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ABSTRACT

The complex ey’ 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 dianion [CpV(CO)B]z_
with water and cation exchange with PPN+Cl—. The physical
properties and chemical reactions of PPN+CpV(CO)3H_ have

been investigated. The sodium salt of CpV(CO)BH— is con-

tact ion-paired in the solid state and in THF; dissociation

+
of solvent-separated pairs occurs on conversion to the PPN

+
salt or dissolution in polar solvents such as HMPA. PPN

CpVv(cCo) reacts with a wide range of organic halides,

5=
3
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)SX]. In

some cases a second organometallic product is observed;

+
this material is the binuclear bridging hydride PPN

]

372

product va(co)3x' with starting va(co)3H' present in the

reduction solutions. Irradiation of CpV(CO)h in the

[CpV(CO) H, and it is formed by reaction of the kinetic

presence of CpV(CO)_H provides an alternate route .to

3H

bridging hydride [CpV(CO) H . Competition experiments

51

5 have shown that CpV(CO)3H_ reacts more rapidly

than the phosphine with transient, coordinatively unsaturat-

against PPh

ed CpV(CO) but thermodynamically PPh_ is the better ligand.

R 3
The borohydride salt PPN+[CpV(CO)3BHh]_ has also been



iv
prepared, by treating CpV(CO)h with NaBHh and by treating
CpV(CO)BH- with BH3'THF. The mechanism of the reaction
between CpV(CO)BH- and organic halides has been investi.
gatedin 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 cases,
the reduction reaction proceeds via free radicsl interme -
diates. As in the R3SnH case, these intermediates are
generated in a chain process, and are trapped by hydrogen
transfer from CpV(CO)3HT The absolute rate constant for

T w1

this transfer step can be estimated to be ca. 2 x 10
sec-l, nearly an order of magnitude larger than the rate
constant for hydrogen transfer from tri-n-butyltin hydride.
Reduction of cyclopropylcarbinyl bromide appears to be

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

nismnm,

Sodium amalgam reduction of CpRh(CO)2 or a mixture of
CpRh(CO)2 and CpCo(CO)2 affords two new anions, PPN
- + -
[Cp2Rh3(CO)h] and PPN [szRhCo(CO)z]. The latter compouni
appears to be physically and chemically similar to the known
& ES

PPN ICPECOQ(CO)ZJ » WwWhereas the former posesses the same
substructure bridged by a Rh(CO)2 unit. Both anions

react with CH_I producing acetone via CpRh(CO)(CH,)

3 32

or CpCo(CO)(CHB)z. In addition, the compounds Cp2RhCo(CO R

oR,

e
(R=CH,,CH,CF,) are formed upon alkylation of [Cp,RnCo(c() ]
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and are observed to decompose to CpRh(CO)(CHQCF and

3)2
CpCo(CO)(CH20F3)2.
CpMo(CO)3H (1) has been found to react with CpMo(CO)3R

(R=CH CH,CcHos 28,28,2¢) at 25-50°C to quantitativ-

32Yphy>
1y produce aldehyde RCHO and the dimers [CpMo(c0).],
and [CpMo(CO)é]Q. Evidence is presented indicating that
aldehyde formation occurs by insertion of CO into the Mo-R
bond followed by hydride transfer by 1 forming an inter-
mediate acyl hydride. The intermediate acyl CpMo(CO)Q(COR)
also reacts with ethylene and CpMo(CO)BH producing ketones
R_g-C2H5' A mechanism is proposed for these reactions and
a comparison with the cobalt analogues in the hydroformyl-
ation process discussed.

The reactions of PPN+CpV(CO)3H- with some transition
metal carbonyls, alkyl and acyls are studied.  In almost
all cases substitution of hydride (H ) for CO is observed.
The chemistry of CpMo(CO)3H with similar compounds is also
examined and compared with that of CpV(CO)3H—. In general,
CpV(CO)3H- appears to transfer a hydrogen atom to the
metal radical anion formed in an electron transfer process,
whereas CpMo(CO)3H transfers hydride in a 2-electron process
to a vacant coordination site. The chemical consequences
are that CpV(CO)BH_ generally reacts with metal alkyls to
give alkanes via. intermediate alkyl hydride species wheress

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

via. an intermediate acyl hydride species.
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Chapter T

The Reduction of Alkyl Halides

by [(1311313)21\1]+ [cpv(co) 1]~



Results and Discussion

. + —
Properites and Reactions of PPN [CPV(CO)jH] ,PPN+.££

Almost two decades ago, E. 0. Fischer reported1 the reduction of

CPV(CO)h’i%’ with sodium metal in liquid ammonia forming the tight ion
pair NaECpV(CO)3, 3+ 3, upon treatment with aqueous HCl and extrac-
tion with hexane yielded the dimer Cp2V2(CO)5 .

