0),],. The rate of

reaction of 1 end 23 in THF solution 13 was found to follow

second order kinetics (first order in emch reactant) wvith

& rate constant k= 4.0 x 1073 M 1s~?t (Figs.1,2), indicating

the molecularity shown in equation (1). The rate of

[cpMo(co),]
CM(CO)H+CM0(CO)R_,RCEO+45 32(1)
T ? 3 fepMo(c0), ),
& 28, B=CHg
E'Ea R=CH2CH3
2c, R=CH,C(H,

reaction is faster in THF than in benzene(~10X) and follows
the order 02H5>CH3>CH206H5 (Teble I). No reaction is
observed between i end E& after T days et TOOC in hexane
solution.
o
d et -

When (CHBCEHh)Mo(CO)a(CDa) is heated et 50°C in de THF
vith an equimolar emount of (05H5)MO(CO)B(CH3) for 48 nhrs.
aone of the crossover product (CHacEHh)Mo(CO)S(CHS) is
observed by NMth, implyinz that the processes shown in
equations (2), (3), and (L) ere not occurring quickly with

respect to aldehyde formation. Also, no crossover is

observed upon addition of % equivalent of &} only acet-

aldehyde is observed by NMRIS.



'l L WA lLl i7o
Ae. l A ll ‘ — 220
L i L . 170 ®
. | S U TV | . 120
, ] ki . o5
| A 1 50 ,yo'\
&
1 “ A I % &
By
) | TN L 20 b
1 ll L ﬂ i 10
JL ll |
LJ L] Ll ﬁl L] v L) 1 L] o
12 10 8 6 4 2 0 -2 -4 -6

Figure 1. Reaction of CpMo(C0)3H (0.12M) with CpMo(co)3(CEH5)(o.:2M)
at 25° in dg-THF solution. Elapsed time =5.5hrs.
Sweep width = §+13 PPM to §-7 PPM.
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CpMo(CO) R o= cPM'o(co)3 + <R (2)
Cp.'-:o(co)3n <———==CpMo(C0) ,(COR) (3)
Cpa(£0) ,(COR) ====CpMo(C0), + R-C=0 (%)

A similar result obtains upon heating a mixture of
(CH3C5“h)M°(C°)3(CD2C6D5) and (CSES)MO(CO)3(05206H5) at

50°¢ except that ~5% o® the crossover product, (CE_.C.H,)Mo-
37°57)

(CO)3(CHEC6H5)’ is observed after 190 hrs.l6 However, no

crossover is found if one heats a solutiomn .1 M in each of
(CH 0, Ja(€0) 5(CD,CeDs), (CoHg)Mo(CO) (CH,CqH ), and L
for 70 hrs., and a 62% yield of aldehyde based on A,is

formed. A smell amount of toluene was also identified

in both reactions. Independent heating (50°C) of a solution
of 2¢ in de-THF showed a slow first order appearancelTa’c

of C6H50H3 (k=2.58 x 10-7 5-1). The rate of disappearance

of 2c was 5.05 x 10—75-1, twice the rate of appearance of

toluene. A similer decomposition of (CSHS)MO(CO)3(CD2CGD5)

in de-THF yielded only C6DECD2H17b‘°. These observations

are best explained by the mechanism shown in Scheme I. whien
also mccommodates reports by earlier vorkers.18 No alkane
is observed rt SOOC when R= methyl or ethyl.

We believe these experiments rule ouv & radical process
for the formetion of aldehyde. Our observations ?re

consistent with the mechanism shown in Scheme II, where

e rate determining hydrogen transfer step (kH) cceurs after
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Table I
Second Order Rate Constants for the Remction
of CpMo(CO)3H with CpMo(C0)3R

R _ (%) e 1s=1y (a4-THF)
-3
-CpHs 50 b.o x 10
-CH, 50 2.5 x 107"
-5
-CH,CgHg 50 2.5 x 1o~
-y
~Colg 25 8.5 x 10
-CH, (*) 50 2.3 x 10™4

(*) (CHacSHh)Mo(CO)3(0H3)

Scheme T
CpMo(LOJ +

93'0
CpMo(CO) R fast
N )‘@”‘““’

+ CpMo(coJ
Mo(COJ

[CpMo(CO) 32

+

R
@Mo(co)3 @M°(C°)
@HL(COJS @MO(CO)



85

Scheme IT

. CpMo(co)3+
CPMo(CO) Rk Cplo (C0) , (COR) & Mo(CO) M,
X
2 -1 3 [-1-]'}‘1{ +
PPh, B
k_, ||k, CpM?(CO)z

c=0
|
R

CpMo(CO)z(PPhB)(COR)

[cpMo(co),],
RCHO + % +

[ceMo(co) ],

a fast pre-equilibrium between the coordinatively unsatur-
eted molybdenum ecyl complex 3 end the sterting alkyl
complex 2, The lack of reactivity in hexane suggests the
formation of an lonic intermediate such as E: We have not
been able to trap eny of the alternatively cherged product
CpMo(CO)3- with & 10-fold excess of alkylating reagent such
as CH31. The less acidic CpMo(CO)z(PMea)(H) reacts with

2L st sbout the same rate as 3;(k25°C= 2 x 1073 MYy,

so that protonation of the ecyl intermediate é_by g_appears
less likely then hydride trensfer. Also, no reaction occurs

19

between 25 and CH,COOH in dB-THF after 24 hrs. at SOOC.

3
The intermediuvte CpMo(CO)z(COR) species 3 has also been
formed by heating a solution of CoMo(CO)z(PPhB)(COCZHS); in

the presence of an excess of i‘aldehyde is formed, but
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traces of 2b are also observed (Figs. 3,4). Our measure-

ments show that reaction of 33 with PPh_ (Fig. 5) is

3
slightly faster than with 1 (k2>kH) and that formation of
2b from CpMo(CO)z(COCHzcﬂa) is competitive with aldehyde

formation (ka[il = k_.). We have observed no change in the

1
rate of reaction of 1 with 2¢ when the reaction is carried
out under 10 atm. CO.

Attempts to carry out this process catalytically have
been unsuccessful. Heatircg a THF solution of ethylene
(200 psi), €O (100 psi), and H, (800 psi) in the presence
of [CpMo(CO)3]2 (0.004 mmols) produces no aldehyde after
72 hrs. at 100°C or after 24 hrs. at 155°C. The reaction
(100%, 10 atm.) of 1 with ethylene has been reported21
to give EE; we have repeated this reaction andé have found
that 2b is not formed. Rather, the major product is ethane
and some (10%) diethyl ketone. We believe that 1 does
react with CZHH to give 23, but in the presence cf excess
ethylene the coordinatively unsaturated acyl E’is trapped
as indicated in Scheme III and continues to form diethyl
ketone.

Above 70°C the primary thermal process for 21 is
loss of CO followed by ettack by &_to give ethane via. an
intermediate hydrido metal alkyl complex. We have d=mon-
strated this latter process by irradiating e da-THF

solution of CpMo(CD)3(CH3) (0.36 M) angd CpMo(CO)BH {0.21 M).
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Figure 3. Reaction of CpMo(LO) (PPh. )(coc ) (c.12 M) with CpMo(CO) H
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Scheme III - CpMo(CO)BH + C2Hh

I o

Crio (€0 4(C,H ) loo’c, +
1[ CPMo(CO) ,(CHH
CpMo(CO} B
Slow CPMD(CO)E 3
CpMo(CO)3H ?=0
RCHO R Colg
+
+ fa5t1C2Hh
dimers diners
CpM )

CpMo(CO)
'jj CpMo(co) B \/?\/
- 3 .

+
dimers

The Observed products are CH), {50%) and CBBCHO (~5%}.
Irradiation of a dg-THF solution of CpMo(CO) (CH )} and

(cH Csxh)“°(c°)3(CD3) produces very little (CH cssh)uo(co)
(CHB) (2%) and no CH), (£.5%) under similar conditions,
indicating that metal-carbon homolysis is not a likely

2
photochemical process. 7

5)
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28 also reacts with ethylene at 100°C to produce methyl
ethyrl ketone in 50% yield. Traces of l~buten-3-one are also
observed (~5%). No acetone or diethyl ketone are formed.
The methyl ethyl ketone is probably formed by the reaction
of CpMo(CO)z(CHQCHZCOCHs) with 1 just as in the formation of
diethyl ketone. Ve believe &_arises from B-elimination in
CpMoico)z(cnecHQCOCHs), accounting for the observation of
l-butene-3-one. The low yield is due to a
secondary reaction of the «,B-unsaturated ketone.
Interestingly, no methane is detected. 1In the preserce of
added 1, the yield of methyl ethyl ketone decreases
drastically (to ~3%) as the wthane yield increases {(~L0%).

This system mimics the aldehyde forming step in the
oxo-proccss with the Co(CO), unit replaced by CpMo(cCC),.

The cyclopentadienyl molybdenum alkyl and acyl complexes
are more stable, thus permitting easier study than in the
cohalt system.

The insertion of clefirs intc the metal acyl bend
has been previously observed by several workers in the
cobalt ce.bonyl systemzz’zs. It has been reported thet if
a8 limited amount of hydrogen is employed in the oxo-reaction
the coordinatively unsaturated cobalt acyl reacts prefer-
entially with olefin rather than hydrogen. The resulting
3-keto~l-pentylceobalt derivative then reacts with the small

concentration of hydrogen present to produce dialkyl keton£?
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The molybdenum system mimics these reactions identical-
ly, 4dncluding the decreased ketone yield with increasing
hydride concentration,vith only one exception: the active
hydrogen source is CpMo(CO)BH and not H,. A mixture of H,,
olefin, and [CpMo(CO)3]2 does not give any dialkyl ketone.
The equivalent chemistry of both the molybdenum and cobelt
systems also indicates that e metel Lydride is the hydrogen

trarsfer agent in tphe oxo-type processes as well.
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7. FIGURE CAPTIONS

Micrographs illustrating diffraction contrast behavior for loops on [100) planes with
b=al3<100>.

Comparison of the defect structures in Pt B quenched from different temperatures. (a)
1760°C. (b) 1500°C. (c) 1300°C. (d) 1000°C.

Loop enalysis of Pt B quenched from ~1760°C and annealed at 400°C during 24 hours.
All micrographs are two beam bright field images taken with different diffraction condi-
tions, indicated in the micrograph. Loops o« are similar to those in the as quench
material. Loops 8 are developed after the annealing. ‘s’ and ‘b’ are loops used in the
analysis of the defect nawre. The diffraction patterns corresponding 1o micrographs
3a-g are shown in 3h-n, respectively.

Stereographic projections of 112, 011 and 111 orientations used in the trace analysic of
micrographs of Fig.3.

Pt B quenched from ~1760°C and annealed at 550°C during one hour. (*) indicates
small loops which are believed to be disappearing during the annealing. A indicates a
multiple loop.

Bright field and dark field images of a large defect cutting both surfaces of the foil. The
analysis shows that this defect is intrinsic in nature.

Pt A quenched from ~1760°C 2:id annealed at 400°C during one hour.

Micrographs showing the secondary defect structure in Pt A after quenching and
annealing for 24 hours at 400°C.

Micrograph showing the effect of adding a small amount of carbon to Pt B. The
annealing conditions are similar than for samples of Fig.1 and Fig.2a. See texi for
details.

Micrograph and corresponding selected area diffraction patterns of Pt B, after an anneal-
ing at 1500°C during 1wo hours in contact with graphite powder, before the quenching
at ~1760°C and a final annealing at 400°C during 24 hours. Note the weak extra spots
in the diffraction pattern of 7c, taken from the same arei in an approximately exact
orientation.

Graph of carbon and vacancy concentrations as a function of temperature. Two alterna-
tive curves for the carbon solubility (Ref.33,34) are plotted, but the present work is
based on the data of Ref.33 as reported by Ref.35.

Final configuration after the condensation of vacancies on a (100) plane and the relaxa-
tion of the Iattice to form an 4/3{100] loop.

Schematic representation of the events leading to the formation of an a/3[100] loop by
a co-precipitation of carbon and vacancies. (a) Isolated vacancies and carbon atorns.
(b) Vacancy/carbon complexes formation. (c) Precipitation of the complexes on {100}
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Substitution of 0.3 ml CD31 in place of CH31 produced
0.52 g (60%) (CHSCSHh)Ho(CO)S(CD3), vhose NMR was identical
to that of (cnscsxh)uo(co)3(CH3) except for the absence of

a methyl resonance at 61.93 PPM.

i Mo~
Preparation of (CH325§h)MO(C0)3(CH206H5) and (CH3Q5§h,Mo

(€0) (cD,CeDc).  0.60 g (1.16 mmol) [(cHyc B IMo(c0) ],

wvas reduced with 20 g 0.65% Na/Hg amalgam in 10 ml THF.

0.% ml (2.53 mmol) C6H CHQBr was added and the solution

5
-2

stirred for 30 min. The solvent was removed (25°C, 16" “mm)
and the solid chromatographed on silica gel (2cm x 10cm)
usiag benzene as eluent. A yellow band was collected and
the benzene removed (35°c, 10-2mm), vielding 0.52 g (61%)
\CH3C5Hh)Mo(CO)S(CﬂchHS). NMR(de-THF): 67.12 PPM, SH, m;
$5.20 PPM, 5H, s; b2.82 PPM, 2H, s; 61.96 PPM, 3H, s.

. L4 . -
Anal. calcd. for cléﬂth°O3' SL._87% €, L.03% H; founa:
5L.66% ¢, 4.08% u-

Use of C6DSCDZBr (see below) (0.3 ml) in place of

\ o
06H5CHQBr produced (CH3C5HhJMo(CO)B(Cchst), m.p. b9-50°C,
vhose NMR was the same as that of (CH3C5Hh)Mo(CO)B(Cﬁzcsﬁs)
except for the absence of the resonances at 67.12 PPM and

b2.82 PPM.

Preparation of C,D.CD_.Br. 5 g (50 mmol) dg-toluene (99.5%D)
]

and 8.9 g (50 mmol) NBS were refluxed in 60 ml ccl) for 3
hrs. The solvent was removed (25°C, 20mm) and the remain-

ing oil vacuum distiiled (0.15mm, 50°C), yielding 6.7 g


http://CgD_CD.Br
http://CD_.Br
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(15%) CGDSCD23r‘ Mass spec.: m/e= 179/177 (Br isotope
pattern), 98.

Reaction of CpMo(CO)BH with CpMo(CO)3(C235). 15 mg (0.061

mmol) CpMo(CO)BH and 17 mg (0.062 mmol) CPMO(CO)B(CZHS) vere
weighed into an NMR tube attached to a ground glass joint

in the dry box and 0.51 ml dS-THF introduced on a vacuum
line. The tube was sealed under vacuum and FT-NMR recorded
over the next 6 hrs. The product propionaldehyde was iden-
tified by its NMR resonances (69.68 PPM, 1, t, J,,=1.Thz;
62.38 PPM, 2H

q of d, =7,3hz; b1.04 PPM, 38, t). The

b* Ibe
dimers [CpMo(CO)3]2 and[CpMo(Co)E]2 were identified by
comparison of their NMR resonances to those of authentic

samples (b5.40 PPM, 65.27 PPM, respectively)

Reaction of CpMo(co}. {(cH.}, (CH.C.H,)Mo(CO0).(CD.), and
3——3 325=) 3—==3
CEMo(CO)3§; 22 mg CoMo(CO)BH (0.089 mmol), 24 mg (0.092
mmol) CpMo(CO)B(CHS), and 24 mg (0.086 mmol) (CHzcsﬂh)Mo'
(CO)3(CD3) vere weighed into an NMR tube and 0.38 ml dg-THF
introduced »n a vacuum line. The tube was sealed and
heated to SOOC, and NMR spectra recorded over the pext 12
hrs. k8% of the CpMo(CO)3(CH3) was consumed vs. %1% of the
C . o} c
( H3C5Hh)Mo(C0)3(CD3) No (csacﬁah)no(c )3(V53) was
observed. An authentic mixture of the two compounds shows
a 6 hz upfield shift for the methyl recsonance of the
methyl-Cp compound compared with the CSHS compound.

A similar experiment with R=CH2C6H5 and CD2C6D5 also
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showed no crussover after 72 hrs, only benzaldehyde (62%,
52.89 PPM, b9.56 PPM} and toluene ( 25%, 62.23 PPM) by NMR.
Extended heating (192 hrs.) of only the benzyl compounds
showed traces of the crossover product (CH3C5Hh)Mo(CO)3-
(CH266H5) by NMR, a new -CH2- resonance appearing ~12 hz
upfield from the CpMe(CO)3(CH2C6H5) methylene resonance,
Toluene was also formed.

Thermolysis of cPMo(co).(cnncsnc) in dg~THF. Heating a
> = 7

dg~THF solution of CpMo(CO)s(CDQCGDs) (0.23M) at 70°C for

T days in & sealed NMR tube showed the formation of e
quintet (62.27 PPM) in the NMR. The tube was broken open

ir air and the volatile contents vacuum distilled (30°C,15%m)
away from the molybedenum products. Preparative gas
chrometogrephy (%"x10' 10% SE-30/Chrom P) produced a sample
of toluene that showed a parent peak at m/e= 99,;orrespond-

M n
ing to LéDs.DZH.

Reaction of CpMo(CO)sH with CZHL' A solution of 31 mg
{0.126 mmol) CpMo(CO)BH in 0.k m1 dg-THF wes prepared in 2n
NMR tube, 0.245 mmol C2Hh condensed into the tube orn a
vacuum line, and the tube sealed. The tube was heated to
100°C and NMR spectra recorded over the next 2L hrs. No
propionaldehyde was observed; only ethane (36%) and diethyl
ketone by NMR {15%; b52.35 PPM, LK, q; 50.96 PPM, 6H, t).
The tube was broken open in eir and the contents vacuum

2

aistillea (30°C, 10 “mm) :ato & -T7°K receiving vessel.
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1 ul aliquots were examined by gas chromatography (%"x10"'
20% Carbowax 20M/Chrom WAW), confirming the NMR product
identification by co-injection with authentic samples.

Irradiation of CpMo(CO)B(Cﬂa) in the presence of CpMo(CO)3ﬂL
=3

A dg-THF solution of CpMo(CO)3H (0.21 M) and CpMo(CO)s(Cﬂa)

(0.36 M) was irradiated with a 500 W lamp for 5 min.

NMR analysis showed & 25% disappearance of CpMo(CO)3(CH3X
a 15% yield »of CHy, and a trace of CH,CHO (~1%). A

similar irradiation of CpMo(CO)3(CH3) (0.20M) end

(CH3C5Hb)Mo(CO)3(CD3) (0.19M) produced no methane and

only ~2% (CH3C5Hh)Mo(CO)3(CH3).

Reaction of QpMo(CO)ﬁ(PPhJ)(COCHQQEB) vith CpMo(CO)3§;
-

20.0 mg (0.0372 mmol) CpMo(CO)z(PPh3)(0002H5), 75.1 mg
(0.301 mmol) CpMo(CO)BE. and 11.1 mg (0.0597 mmol) ferrocene
(internal standard) were weighed into an NMR tube and 0.55ml
dB-THF distilled in on m vacuum line. The tube was sealed
and heated to 50°C in an NMR probe. NMR spectra recorded
over the next hour showed the disappearance of CpMo(CO)z-
(PPha)(COCH20H3) (67.42 PPM, 15H, m; 6L.97 PPM, 5H, s;

52.95 PPM, 2H, q; 60.82 PPM, 3H, t) and the appearasnce of
CH3CH2CHO (62.35 PPM, 2H, q of d; b1.01 PPM, 3H, t; b9.€7
PPM, 1H, t}. CpMo(CO)B(CQHS) was observed at intermediate
times in about 5% yield (&£5.30 PPM, 5H, s; bl.44 PPM, 3H, t).

Reaction of;gpMo(C0)3(CH205H,) with CpMo(CO)3§; A sealed
A

NMR tube was prepared as described above containing 88 mg
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(0.358 mmol) CpHo(CO)3H, 15 mg (0.045 mmol) CpMo(CO)3_
(CHzcsns), and 12.3 mg (0.066 mmol) ferrocene in 0.43 ml

da-THF. This solution was heated to 50°C in an NMR probe

end the disasppearance of CPMo(CO)3(Cﬂzcsﬂs) monitored

(6b7.16 PPM, SH, m; 65.29 PPM, S5H, s; b2.89 PPM, 2H, s).

Both benzaldehyde {69.63 PPM, 1H; other signals obscured

by solvent and phenyl resonances) and toluene (bL2.29 PPM)

were observed. The ratio of these two products changed from
6:1 to 3:1 over the course of the reaction.

Reaction of CpMo(co)szMe,)(H) with gpMo(C0)3L£2§5iL
)

11 mg (0.037 mmol) CpMo(Co)z(PMe3)(H) and 8 mg CpMo(CO)S-
(CZHS) {0.029 mmol) were sealed in an NMR tube along with
0.42 ml da-THF. Reaction at 25°C showed the disappearance
of CPMO(CO)B(CZHS) and CpMo(CO)Z(PMe3)(H) {(eis/trans
mixture, 65.17 PPM, SH, s; 61.50 PPM, O9H, d,JPH=9 bz; b-6.00
PPM, 0.5H, sharp singlet(eis); b-6.50 PPM, broad singlet, 0.5H
(trans)). Pronionaldehyde was the only product observed

by NMR (b69.68 PPM, 1H, *; b2.38 PFM, 2H, q of d; &1.0L PPM,
3H, t). The measured half 1life of this reaction was ~100
min., in comparison with the value of ~170 min. when
CpMo(C0)3H is employed at the concen:i-ation specified in

the previously described experiment.