We have found that in THF érmay be treated with water rather than

HC1l to obtain the mono-protonated species Nat[CpV(CO),.H]™. The IR

3
spectrum of this new anionic vanadium hydride3 in THF indicates that
it consists ofatight ion pair in equilibrium with a solvent separated
or free ion pairh (Scheme I). If one equivalent of

[« 31?) 2N]+01" (pPNtC1T) is added in small portions, the ~;)L " 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, while the band
at 18870m—1 remains unchanged (Fig. 1). 1 may exist in THF solution

546

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

] T ¥ T Y T T T T

) o

J

0 equiv. PPNC1 | 1/2 equiv. PPNC1 | 1 equiv. PPNC1
—a—l 1 1 { _b-l 1 | 3 i [ (o] ] ] i
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Fig.l- Na* CpV(CO)SH- + PPNCl—— PPN"CpV(CO)?)H'

-1
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Scheme I

+ - + -
- .yt - PP PPN+« «THE- . -CpV(CO) .H
Na'CpV(CO) ;H =====Na '+ THE" - - CpV(CO) 5H PPN C1 pV(CO) 4

”& + NaCly

Na* || cpv(co) g” PPN | ClprV(CO)SH_
An IR spectrum similar to that in Fig. lc is also obtained upon
formation of Na [CpV(CO)3H]—in HMPA, or upon addition of 18-crown-6
to a THF solution of Na[CpV(CO) i

The PPNY salt of 1 may be isolated by adding PPNYC1” to a

solution of NngpV(CO)3H]‘ and precipitating the yellow product with
n-hexane. The NMR spectrum of this hydride in d8—THF shows a complex
pattern at § 7.6 ppm due to the PPN+ protons and a sharp singlet at
& 4.60 ppm attributable to the CgHs protons with the relative areas
of 30:5. The hydridic hydrogen appears at $ -6.72 ppm as a broad low
8

intensity peak with a width of ~ lppm.

Reduction of 1l-bromoctane: Addition of 1 equivalent of l-bromooctane

to a THF solution of‘% (0.10 M) results after several hours in the
formation of n-octane in ~90% yield (eqn. 1). Reduction of
l-bromoctane with PPN‘{va(co)3D]_ 9in do-THF or with 1 in dg-THF
gives only dl-octane or do—octane, respectively, indicating that the
vanadiwm hydride is the proton source.

PPNt Cpv( CO) g™ + RBr —IF, ppy* CpV(CO),Br™ + RH (1)

The primary organometallic product of the reaction is the expec-
ted PPN+[CpV(CO)3BﬂP,‘E; which may be isolated from the reaction
mixture by precipitation with n-hexane. This dark green compound
may also be prepared by irradiating a THF solution of 2 and PPN*Br~
or Na*Br~ while purging with nitrogen to remove liberated CO and

Precipitating the air sensitive product with hexane.



4

(Anal. Caled. for C))Hy-BrNOP,V: C, 64.58; H, L.28; N, 1.71;
Br, 9.77. Found: C, 64.50; H, 4.76; N, 1.70; Br, 9.60).

The IR spectrum of this vanadium halide in THF shows three Vco bands
at 1941 (m), 1847 (s), and 1804 (m) and a singlet in the NMR for the
CsHs protons at & 4.83 ppn.

The reduction of an alkyl broﬁide by‘&'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 9co bands of }v at
1887 and 1775 cm™t with the simultaneous growth of bands at 1941,
1847, and 1804 em™1 of 4. The color of the solution is observed to

change from yellow to dark green.

Fig.2- CpV(CO)3H™ (1) + RX~———> CpV(CO)3X~ (L)
1900 1800 1700 1900 1800 1700 1900 1800 1700 cm~1
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Fig.3- CpV(CO)3H™ (1) + RX———CpV(CO)3X~ () + [CpV(CO)ﬂZH' @
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However, the CgHg region of the NMR (8§ 4-6 ppm) shows the
formation of two organometallic products as 1 is consumed; 3, at
% 4.83 ppm and a new material which we believe to be a hydrogen

bridged dimer, PPN+[CpV(CO)3] oH 5 5, at§4.65 ppm (singlet)