Reaction of cDMo(co)3(CH,) vith CH COOH). 25 mg (0.096
= 3
mmol) CpMo(C0)3(CH3) was dissolved in 0.32 nl dg-THF in an

NMR tube fitted with 8 rubber septum. 5.5 ul CH3C00H
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(0.096 mmol) was introduced with a syringe and the solution
heated tc 5C°C for 24 hrs. No changes were observed by HMR.

Reection of C2M0(00)3(053) with ethylene. 35 mg (0.135 mmol)

CpMo(CO)3(Cﬁ3) was weighed into a medium wall HMR tube
attached to & ground glass Jjoint and 21.3 ml Cgﬂh(zlS:m,25°C)
0.245 mmcl) condensed into the tube(—??ox) on a wvacuun line.
0.35 ml dB-THF was also distilled in before sealing the
tube. The solution was heated =t 100°C for L hrs. over
which tim:c the NMR resonances of CpHo(C0)3(CE3) (b5.L1 PPM,
©v0.36 PPM) were observed to dicfnish as resonances of
CH3COCH2CH3 (b2.37 PPM, LH, q, J=T.2hz; £3.96 PPM, SH, 5;
£2.02 PPM, 3H, s) grew in (5085 yield}. Yo CE, was observed.
The tube w&s broken open and the .ontents vacuuc distilled
into a -TTOK receiver. GC analysis of a 1 ul aliguot
(%"x10' 20% Carbowax 20M/Chrom WAW, 90°C) showed a 55%

yield of methyl ethyl ketone and & 5% yield of l-buten-3-cne

using pentane as internal standerd.

Reaction of CpMa(CO)Biggg), QpMo(CO)SH, ani ethylene.

15 mg (0.061 mmol) CpMo(CO)3H and 17 =g (£.065 cmol)
CpMo(C0)3(CH3) were wveighed into a medium wall NME tube
attached to a ground glass joint and 21.3 ml (215mr, 25°C,
0.245 mmol) ethylene plus 0.42 ml dB-TEF condensed into the
tube on a vacuum line. The tube was sealed and heated to

TOOC fer 3 hrs. An KM2 spectrum showed ethame (bO.L7 FPM,

L0%) and a mixture of other ethyl and methyl ketones.
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No aldehyde resonances were found. The tube was broken
open and the volatile products vacuum distilled (30°C,10-%mm)
into a -T7°K receiver. GC analysis (%"x10' 20% Carbowax 20M
/Chrom WAW, 90°C) of a 1 ul aligquot chowed small quantities
of methyl ethyl ketone (3%), diethyl ketone (L%), and

l-buten-3-one (1%). (No acetone)

Reaction of CpMo(CO)SH with ethylene. 31 mg (0.126 mmol)
CpMo(CO)3H, 0.245. mmol €, Hy, and 0.4 ml dg-THF were
sealed in a medium wall NMR tube as previously desecribed.
The tube was heated to 100°C for 24 hrs., at which time an
NMR spectrum showed a quartet (62.35 PPM, 4H, J=7.5 hz) and
a triplet (40.96 PPM, 6H, J=T7.5 hz) attributable to
diethyl ketone (~10%). No aldehyde resonances were observeg,
but ethane was formed (cO0.L4TPPM) in ~25% yield. The tube
was broken open, the contents vacuum distilled (30°C,10-%mx
and a 1 ul aliquot examined by GC (1/16"x100' open tudbular
TCEP colunmn, TOOC) confirming the product as diethyl ketone
by co-injection witi. an authentic sample.

Reaction of CpMo(CO)3L£2H5) with PPh,. 13.1 mg (0.0478

mmol}) CpMo(CO)3(C2H5), 12.8 mg (0.0487 muol) PPhg, and

3.1 mg ferrocene (internal stendard) were weighed into

an NMR tube and 0.5h ml dS-THF distilled in on a vacuum
line. The tube was sealed, wermed to 25°C in a water bath,
and quickly transferred to the probe (25°c) of the NMR

instrument. NMR spectra were recorded every 5 min.,
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showing the rapid conversion ol CpMc(CO)3(C2BS) (&5.20 PPM,
b1.70 PPM, b1.kL PPM) into CpMo(co)z(PPhB)(cocnzcu3)

(b7.42 PPM, 15H, m; b4.97 PPM, S5H, s; b2.95 PPM, 2H, q;
50.80 PPM, 3H, t).

Reaction of CpMo(CO)B(CHB) with C H, in the presence of

l-buten-3-one. 36 mg (0.138 mmol) CpMo(CO)B(CH3) was
weighed into an NMR tube fitted with & ground glass Joint
ard 2.5 ul {0.030 mmol) l~tuten-3-ome introduced with a
syringe. The tube was quickly attached to m vacuum line,
cooled to —7T°K, and evacumted. The ethylene (0.25 mzmecl)
and 0.42 ml da-THF were condensed in and the tube sesled.
The tube was neated to 100°C ana NMR spectrea recorded over
the next 18 hrs. In 1 hr., 465 of the CpMo(CO)J(CH3)
(§0.36 PPM) was consumed end a 25% yield of 2-butanone
(§0.96 PPM, 3H, t: §2.37 PPM, LH, q; §2.02 PPM, 23H, s)
observed. B0% of the 2-buten-3-one hed disappeared.

In 6 £rs., the reaction was 95% complete and a 54i% yield

of 2-butanone was found. Afta2r 18 hrs. all 3pHo(C0)3(CH )

3
had been consumed and a 58% yield of 2-butanone was
measured. The tube was broken open and the volatile
contents vacuum distilled and analyzed by GC (10'xk"

20% lartowax 20M/Chrom WAW, 90°C). A 55% yield of

2-butancrne was counfirsmed relaitive to afded internal

standard(pentane). Traces of 2-buten-3-one were found(<5%).
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Chepter IV

The Reactions of Two Isoelectronic Transition
Metsal Hydrides with Transition Metal Carbonyls,

Alkyls, and Acyls.
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Intrcduction

The reactions of transition metal hydrides have been
¢ interest to inorganic and orga:nie chemists for many years.
Several hydrides are believed to react with transition metal

3 to give alkanes, eldehydes,

alkyls,l acyls,2 and carbonyls
and formyls. We wish to report upon the reactivity patterrns
of the anionic hydride CpV(CO)BH-, and to compare its

reactivity to thet of the isoelectronic CpHo(CG)BH.

Results

1, ern’ CpV(CO) E” with Metal Carbonyls. pen’ Crv(c0) ET,1,

kas been reported previouslyh to react with alkyl halides

and acid chlorides to give alkanes and aldehydes respezt.vely.
We suspected that A_might alrso reduce metal cartcnyls and

have feund by monitoring the lH-NMR of da-TH? sciuticns that
1 reects with Cr(CO)6 and Fe(CO)5 at 25°C to give quantitative
yields of CpV(CO)h, 2, end HCr(CO)S_ and HFe(CO)h-, respec-
tively{(egqn.1l). Addition of 10 mole percent Na2CpV(CO)3
acceleretes the rate of this reaction. CpV(C0)3H_ also

undergoes a self-exchange reaction with CpV(CO)h, as

CpV(cO)gHT + w(cO) === cpv(ce), + mEM(cO) _, (1)

1 2
~ ~
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evidenced by the appearance of NMR signals of g'and
(stcsﬂh)V(CO)BH upon mixing & solution of (CH3CSEh)V(CO)h
and 1. Ko bridging species such as Cp(CO)3V-E-M(C0)n_l
were observed in any of these reactlons. While no thermal
substitution cecurs between PPh3 end g in dg-THF solution

(0.14 each), addition of 2 {0.05 ¥) catalyzes this exchange.

2. ppnt QEY(CO)BH- with Metal Alkyls. We have also investi-
gated the reduction of scme tren-ition metel alkyls with‘i
in dg-THF solution. (CHa)Mn(CO)5 reacts inmediately at

25°C to produce a trace of CH, (¥MR,5%) and intrectable
retal products. The isoelectronic (CHB)Re(CC)S reacts at
50°C with 1 to form 2 and a new complex, (H)(CHB)Re(CO)b_,Eﬁ
identifiei by lH-NMR (§-0.65 PPM, 3H, 4, j=3h~; §-5.56 PPN,
1H, br).3 decomposes slowly to form CH, and Re(co)s_, wiich

reacts with CH_I to re~form (CH3)Re(CO)5 (ean.2).

3
- co. H3\ - o CH“
CpV(CO) H  + CH.RelCO). === Re(CC)T + 2 ——> + (2)
3 3 5 g - ~ -
1 3 Re(co)5
CHBI
CHBRe(CO)S

s reactisr :zunurs between CpFefCO)e(CH ) and 1 at
3 ~
25°c. However, CpMo(CO)3(C2H5) reacts rapidly with 1 to

produce ~30% yield (NMR) of pr-pionaldehyde. No metal
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products were identified nor was any ethane found. R=action
with CpCo(PPhB)(CH3)2 produces ~ 2:1 mixture of methane
and acetone by NMR. Metal products other thar 2 could not

be identified but presumably are cobalt clusters.5

3. et CpVv(CO).H_ with Metal Acyls. We have examined the
)

reaction of 1 with CpFe(CO)(PPh3)(CDCH3) by 1H-NMR; no
reaction occurs at 25°C. However, in the presence of CO,
a catalytic exchange of PPh3 for CO occurs, forming CpFe(CO]Z-
(CDCHB). Neither of these react with 1 upon heating for 2y
hrs. at 65°C.

The reection of 1 with (CH3C0)Be(C0)5 at 50°¢ produces

2 end a compound with NMR resonances consistent with a new

anionic acyl hydride, 4 (eqn.3). The rate of this reaction
]
”
pent CPV(CO) ™ + (CHy20)Re(CO); —> 3 Re(co),” + 2, (3)
H
% -3

is greatly accelerated by the addition of 10 mcle percent

of Na metal or NaECpV(CO)a. Addition of hexane to this
solution prcduces only a dark brown oil thst cannot be
crystallized. Hexane washings of this o0il contaln yellow

2, leaving behind japure PPN’ [(H)(CHBCO)Re(CO)b]_ (~90% pure).
Further attemnpts to recrystallize this material have been

unsuccessful.
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L, cpMo(CO).H with Metal Carbonyls. Reaction of CpMo(C0)3H,
-

2» with Fe(CO)5 produces only decomposition upon heating

to 70°C for 24 hrs. Reaction of 1 with cr(col)e at 70%¢ in
dg-THF produces no HCr(CO)SN. Fowever, an NMR signel
attributadble to [CpMo(CO)3]2 ies observed as well as a broad

resonance at §4.98 PPM (~62% of 3 still remained).

5. CpMo(co)3H with Metal Alkyls. In an earlier chapter we
described the thermel reaction between 35 ard CpMo(Co)3H to
glve aldehyde and the metel dimers [bpMo(C0)3]2 and
[CpMo(CO)2]2.6 However, photolysis of a mixture of 2}0.21M)
and CpMo(CO)3(CH3) (0.36M) produces alkane as the sole
product {(~60% by NMR) and suggests the peths shown in

equation 4. Irradiation of & mixture of CpMo(C0)3(CH3)

Ctfo (C0) ;R —==CpMo(C0) ,(COR) —CpMo(CO) B ReHo ()
- [<:pr«1o(co)3]Q
) R [opto c0)
CpMo(CO) R + co —CRMO(COVH o + opro(c0),,],
2 3 [CpMo(C0)3]2

and (CH3C5Hh)Mo(CO)3(CD3) (0.2M each) produces only 2%
(CH3C5Hh)Mo(CO)3(CH3) and no methane under identical
irradiation conditions and times.

This reaction pathway has been extended to the compounds

RMn(co)5 (¢.f., ref.3b). Reaction of 3 with (c1{3)Mn(co)5 at

25°C produces nev NMR signels identical to those of authentic
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”
samples of the aldehyde CH3CH0 and the known metal dimer
Cp(CO)BMo-Mn(CO)5 (eqn.5). No reaction ccecurs between 5, and

(CHB)Re(CO)5 under similar conditions.

CpMo(co)
Rhm(co)s.—:*—-k-g-m(cmh —Ceto(COVA o peyo o ML(CO)3 (5)
5

5
~

Reactions of CpMo(CO).H with Metal Acyls . In an earlier
Pl

chapter ve reportea6 the reaction of 2 with the transition
metal acyl CpMo(CO),(PPh.)(COC,Hg). At 50°C, wropionaldehyde
is the sole product. Phosphine substituted dimers are
presumably also formed. Since the solution must be heated
for reaction to occur, phosphine loss appears to be the

rate determining step.
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Discussion
The reactions of transition ?etal carbonyls with
CpV(C0)3E' show a consistent pattern of substitution of CO for
hydride (Table I). The observation that the rate is
accelerated by Na or N32CpV(CO)3 suggests an outer sphere
electron transfer chain mechaniym, (Scheme I) with the

Na CpV{CO)3 acting a5 an initistor. Abstractionm of a

2

Scheme I:

Initiation:

cpv(cO)_H™ Cpv(co) H-
or 3 a or 3_‘
Nachv(co)B + M(co)n —_ M(co)“_1 + cPv(co)3
or + or+
Na co Na
Propagation:
vaé£°)3ﬂ {cpv(co);
. B R - or
cPv(co)B}i + M(CO)n_l'——" :m(co)n_l + CPV(CO)S

CpV(CO)3 + M(CO)D —_— cPv\co)3 + M\CO)n_l + CO

CpV(C0)3 — L0 5. va(co)h

PPhJ CpV(CO)s(PPhB)

hydrogen atom from CpV(CO)BH' occurs readily, as the V-H
bond is very weak.h The observed products are not being
formed by de-insertion of CO from the metal formyl compounds
as the formyl complexes are stable for deys at 25°C.B

The catalytic substitution of PPh3 in Cpv(cO)y by 1 may

also be accomodated with this mechenism. It is also possible
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for hydride-CO exchange to occur by a non-chain process
through a pairwise electron-transfer : iowcd by hydrogen
abstraction from the resulting CpV(CO)BH' (Scheme I).

We do not believe the reactions proceed by inner. spkere
electron transfer because: 1) the parent carbonyls have no
vacant coordination sites and are not thermally labile, 2)

4 6 H-ls-l), and 3)

the reactions are toc slow (k=10 =10~
CpMo(CO)sﬂ produces no new hydrides when reacted with M(CD)n
species. The latter observation is consistent with a
reduced metal species being needed as e reducing agent in
electron transfer.

The reaction of ) with (CHB)Re(CO)S proceeds along the
same pathway, exchange of hydride for C0. Subsequent
.sethane formatiom occurs from the hydrido slkyl snion,
(H)(CH3)Re(CO)i , which is isoelectronic with the osmium
analog studied by Norton? Interestingly, he has found
thet the osmium compound does not undergo simple reductive
elimination but rather a binuclear elimination process.
(CH3)Mn(CO)5 elso reacts with 1 but no intermediates are
obsarved and very little CHJJ is found.

The higher reactivity of }‘vith (CH3)Mn(C0)5 comparea
with (CH3)RE(CO)5 suggested to us that a similar effect
might be observed for the reections vith‘z. Thus, while

no reactior nccurred between (CH3)Re(C0)5 and 5 after 75 hrs.,

a smooth reaction forming acetaldehyde and CpMo(CO)B-Mn(CO)S
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occurred between (CHS)Hn(CO)5 and 5. The formation of

a different organic product in this case demonstrates that

a Jdifferent intermediate is involved than when 1 is used

as reducing egent. We believe that the latter reduction
proceeds by electron transfer through (H)(CH3)Re(CO)b-
whereas the reaction with zroccurs by attack upon a vacant
coordination site (by z)rorming a (H)(CHSCO)Mn(CO)h-
intermediate, Reductive elimination from thjs Iintermediate
produces the observed@ product .

A similar determination of products by the coordination
number of & reactive intermediste may be proposed for the
reduction of CpMo(CO)3R by 3 or 3. Thermally, both 1
react with CpMo(CO)s(CEHS) to give propionaldehyde, 1
reacting immediately, 5 more slowly (k‘—le'hM-ls-l).6
The rate difference may be explained on the basis of the
relative abilities of A_and'é to trap the coordinatively
unsaturated acyl, CpMo(CO)Z(COR), producing aldehyde via.
an intermediate acyl hydride.lo However, irradiation of
a solution of 3 and CpMo(CO)s(Cﬂs) produces only methane.
If the primary photoprocess of CpMo(CO)B(CHB) is loss of
CO, then an intermediate alkyl h¥dride might be formed;

reductive elimination provides methane (egn, 6).

hy LCH, +
cpMo\co)3(cn3)W CP(GO)ZMO\H 3 + CpMo{CO);  (6)

CH), + [CpMo(CO)B]z
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As irradiation of a mixture of CpMo(CO)3(CH3) and (CHZCSHh)-

Mo(CO)B(CDB) produces little (CHBCGHh?Ha(CO)B(CHB) (2%)
using identical irradiation times mand concentraticns as in
the methane producing experiments, the quantum yield for
nolybdenum-methyl bord cleavage must be appreciably less than
that for CO dissociation. C.nsequently, photolytic komolysis
of the molybdenum-methyl bond isnot occurring to any appre-
ciable extent, and is not responsible for methane production.
Here, once again, is a system where an alkyl tydride
gives alkane, whereas an acyl hydride gives aldehyde.
These observstions are exactly what one expects on the
basis of the usual reductive elimination process. We have
found no evidence that alkane formation occurs via. an
intermediate acyl hydride.
The reaction of (CHBCO)Fe(CO)5 with 1 produces (H)(CHBCG)-
Re(CO)h'. This compound does not give acetaldehyde
upon thermal decomposition or upon irradiation. Only
traces of methane were found upon irradiation.

v

The reaction of CpFe(PO)(P?ha)(COCHB) with 1 is
interesting in that although there is no evidence of any
net chemistry occurring, 2 phosphine labilization by ;k is
actually taking place. While no reaction coecurs between
CpFe(PPhBHCO)$OC33) and €O at 25°C for 15 hrs., addition of
8 mcle percent 1 causes e catalytic substitution of CO for
PPh_. Unfortunately, no exchange of hydride for CO or PPh3

3
oceurs. It is interesting that other preparations of
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CpFe(CO)a(COCHB) require trea‘ment of CpFe(CO)z(CHB) with
high pressures (200 psi) and temperatures (125°C) of CO
or by treatment of CpFe(CO)E- with acetyl chloride and not

by excbange of PPh3 for CO in CpFe(CO)(PPhB)(COCH3).11

The electron transfer process shown in Scheme II
shows how this might occur; 16 electron intermediates
thaet could de-insert (92 mare avoided. Apparently, tbe
vanedium to iron hydrcgen atom transfer is therrmodynamically
unfavorable in this system.

Scheme TI:

CpV(CO)BH + CpFe(CO)(PPhs)(COCHs)

CPV(CO) H- + cPFe(co)(PphB)(cocn3)‘
iPhy

CpV(CO) K- + cPFe(co)(CHCH3)‘
o

CPV(CO) " + CpFe(co)E(COCHB)‘

cFv(co)3x' + CpFe(CO)Z(COCEB)

The mechanism of reaction of CpCo(PPh3)(:H3)2 with 1
t2 give CHh and acetone is not understcod. Presumably,
acetone is fermed via. CpCs(CO)(CHB)E, and methane through
a cobalt methyl hydride produced by rhssphine-hyédride
exchange,

The above discussed reaction: are summarized in Table I
and show the greater reactivity of &,comp&red to :b Jlalso

appears to react with metsl carbonyls, alkyls, =nd
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acyls through & different mechanism (electron transfer)

than 5 (hydrogen coordination at vacant site). Our studies
~y

suggest that examination of the reactions of two neutral

transition metal hydrides in low oxidmtion states (+I)

would prove interesting.
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Table 1

Summary of the Reactions of CpHo(CO)sﬂ and CpV(CO)SH-
with Metal Carbonyls, Alkyls, and Acyls.

Metal Hydride

Substrate PEN'CpV(CO) H CpMo(€O) R
Fe(co)5 HFe(cC0))"~ a
cr(co)g HCr(CO)S- a
(CHBCSHh)V(CO)h (cxacsnb)v(co)Bn' b
CHsRe(CO) 5 (H)(cH4)Re(CO)y™, CR) c
CpMo(CO) & RCHO RCHO
rr®
CpFe(CO)Z(CH3) e b
CpCo(PPh3)(CH3)2 CH, + acetone )
CpMo(CO)E(PPh§(C0CH3) b RCHO
(CH,CO)Re(CO) g (#)(cH,CO)Re(CO),~ b

a) Reaction proceeded with decomposition. Metal products
not identifiable. b) Not attempted c¢) No reaction d) Product
observed upon irradiation e) CO substitution for phosphine

occurs in the presence of added CO.



Experimental
All solvents were distilled from Na/benzophenone/tetraglyme

prior to use end a2ll manipulations performed either in a
Vacuum Atmzspheres Corporaticn dry lab or on a high vacuum
line. Cpv(cO),, Na{diglyme)®* v(co),, [CpMo(CO)3]2,

Mn,(CO) Rez(CO)IO’Cr(CO)G, Fe(c0) and [CpFe(C0)2]2

10°
were obtained from Alfa Corporation or Strem Chemical
Cozpeny PPNY CpV(CD)BH-, CHBMn(CO);? CHsRe(CD),}3

14 " 15
CpCo(PPh3)(CH3)2. CpLo(CO)JPPhB)(CDC2H5), and
Cp!-‘e(CO)(}"}"1'13)(CHOCH:‘}):L6 were prepared as previously des-

cribed. CpMo(CO)BH, CpMO(CO)BR (R=CH C2H5) end CpFe(CO);

3’
(CH3) were prepared by the methcd of Piper ard Wilkinscr: .

~HMR spectra were r< orded on a Varian EM-390 spectro-
meter. IR spectra were recorded on a PE-283 infrared
spectrometer.

Preparetion of (Cﬁ3g5§h)v(00),. 2.68g (0.125 mol) sodium

and 10g methylcyclopentadiene moncmer (0.125 mzecl) were

c:ved in 50 ml dimethoxyethane (DME). After stirring
-2

dis

"

overnight, the solvent was removed (30°C, 10 mr) and

the remaining so1id recrystallized from TEF/hexane et

-30°c. 1.3g (11.8 zmol) of this Na+(CH3C5Hh)- wvas dissolved
in 30 ml THEF and 3.55 g (13.L4 mmol) HgClz, added. A solution
of 5g (11.8 mmol) Na(D¥E)," v(CO),™ in 10 ml THF was added
5lcwly &s the solution became red-orange. After 1 hr.

-2

the THF was removed (35°C, 10 mr) and the remaining mat-

erial taken up in 50 ml H2O plus 50 ml petroleum ether.
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The H,O0 layer was extracted with petroleum ether (2 x 25 ml)

2
and the combined ether layers washed with water (2 x 50 ml)
and dried (Mgsoh). The pet. ether was removed (250, 20 mn)
and the remaining 0il chromatographed on a silica gel
column (2 x 15 cm) using petroleum esther as eluent. The
yellow fraction was collected, the solvent removed (25°C,
20 mm), and the remaining solid sublimed (500C, 10_2mm) to
yield 200 mg (15%) (ca3c55h)v(co)h KMR (d4-THF):

§5.16 PPM 2H;§5.05 PPM, 2H; £2.01 PPM, 3H. Mass spectrum:
m/e = 242, 214, 186, 158, 130, 51. Anai: Caled. for

C10H7Obv: k9,613 C, 2.91% H, found: L9.385 C, 2.97%5%.

+ - .
N * )] T =
Reaction of PPN cnv(co)BH with \cnjgsgb‘v(co2h_ Il org

(0.054 mmol) (caacsnh)v(co)b and L0 mg (0.054 mmol)
PPN+CpV(CO)3H- vere dissolved in 0.47 ml dB—TEF in an N2
tube . NMR spectra recorded over the next 12 hrs. showved

the disappearance of (CH Hh)v\co)h and CpV(CO)_HK™

3%s 3

(54,60 FTM) end the appearance of cpvice)), (§5.20 FF!1) ard
(c%BCSHh)v(co)3H' (§4.58 PPM, 2H; §L.L2 PPN, 2F;$§1.86 PP¥,
3H).

Reaction of CpV(CO)BH— with Fe(co)s and Cr(cC)e,. A similar

reacticn of 51 mgl0.069 mmol) PPN Cpvicc).E™ with 9.3 ul
(0.069 mmol) Fe(CO)sinO.Snu dB—THF produces isolatle
crystals of PPN+HFe(COSh 18 upon standing for 12 hours.

- . L4 TN .
Anal.: Calcd. for Chc“31P2NFe°b‘ 67.91%C, 4.W2%H, 1.98%N;
found: 67.51%C, Lk.58%H, 1.95%N. No (cao)re(co)h' is

otserved at any tire during the reaction. Sirmilarly,
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Cr(co)g (47 mg, 0.21 mmol) also reacts vith PPN+CpV(CO)3H'
79 mg, 0.11 mmol) in dg-THF (0.75 ml) to produce PPN'
HCr(CO)S- (not isolated) NMR:§-6.88 PPM. IR{THF); 1938,
1881 em™t.

Reaction of CpMo(CO).H with Fe(CO). and Cr(CO)S.
- 7

Identical reacticns o CpMo(CO)BH (20 mg, 0.081 mmol)

with Cr(C0), (15 mg, 0.068 mmol) or Fe(co)5 (15 w1, 0.11
mmol) at 70°¢ in dg-THF (0.4 m1) produced no new hydride
resonances by NMR. Metal was observed to form on the wells
of the tube, and all resonances were btroedened. [CpMo(CO)3]2
was otserved (§5.450 PPM) in the Cr(C0)6 reaction.

Hydride Catalyzed Substitution ¢f CpV(CO)) Ly L (L=PPh,

PMe3l; 75 mg (0.10 mmol) PPﬂ+CpV(C0)3H-, €0 mg (0.23 mmel)

PPh and 58 mg (.25 mmol) CpV(CO)h were dissolved ir 1.0 ml

3
de—THF and the flask covered to exclude light. NMR spectra
vere recorduvd periodically and snowed the conversion of
va(co)h into CpV(CO)3(PPh3) (NMR; § k.73 PPM, 4, JPH=1.5hz)
with no change in the CpV(CO)3H- resonance (7’¥= 1 hr.)

An identical reacticn employing F!{e3 instead of PPh3
showed a complete conversion to CpV(CO)SFMe3 in 15 min.

(NMR: § 4,90 PPM, 5H,d, =1.9hz; 6 1.4L PPM, OH,d,ip.=

JPH
8.7hz).

Reaction of PPN' Cpv(CO)_H~ with c1-:_,Mn(co)5 and ca,ne(co)s;
3 ) 3

A dg-THF solution (0.5 m1) of 61 mg (0.082 mmol) per’
CpV(CO)BH- was added to a dg-THF solution (0.5 ml) of 18 mg

(0.086 mmol) CHSMn(CO)5 in an NMR tube. Although no immed-
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irnte reaction occurred, thke tube turned dbrowvn within 5 min.
The lE-NMR showed the disappearance of CpV(CO)aﬂ_ with the
concurrent formation of CpV(CO)h. Traces of CH) (~5%) were
observed by NMR and by GC (9' x 1/16 Poropak Q, 80°¢C).

A similar reaction using 14.3 mg (0.042 mmol) CH3-
Re(co)5 and 30.4 mg (0.041 mmol) PPN+va(co]3H' in .46 ml
da—THF under 1 atm CO showed a slow reaction at 25°C
forming methane. Hemsting this solution to 50°C resulted
in a faster reaction rate {T%%2 hrs.) and an unisolated
intermediate, 3, believed to be (cn3)(n)ﬁe(co)bj vas
detected by NMR {( § -0.65 PPM, BH,d,JH_H=3hz;S -5.56 PPM,
1H,br). Eventually all of the CH3Re(CO)5 disappeared and
only the intermediate é’(plus CHh) wvas observed. As the
intermediate g'disappeared, the gmount of methane was found

to increase. A second intermediate "X was slso observed

in ~10% yield (NMR; § -0.30 PPM, 3H,s; §-L.30 PPK, 1K,s)
and is probably the trans isomer of 2; This solution

was treated with 5 ul CH_ T, and & large methyl resonance

3

of CHBRe(CO)s (§-0.20 PPM) was observed.

Reaction of PPN Cpv(co).K~ with CpFe(C0),(CH ).
-

17 mg (0.089 mmol) CpFe(CO)E(CHB) and 60 mg (0.089 mrol)
PPN+CpV(CO)3H- were dissolved in 0.87 nl dg-TEF. An NMR
spectrum after 2L hrs. at ESOC shoved no reaction.

Reaction of PPN'CpV(CO).H” with wpeo(PPh )(CH, ), + CO.
) 4

40 mg (0,054 mmol) PPN+CpV(CO)3H- and 19 mg (0.046 mmol)

CpCo(PPh3)(CH3)2 in dg-THF solution (0.45 rl) were sezled
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in an NMR tube under 600 mm CO( .054 mmol). NMR spectra

recorded over the next 4 hrs. showved the formation of

CH), (~50% yield) and acetone (~20% yield) as the CPCo(PPhB%
(CH3)2 (NMR: 8§ 4.41, 5H, B; 6§ 0.06 PPM, 6H,d,JPH=6hz)
disappeared.

Reaction of PPN'CpVv(c0).H™ with CpFe(c0)(PPh.)(COCH.) and
2 > >

CO. 26 mg (0.057 mmol) CpFe(CO)(PPh3)(C0CH3) and L4 mg

( 0.058 mmol) 330 CpV(CO)3H- wvere dissolved in 0.5 ml
dB-THF and sealed in a NMR tube under 600 mm CO(0.031 mmol).
After 2 days at 25°C, KMR spectra showed the va(co)3H'

was unchanged, whereas the CpFe(CO)(PPh3)(COCH)3 (NMR:

$4.38, S5H,d =2hz;£2.28 PPM, 3H, s) had been 50% con-

sdpy
verted (100% yield tased on CO) imto CpFe(CO),(COCH 4) 22
(NMR:54.93 PPM, S5H, 2;§2.50 PPM, 3B, s). The solution

was heated to 65°C for 24 hrs., but no changes were observed

by NMR.

Preparation of (CH,CO)Re(CO)S-
-

1 g (1.53 mmol) Rez(CO)10 wvas reduced with 1.5 ml C.65%
Na/Hg amalgam in 10 ml THF. The solttion was decanted

from the mercury and 0.22 ml (3.1 mmcl) CH3C0C1 added.
3

After 15 min. the solvent was removed (0°C,107> mm) and

the remaining solid sublimed to a -78°C probe. yielding
500 mg (L4%) (CH3CO)Re(C0)5. NMR(dg-THF): » 2.47 PPM.

IR (THF): 2125 (w), 2060(w), 2009 (s), 1996(sh), 1612(w)

em™l. Anal. Calcd. for C HyReOg: 22.77% €,0.82 #H; feund:

1
22.56% C, 0.87% H.
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Reection or PPN" CpV(CO)gﬂ- with (CHQCO)RE(CO)S. 35 mg
3

(0.047 mmol) (CH3C0)Re(C0)5 end 18 mg (0.049 mmol) va(co)3n'
were sealed under vacuum in an NMR tube along with 0.4 ml
da-THF. Upor heating the solution at 50°C, new singlets

were observed to grow in slowly over 2k hrs. at §2.20 PPM

(38) and § -4.38 PPM (1H) attributable to (H)(CHaco)Re(co)hT

A quantitative yield of CpV(CO)b was also produced. Due

to the long reaction time howvever, extensive decomposition
occurred.

A similar solution wes treated with 1 mg Na and heated
at 50°C. NMR analysis showed a 50% yield of (H)(CHBCC)-
Re(CO)bT Another solution of (CﬂacO)Re(CO)5 and PPN’
va(co)BH' was treated with 5 mg Na,CpV(CO), . Quantitative

yields of (H'(CH co)ne(co)h' and cPv(co)h were otserved

3
after 3 min. at 25°C. Irradiation of this solution re-
sulted in decomposition with a trace of CHh being observed.
Attempts to isolate this material by precipitation
with hexane or diethyl ether produced am oil. This oil
could be washed with hexane to remove CpV(CO)h and redis-
solved in dB-THF showing NMR resonances attributable to
PPN+(H)(CH3C0)Re(CO)hT An IR spectrum in TI'F showed sev~
eral terminal CO bands in the 1850-1950 cm_l region and an

acyl band at 1580 em™L,

Reaction of Cplo(CC).¥F w:ith :H_rn(cc\S end ”HBFe(CC)S.
b >
27 mg (0.11 mmol) CpMo(CO)BH eni 22 =g (0.11 =mrol) CE kn-

(CO)5 were dissolved in 0.LE =1 dB-THF in ez NMR tube.
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NMR spectra showed a complete reaction to form CpMo(C0)3-

Mn(co)g( & 5.49 pey), [epMo(co) ], (55.%0 pru), [epmo(co) ],

(8§5.27 PPM) and CH,CHO (4 2.07, 3H,d,3=3hz; 9.66 PPM,

3
1H, q; 50% yield), An equimolar mixture of CpMo(CO)SH

(0.22M) and CH Re(CO)s(.22M) in dg-THF showed no reacti.u

3
after 3 days at 25°C.
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Proposition I

Reductive Elimination in H(CEB)OS(CO)h
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Reductive Eli{mination in H(CH3 0s(Co

The reductive elimination of alkanes from transition metal alkyl
hvdrides is a well known process, and few c.:ch stable species are
knoun.l’2 Some of these eliminations have been shown to occur through
bimolecular intermediates.3 Narton“ has suggested that the decomposition
of gig-(CHJ)HOS(CO)a, 1a, occurs oy a bimolecular process, a conclusion
consistent with experimental observations but not necessarily indicated.

The net decomposition reaction is outlined ir Scheme I. If 3 mixture
of both 515-(CH3)D05(CO)4. 1b, end (CDJ)HOS(CO)A. lc, 1s allowed to
decompose all four possible crossover products are found (CHA,CIh.CHD3,CDH3).
The reaction is not reversible as the decomposition of la in the presence
of CD4 vielded only CHA- Norton claims these observations are indicative
of a dinuclear eliminatior.4

Scheme I: "
[]
2 (CH,;)HO$(C0),, ——————> CH, + H(c0)40s——05(c0)4(CH3)

k =1.38x107% 7}
o

The disappearance of la was found to be first order. Labled CO was

found not to be incorporated into either the starting material or the

dinuclear product, ruling out CO dissociation as & step in the reaction.5
An additional plece of evidince in Norton's mechanism is that the

addition of excess PEc3 prevents the binuclear products CH&’ CDh, , and

H(CO)AOS——OS(CO)A(CH3) from forming in the decomposition of a mixture

of 1b and lc. The rate of the reaction is halved (k°=6.4x10'5 s7h
and is independent of the concentration of PE:3 between a 7 and 110 -fold

excess of ligand. The mechanism Norton proposes is shown in Scheme II.
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Scheme II: (CH,;)HO8 (CO),, slow 5
fast
2 + (CHy)HOS(CO), —————»— CH, + H(C0),0s —08(C0), (CH,)
faster
2+ PEt, -~ CH, + (PEt;)0s(CO),

The suggestion of an unsaturated acyl complex for the intermediate
2 8llows for cthe formation of a binuclear species (possibly via. &
hydrogen bridge) and the exclusion of its formation by PEr.3 coordination.
Attempts to trap and observe the intermediate with PEI:3 ard 1’(0Me)3
have been unsuccessful., Norton does not indicate how the formation of
the binuclear species results in scrambled methane evclution.

The experiments do not rule out the possibility that the formation
of methane occurs by a simple reductive elimination from the mononur lear
species la. The reaction would still be first order in the disappearance
of la. The remaining Os(CODA fragment could be responsible for the
scrambling of labled 1b and lc- Two possfble scrambling mechanisns
are shown in Schere: III and 1IV.

Scheme III: (CD3)H05(C0)4———’- HCD3 + Os(CO)‘.
0s(c0), + (CD,) 108 (CO),, —— (CO)[‘O.SH + -OS(CO)A(CD3)
05{(30)A + (CH3)DOs(CO)4 - (CO)"O.SD + 'OS(CO)l.(CH:,’)

—

(CHB)Hps(CO)A + (CD3)D|°5(CO)A + H(CO'IAOS—OS(CO)A(CHB)
and other dimers

CH, + 0s{CO), €D, + 0s(CO),

Scheme IV: g 9

) S Chy AL-CDy
(CDy)HO=(CO), (€0) 3055y (€o) 40s-. (€D,4)DOs(CO),,

+ — . — m —_— +

~0s(CO) 05(C0) (CH,)HOs (CO)
3

(caj)ms(co)a H3c-c’ I 3 3 4

b 7
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With both schemes the coordination of PEt, would prevent scrambling
o7 methyl groups. The observed product of the elimination in the

presence of PEt. , (PEta)Os(CO)A, is formed from the reaction of PEt3

3
with the coordinatively unsaturated Os(CO)A.7

For the radical mechanism (Scheme III) PEt3 coordination prevents
the reaction of a second equival:nt of la with the 0s(CO) intermediate,
thereby lowering the rate at which starting material is consumed.8
The observed dimeric product results from recombination of two of the
radical species ferming an 0s —Os bond.

The second mechanism (Scheme I¥) allows for scrambling through the
acyl intermediate and would be inhibited by PEt3 ccordination. However,
the observed rate of disappearance of la should not change unless the
buildup of an intermediate i{s found.

There are several ways to test the involvement of Os(CO)A in a
scrambling process. The easiest way is to add OS(CO)a tc a mixture
of 1b and lc and see if the amounts of CH, and CD, are increased to
their statistical percentage59 (~ 25% neglecting isotope effects).

The Os(CO)A could be generated by irradiation of 05(C0)57 or 053(C0)1210
or by additiecn of LOs(CO)A wherel 1s labile under the reaction conditions
(e.g.» CH3CN or THFll). Control experiments would have to demonstrate
that la is photo-inert with respect to scrambling.

Should OS(CO)A be present one would expect it to bhe trapped by a

variety of ligands, such as phosphines, amines, cyanide, and 1300.

The substituted products could easily be prepared and characterized
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separately from Os(CO)s. The ligands would »1sp have the effect of
inhibiting the scrambling of methyl groups i1 and lec. The rate
of reaction should be independent of the concentration and nature of
the incoming liglnd.lz

I1f scrambling occurs prior to reductive elimination of methane,
then an analysis of a miuture of 1lb and 1lc after 50% reaction should
show the presence of D(CD3)05(CO)4 and H(CHB)Os(CO)4. The f£ormer
compound should be easily seen by mas;s spectrometry (the compouand is a
volatile liquid) and possibly by gas phase IR.13 The NMR of the latter
compound shows & quartet at 17.94 7 and a doublet at 10,00 T in THFIS,
and should be readily distinguishable from the NMR signals of lb and
1lc (deuterium decoupling simplifies interpretation).

It might be possible to scavenge any metal radical species using
Mn(CO)5 generated from an(co)m]-'1 Other metal radicals might also

be used as trapping agents, such as Rez(co)lo.
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Proposition I

Hydrolysis of c1(PPh3)2Pt(c00R)



13
Hydrolysis of Cl(gg312PthOOR!

The accivation of CO by cationic transition metal complexes has
been studied for many !ylteﬂ!.l Some of these compounds resct with
water (hydroxide) directly to give CO2 and the corresponding metal
hydride, whereas some react with alcohols to form alkoxycarbonyl compounds.2
[PtCl(P03)z(CO)]+[ BFA]— has been lhoun3 to react with alcohols to form
PtCl(P@a)z(COOR) which then forms CO2 and PtCl(P¢3)zH upon treacment with
water.4 A reasonable mechanism for this process has been suggested by
Clark, Dixon, and chobs,4 but other observations on CO activation in
cationic metal carbonyls hint that another mechanism may be operative.

The mechanism of Clark, Dixon, and chub54 is shown in Scheme I.
Alkoxide ion can reversibly dissociate from and attack the carbonyl
carbon.5 Added water (hydroxide) can then attack the carben:l carbon
to form the observed preducts, co, and PtCl(Pﬁa)zﬂ.

Scheme I:
PLC1(P@,),(COOR) + H,0 ——> [Ptcl(P03)2(C0)]+ +O0R ——> PtC1(PD,),(COOH)
+ ROH

PtCl(P03)2(COOH) —> Co, + Ptcl(P03)2H

These suppositions are supported by the observations that:
1) [PtCI(P03)2(C0)]+ reacts with alcohols in a straightforward associative
mechanism to form the alkoxycarbonyl, as shown by Byrd and Halpern.3
and 2) [Pccl(P03)2(co)]+ reacts with refluxing water to give CO, and
PECL(P8,) ,H.

However, other cationic transition metal carbonyl complexes have
180 . 6,7,8

been shown to exchange oxygen with added H, A reversible
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attack by ISOH- upon the carbonyl carson would not result in oxygen
exchange, whereas a separate attack by a second hydroxide to form a

symmetric carboxylate species would result in scrambling (Scheme II).

Scheme I1: 18
utco -ﬂ:—» M-c’o_H — > uigo + oy no
\\0 scrambling
M =Mn(C0)g. Re{CO)s, O
f
LMn(CO), , LRe(CO) + .
4 4 M-Cf‘— + HOH ——> H-Cwo + OH scrambling

L =pyridine, CH3CN ‘h

This suggests the possibility that the reaction of OH with
Ptcl(Pm3)2(CODR) could proceed by an associstive an attack upon the
alkyl group. The carboxylate anion which formed could react with water
and aecarboxylate to form co, and Ptcl(P03)2H (Scheme III).

Scheme III:
H,0

- 0
PECI(PB,) (COOR) — 2> c1(P63)2Pt-C€- 2 —% > ptci(re

), (COOH)
0—C—OH 372

+ CHyOH + O~

/

PtCI(P63)2H < co,

There are several methods for testing this possibilicy. The best
way 1s to use an optically active al:ohol.9 The mechanism shown in
Scheme I would result in reteantion of configuration whereas the mechanism
shown in Scheme III predicts an inversion of configuration.

Another method involves reacting PtCl(P¢3)2(COOR) with HZIBO.
If the mechanism shown in Scheme III 1is operative, then all of the label
should be found in the aleohol, with none in the C°2'11 If the mechanism
in Scheme I is occurring, then all of the label should be found in the

C02 and not in the alcohol.
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Another way to do this exjrcriment would be to prepare PtCl(P63)..-C—180R

from [1?!:0::1(1?63)2(C0)]'+ and R—180H . This alkoxycarbonyl when reacted

with H20 should show complementary results to the above experiment:
labeled Coz implies Scheme TII is operative; labeled ROH implies Scheme T
is operative.

The above observations may be complicated if the mechanism in
Scheme I is an associative process. The intermediate formed could undergo
proton l:r.-nns.f.ew:12 and scramble the labeled oxygen in the reaction of
PtCl(PﬁB)z(COOR) with Hzlso, resulting in doubly labeled and unlabeled
Coz. However, this proton transfer would not scramble the oxygen of

the alcohol, so rhat examination of its label incorporation would be

meaniugful (Scheme 1IV).

Scheme IV: -
0 18- 0 OH
(PBy) ,C1PL— €~ OR <———> (pﬁ3)2c11>c-1:—0k “—> (PB,),C1Pt ~ £ —0R
18 18]-
(W 0
-on I
18 18 18,
0c "0, € 0,, CO,, - (p¢3)2Pt-C</
but only ROH ct 0

o]
The reaction of (p¢3)2c1pt—8—won with H,0 avoids the oxygen
scrambling problem. Proton transfer does not change the labeling
of the starting material, so that only oclso or RlBOH should be

observed (Scheme V).

Scheme V: -
0 - gn
(29,) Clre- ¢ Por —2 o (Po)a)zcm:-g-lson — (p0y),c1rt—¢2or
On o

co, only, RIBOH only
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Proposition ITI

Vibvrationelly Nonrandomized Decomposition of

dz-hexafluorobicyclopropane
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Vibrationally Nonrandomized Decomposition

of d,-hexafluorobicyelopropane
&

The generation of vibrationally "hot' molecules in the gas phase
in exocergic chemical reactions has been a topic .f concern recently.
The randomization of energy in the various vibrational modes prior
to unimolecular decomposition was predicted by RRKM theory.l'ESeveral
investigators have tested this prediction on small molecules as
described below with varying conclusions, resulting in confusion.

One attempt to look for non-randomization was examined in the
shock-tube decomposition of SF6 to SFS and ¥ by Bott and Jacobs.3
They found that the vibrational energy was distributed over
six oscillators, in support of randomization prior to decomposition.

Butler and Kistiakowsky were able to demonstrate thar hot
methyleyclopropane formed from two indepenaent routes ip the gas phase
decomposed to give the same distribution of butenes (Scheme I). The
distribution was also iIndependent of the source of methylene (ketene
Scheme I: =
:CH, + A —_— D— T"' \_/+\=/+/¥+=<

same ratios
*

a1 SN —[ D] ey e <
or diazomethane) and of the pressure over a 100-fold range. This
observation supports che rapid randomization of vibrational energy
in this molecule, as at higher pressures non-randomized processes are
predicted to become more meortan:.4

A similar observation was found5 in the similar rate of decomposition

of sec-butyl radicals prepared from two different sources(Scheme II).
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Scheme II: -
DZ [ ?
+ D2 —_—_ AN, “cH,

D. . "
7\ 2 ™\ D

B ) L [ » ] ————— »/\ + ‘CH3
The value of the rate constant k ~as also independent of the pressure
between 0.036 and 200 l\:m.6 At the highest pressure collisions occur

13 sec,, demonstrating the alacrity of randomizacion.

every 2 x 10°
Frey has reporued7 a non-randomized decomposition in the addizion
of methylene to isobutylene, forming hot 1,1-dimethylcycloprooane that
decomposes to a mixture of butenes. The ratio of butene products was
found to be significantly different than in the pyrolysis of
1,1-dimethylcyclopropane.
Other examples of randomized vibrational energy have appeared,B
but recent reports by Rabinovitch, et.al,, show a failure of intramolecular

%:19,11 The system

energy relaxation in a unimolecular decomposition.
chosen was dz-hexafluorobinycloprupane (HBC) prepared by addition of

:CD, or :CHZ(from irradiation of the corresponding ketene) to

2
hexafluorovinylcyclopropane (HVC) or dz-HVC, respectively, The

*x
vibrationally excited HBC formed initially decomposes to dz-tetrafluoro-

vinylcyclopropane or is collisionally deactivated (SchemeIII).

. ]
Scheme IIT: ¢ FF »
A) :Cp, + f 4 i ‘70'02’ 5
N 13 F| S
L] ; NoE e X T,

2

E 14 13
r ¥ " >
B) :CH, + 1>—\/ # D »
’3 ke \“QQ\
P

. ]
¢ N
H
F
[3

.
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Rabinovitch observed an excess of the dz-vinylic over hz-vinylic
product upon addition of :CDZ to HVC and the reverse ratio upon
addition of :CH2 to dz-HVC. These results are consistent with decom-
position of the same cyclopropane ring formed by carbene addition
to the HVC, indicating incomplete randomization. As the pressure
was increased by addition of CO (~4 atm.) the ratio of non-randomized
to randomized decomposition increases due to collisional quenching
of randomized HBC*.

The amount of nonrandom decomposition was assumed to be the same
in both reactions A) and B) in Scheme III and could be & source of
error on two counts: 1) the deuterated ring should show a slower
decomposition rate due to secondary isotope effects, and 2) the :CH,

and :CD, may bring different amounts of energy into the sysctem.

2
A possible way to test Rabinovitch's results is to use a different
12
source for the two hot bicyclopropyl species. Two alternate routes

are shown in Scheme IV. These systems have the advantages that:1) the

Scheme IV:

¥
F ¢ :’ ’D h 4 F P‘ -:
A) LN o
D i 2" PN *
Hr Y e
[ F
f £ :' N hv f e
5) | —— P>
" LY N H b — products
] gf K ¥ U]
F Fr H hv 4 F / “n
C) //N F 3
®
)
' -t
f s f f )
f £ ¢ )N hv f P s F ,/}'
D) || —————— F
D N ] 0
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#z0 compounds can be decomposed by irradiation in the ges phase,
2) the diradicals produced should give the desired bicyclopropanes

12,14 3) the absence of ketene precludes polymeriza-

as wajor products,
tion, and 4) the isotope effects should be reduced.

Routes B) and D) to the vibrationally excited species may be
complicated by a secondavy reaction. The biradical intermediace
may lose :Cl’-‘2 directly and form dz-HVC without going through the
bicyclopropane intermediate. This side reaction would have the effect
of indicating an even greater amount of non-randomization, and suggests
that routes B) and D) are not suitable for preparation of dz-HBC*.

A possible problem with the azo route to HBC* is that the product
may not be highly excited enough to lose :Cl’-‘z. 1f the heats of
formation of the azo starting material and of dz-HBC were known,
one Could make a prediction. Also, if nitrogen carries off a
significant amount of vibrational energy the remaining cyclopropane
may be too deactivated to extrude :CF,.

Should the dz-HBC* formed by the azo route decompose as Rabinovitch
observed, the same experiments could be performed; i.e., a stucy cf the
pressure dependence of the amount of non-randomized vs. randomized
d,-HVC. Similar dependances would offer direct support to the

2

incomplete intramclecular energy relaxation as proposed by Rabinovitch.
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Isocyanide Insertion into Actiyated Aryl-Hydrogen Bonds

The activation of cerbon-hydrogen bonds by transition
metals has been the goal of many researchers, with limited
success, While a few examples of alkyl-hydrogen bond
activation have been reportedl, many examples of activation
of aryl-hydrogen bonds are now known,2 most of these involving
only reversible insertion into the C-H bond.3 Unfortunately,
aryl substitution processes involving direct activation of
an aryl-hydrogen bond by a transition metal (as opposed t-
activation of an attacking reagenth) are not used on an
industriel scr .e, although such a process would be quite
desirable.

Interception of an intermediate transition metal aryl
(or slkyl) hydride by CO or some other insertion group also

has the possibility of being catalytic in metal (egmn.1).

RE + CO —IMJ——-» r-cgd (1)

The hydroformylation reaction is an example of a catalytic
system where CO insertion into a metal-alkyl bond is followed
by reductive elimination from an acyl hydride intermediate,
producing aldehyde products.5 This proeess has not yet been
reported to include inserticn of CO into an aryl-hydrogen
bond, perhaps because none of the rompounds known to insert
into aryl-hydrogen bonds possess CO ms a ligande or due to

the reluctance of €0 to insert into metal-&aryl bonds.
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The functionally equivalent isocyanide ligand, :C=N-R,
has alse been reported to insert rapidly into metal-carbon
bonds in the compounds CpMo(CO)3R,6 CpFe(CO)2E (with CO pres-

10 iky1

sure)7, and cpNi(PPh3)R,8 as well as in Pa® ana Pt
complexes. One of the alternate resonance forms of a
transition metal isocyanide (eqn.2) increases negative
charge on the metal center and might increase the metal's

nucieophilic character towards arene C-H insertion { a

requirement suggested by Parshallla).

+
R-N=C-M —/————"= R-N=C=M (2)

The products of a reaction involving arene C-H activa-
tion followed by isonitrile insertion and reductive elimina-
ticon are an imine and a coordinatively unsaturated metal
complex. A catalytic cyele for this process is shown in
Scheme I. The first two steps of the cycle are known,z’s‘ll
whereas the reductive elimipation of imine from the imino-
acyl nhydride complex has not Yeen ovserved, but is not
expected to be an unlikely process.

The feasibllity eof the iminoacyl hydride reductive

elimination step could be investigated by protonating the

2 rmven ) s 13
knowrt compound (Cglig)Mo(CO),( CH-C=NCES) with CFCOOH,
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Scheme T @

MaC=N~R

:
NcaN-R

H
f - J
:C=N~R M=C=K-R

o
H:M \_/
R—N=C©

generating an iminoacyl hydride. The related compound
(CSHB)MO(CO)B(CHB) protonates to give nethanel.'b Similarly,
hydridic reduction of PdBr(PPh3XCR=NCBa)9might produce an
iminoacyl hydride that could demonstrate this process.

The types of acyl C~H bonds activated include intra-
molecular reactions with the ligands PPh3(orthometalation)ls

6 and intermolecular

and R2NCH2CGB5 (orthometalation).l
reactions with benzene, toluene, and anthracene.2 Metal
complexes that intermolecularly activate arenes include
(C5H5)Rh(ceﬂh)2,2a (CH3PCH2032PCH3)2M(CloHT)H (M=Ru,0s),2P
(CgHg) M, (M=wb,”C 7a®T), Re, (PEt,CaH,),) " HyTa(CH,PCH -
cr{?_Pcna),2e ena HIr[p(cHy),], 2T

0f these compounds, (csns)m‘(cznh)z' (c5H5)Nm{3, and
(CEHS)T5H3 are the most likely candidates to carry out
the processes in Scheme I &s they are more similar to the

complexes known to insert isonitriles than the phosthine

substituted compounds%7 Of these three C5H5 compounds,
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(CSE5INbE3 is the most active towards CgHg =~ D, exchange

and might be the best choice. (0535)Rh(023h]2 hes the

advantage that no hydride ligands are present that could

react with the starting isonitrile or the imine péoduct.
The alkyl group of the isonitrile might also be

"fine tuned" to increase insertion rates, Just as the

alkyl groups on phosphine ligands can be varied to affect

reaction rates. Most literature reportsllindicute that a

bulky isonitrile increases isonitrile insertion products

(with respect to CO insertion products). Hydrolysis of the

imine product removes the isocyaniic alkyl group, yet leaves

a substituted benzene derivative, benzaldehyde (eq_n.h).18
o]
H + 1
Sc=j-p ——Hp0, B o @c\ﬂ+ H,NR (1)

©

Insertion of isonitrile into the M-H bord instesd of the
M~acyl bond has also been observed{gbut requires more
severe reaction conditions (eqn.5). Consequently, thils
insertion is not expected to interfere with the catalytic

cycle, A H;C=N-R‘

H
M-R —_— M (5)
C=

/1N

N-R' ]

% should be noted thet several transition metal

compounds are known to effect Just the opposite of equation 1,

stoichiometric decardbonylation of aldehydes to produce arene
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and a metal cardbonyl (eqn-s)?o Since the thermodynamics of
equation 1 favors aldehyde formation, the remson for this
reversal must be attributablé to the high stability of the
metal carbonyl produet. Isonitriles, being weaker W-acceptor
ligands than CO with respect to tramnsition metals%l should

not suffer from de-insertion reactions anmlogous to equation

4 as the thermodynamics are probably unfavorable.

Qo

M + BR-C-H ——> RH + M-CO (6)
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Proposition V

The Mechanism of «-elimination in Ta(alkyl)s
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The Mechanism of s-elimination in Ta(alkxl!s

The preparation and chemistry of transition metal alkyls
has become an intricate part of the newly-fashioned field
of organometallic chemistry. Many metal-alkyl compounds
have been established to decompose by a common (yet poorly
understood) process termed J-elimination, forming a metal
hydride and &n olefin.1 Another process, metal-carbon bond
homolysis, has also been shown to accur.l'2 More recently,
a new method of decomposition for metal-alkyl compounds
containing no f-hydrogen atoms has been suggested by Green
and Cooper3, involving the elimination of an &-hydrogen
atom forming & metal carbene hydride that was trapped as the

PR3 adduct (egn.l).

,CH3
[%pQS;y ]

Since this report, Schrock has found several examples

+ +
CH,_-PR
—_— PR 7 273
—> [Cp Yi-cut - CPVE —=3> cCpV (1)
[ 2 3 2\\CH2 2Ny

of the «-elimination process in his study of the M(CH3)5
M(CHQPh)s,h’s and M(CHZCMe3)56 (M=Nb,Ta) systems. The
deccemposition of Ta(cD3)5 in diethyl ether sclution et 25°C
shows the formation of 3.5 equivalents of CDh’ with little
ethane (€1%) being observed, providing evidence for the
absence of free methyl radicals formed by M-C homolysis.7
The decomposition of Ta(CH2C6H5)5 has also been alleged

to decompose by & non-radical process.s Actually, & radical
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chain process such as that shown in Scheme I was found not
to be the mechanism of toluene formation, as neither radical
traps nor initiators had any effect upon the reaction rate,
nor were any ESR signals observed. However, a crossover
experiment provided conflicting results: decomposition of a
mixture of Ta(CHecéﬂs)s and Ta(CD2C6H5)5 provided both

C6H and C6H5CH2D. Schrock expleined this observation in

5CH3
terms of an independent ligand exchange reaction as opposed
to reversible M-C cleavage.s

The decomposition of Ta(CHECMe3)S formed in situ
by the reaction of Ta(CHECMe3)kC1 with LiCHZCMe3 proceeded
sizilarly, providing neopentan: and (Me3CCH*=Ta(CH2CMe3)3.
Lateling studies demonstrated the intremolecularity of the
reaction. Three possible mechanisms for the formation of the
neopentylidene were considered by Schrock:6 1; ¢~elimination
(transfer of an &-hydrogen a.om{hydride) to Ta}, 2} &-abstrac-
tion (M-C bond cleavage followed by rerid abstraction of an
«-hydrogen from an adjacent alkyl group), and 3) deprotoas-

tion (loss of CH CCHz- followed by rapid «-deprotonation of

3
an adjacent alkyl group) ‘Scheme II). All three of these
mechanisms accomplish the sarme transformation in the poly-
alkyl systems.

Scheme I

CHy + H —_— + TalCH 2 g

R "'2 Ta(C 2?[‘1);— RCH3 ( ZPP)] (CI‘EP]’))
y P ¢ = H_ Ph + H,»
TB(CHZ h) (CHPh) ———————> RHC=Ta(C o ) RCHZ
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Scheme IT )
1 'MeBCCHZ)uTE{B
| CHCMe
+
s " CH,CMe (Me_CCH,) .Ta=CH-CMe
T (CH, CMe,) —2r|Me ccn ) md 2 3 37723 3
2735 L 3772’3 \CH_CMe +
27773
[ “CH_CMe.
3 (e con) 18 23 Che,,
| © 7 NcHcve,

Schrock diszounts the first mechanismk on the basis
that Ta(V) would prefer not to be formelly negatively
charged relative to a carbon ligand, so that this &£-elimina-
tion process (1) is not occurring in these systems. However,
both mechanisms 2 and 3 are plausible?’Ga’Gb zud cannot
be distinguished between by his experiments. Mechanism 3
is preferred as it is known that szM(Cﬂs); 9 {M=Mo ,W)
CpTa(CHCMeB)Cle(PMea) 10 mey be deprotonated with Ph3P=CH2
to give Cp2M=CH2(CH3) ard CpTaﬁECCMe3)Cl(PMe3)2, respectively.

No tests have been employed in this system to specifi-
cally detect short-lived radicals, thereby distinguishing
between mechanisms 2 and 3 ebove. With the large number of
radical rearrangements known, it ought to be possible to
find one that rearranges quickly enough to demoastrate the
presence of short-lived radicals, either caged or in solution
(Scheme III).

The known rearrangement of the l-hexenyl radical could
be employed if the «-positions were blocked with methyl

groups {eqn.2). However, the rearrangement rate of this
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radical is probably slow (k~l.0x1053'1)ll compared with
the expected lifetimes of the radicals in this system. The
allyloxyethyl radical (™w™~0"\:) cyclizes about 20 times
fasterl2 but still may not be fast enough.

Scheme III

TaRg ——>- TaR, +R —%r—> 7Tar, + R

B3T3=R(-H) + RH R3Ta=R(-H) + R'H

TaGW)S—*M)mcM+—{-\,\+ Q (2)

The most optimel compourd for this study is perhaps the
methyleyclopropylcarbinyl derivetive, A'(eqn.B). The

framework of the methylcyclopropylcarbinyl ligand is identi-~

) _ﬂ.@ ), _+va%>4)3
}./

A 5

cal to that of the neopentyl ligend so that steric differences
would be minimized. The cyclopropyl cerbinyl radical

ring opens very rapidly (k=:2x1085_1)13 and would rrobedbly
be fest enough for this experiment. The formation of

2-methyl-l-butene would indicete the intermedlacy of radicals.

4
An even faster rearrangementl could bte detected with
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15

the mixed compound B. Mechanism 3 would produce only D
~ Ay

as cyclopropyl mnions have been demonstrated to dbe

1
b5 vhereas mechanism 2 would

configurationally stable,
produce &8 mixture of ¢ and D due to the rapid interconver-

sion of tue cyclopropyl radical.

" D
jte)ndeaiNe:3
P + ~
p’3 2

B C D
~ - L od

Although these experiments are rather difficult to
perform, they would distinguish between two of the pathways
of the & ~elimination process. The increased understanding
of the detailed mechanism, while not important in terms of
the ohserved products, would add insight into one of the

besic processes mvailadble to trensition metml poly-alkyls.
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Fipure 9. ORTEP drawing of two asymmetric units. related
by a twofold axis, in [(Ph3P)2hﬂEpQRh3(CO)h]_THF.
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Table 1. Interatomic Distances (X) and Angles (+).

Metal to Metal Bonds Carbon to Carbon Bonds {con'd)
Rh1-Rh2 2.590 C9-C5 1.432
Rh2-Rh2 2.661 C11-C12 1.380

£12-€13 1.393

Metal To Carbon Bonds C13-C14 1.380
Rh1-C1 1.543 Cl4-C15 1.368
Rh2-C2 2.005 C15-C16 1.374
Rh1-C2* 2,400 C16-C11 1.402
Rh2-C5 2.206 c21-C22 1.373
Rh2-C6 2.201 C22-C23 1.389
Rh2-C7 2,259 C23-C24 1.364
Rh2-C8 2,267 C24-C25 1.360
Rh2-C8% 2,258 C25-C26 1.387
Rh2'-CZ z.010 €26-C21 1.395

Larbon to Oxygen Bonds C31-C32 1.376
C1-01 1.147 C32-C33 1.377
C2-02 1.163 €33-C34 1.381
C3-03 1.330 C34-C35 1.356

C35-C36 1.383

Carbon to Phosphorous Bonds C36-C31 1.411
C11-P1 1.830 C3-Ca 1.35%
C21-P1 1.829 C4-C4 1.401
C31-P1 1.815

Metal Cluster Bond Angles

Nitrogen to Phosphorous Bonds Rh1-Rh2-Rh2 59.1

N1-P1 1.589 Rh2-Rh1-Rh2 61.8
Rh1-C1-01 177.9

Carbon to Carbon Bonds Rh2-L2-02 138.4
c5-C6 1.357 Rh2'-C2-02 136.8
£6-C7 1.316 CEN-C2-02%* 170.7
c?-Cc8 1,288 C5-C6-C7 111.5§
c8-cg 1,342 C6-C7-C8 107.9

C7-c8-c9 111.7
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Continued

Metal Cluster Bond Angles (con'd) Triphenylphosphiniminiur» Cation
cs8-cy-cs 105.5 5255—331151 Tcon™d]

€9-C5-C6 103.3 C26-C21-C22 122.4
P1-C31-C32 120.1

Triphenylphosphiniminiuvm Cation P1-C31-C36 118.4
Fons Angles €31-C32-C33 119.4

P1-N1-P1 133.6 C32-C33-C34 119.6

P1.C11-C12 122.1 €33-C34-C35 121.2

P1-€11-C16 116.4 C34-C35-C36 121.1° -

€11-c12-C13 118.8 €35-C36-C31 117.4

€12-€13-C14 119.3 €36-C31-C32 121 .4

€13-C14-C15 120.7

C14-C15-C16 120.8 Tetrahydrofuran Bond Angles

€15-€16-C11 118.6 €3-03-C3 113.7

€16-C11-C12 121.2 03-C3-C4 105.2

P1-C21-€22 118.3% €3-Ca-C4 107.5

P1-C21-C26 119.1

€21-C22-C23 117.6

€22-C23-C24 121.2

C23-C24-C25 120.3

Ced-€22-£26 121.0

€25-C26-C21 117.4

Average estimated error in bond lengths ca. : 0.008 A.

L]
Semi-bonding interaction

..Center of Rh2-Rh2 bend
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Table 2. Fractional Coordinates
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