(vide iﬁf‘ra). _
)
/\ c/\c

0

2

The 05H5 resonance of‘\:'Lv at§ 5.60 ppm is found to disappear at
at a rate faster than the octyl bromide triplet at § 3.40 ppm and

an insufficient amount of ,&, is observed compared to the amount of



6

octyl bromide consumed. Furthermore, the quantity of globserved
(based on 5 CSHS protons per equivalent) is equal to the amount of
missing’&’plusﬁg. Therefore,dg appears to be a 1:1 adduct formed
by the reaction of remaining‘%'with nevly formedAﬁ. Indeed, an NMR
signal is observed at § 4.65 ppm upon mixing THF solutions of 1 and

L, suggesting the reaction in equation 2.
W

CpV(CO)SH' _
CpV(C0)gBr™ ==CpV(CO) 5 + Br™ == - [CpV(CO)3]2H (2)
L 1 5

’E’may be prepared in situ by a variety of methods, but isolation
attempts at 2500 have been unsuccessful. If a THF solution of 2
andik is irradiated while purging with nitrogen, IR bands due tong
at 1855 and 1814 cm—-l are observed to grow in while bands of g’and_gb
diminishtO (Fig. 4). The formation of 5 probably occurs via the
photodissociation of CO froma% to yield a coordinatively unsaturated
intermediéte followed by hydridic attack at the vacant site by‘gv

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

5 has also been formed by the reduction of Cp2V2(CO) in THF

5

+
solution with Na/Hg amalgam followed by treatment with H,O, PPN C1l

2
and CO. An oxidation of‘;%'by AgCth also yields 2;
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Fig.4 CpV(CO), + CpV(CO),H —M—s[Cpv(CO),],H"
£ 5 2

We propose a symmetrical bridging hydride structure with equi-
valent Cp rings for the intermediate 2, analogous to the isoelectron-
ic tunggten complex reported by Davison and Wilkinson.12 Both
compounds show 2 IR bands in the vco region consistent with a D3h
or D3d structure for the bridging hydride. Other similar transition
metal bridging hydrides are also known. 13

2 dissociates slowly (T% = 6 nhrs. at 25°C) in solution to form
1 and "CpV(CO)B" which may be scavenged by P¢3 (eqn. 3) forming the
knownlh CpV(CO)3P¢3, .. In stoiciometric reductions of alkyl bromides

by 3; the consumption of the latter in forming 2 limits the rate of

the reaction, in which case the slow dissociation of 2’ becomes the



rate determining step.

PPN [cPV(co)3]2H‘:_—“‘PPN+ Cpv(00) B+ Cpv(co) (3)
& X
P¢3
CpV(CO)3P¢3
]

This argument is supported by the observation that no élis seen
in the case of a reactive bromide (e.g., benzyl bromide), in which
the reduction iscomplete within one minute and both }v and }‘4’ are not
present for an appreciable length of time. However, if only 1/2
equivalent of benzylbromide is added an almost quantitative yield
of‘2 is observed by NMR. Addition of a second 1/2 equivalent of
benzyl bromide results in the disappearance of érover 2 hours with
the formation of one equivalent of‘zt, demonstrating the slow
dissociation of Elintov% and coordinatively unsaturated CpV(CO)B.

Reduction of l-iodooctane:

The reduction of l-iodooctane (0.1 M) by‘&v(o.l M) is complete
withinﬁ 2 minutes and produces a quantitative yield of octane.
Howeve;, PPN+[CpV(CO)3£r.,;L,is the only organometallic product
observedl® and has spectral properties similar to those of’}h
(IR: V., = 1936 (m), 1846 (s), 1806 (m), MMR: multiplet §7.55 ppm

(30 H), singlet 8§4.86 (5 H))., The lack of formation of 5 indicates

that the rate of reaction of'&,with l-iodooctane to form T is faster
~
than the rate of reaction of 1 with 7.
~v ~v

Reduction of Acid Chlorides:

The reduction of heptanoic acid chloride with one equivalent of
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sboccurs instantaneously with a quantitative yield of heptanal and
PPN+[CpV(CO)301]- (IR: V__ = 1942 (m), 18Uk (s), 1802 (m); WMR:
multiplet §7.55 ppm (30 H), singlet §4.83 ppm (5 H)),15 &’reduces
other acid chlorides to 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, and aryl centers as given in Table I. Iodides are
reduced much more quickly than bromides, while chlorides (except for
cyclopropylcarbinylchloride andbenzyl chloride) and tosylates (except
for methyl tosylate and cyclopropylcarbinyltosylate) do not react
at all at 25°C.

The relative reactivity of primary, secondary, 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 %’(O.l M). The product solution was analyzed to determine the
ratio of pentane to hexane to 2-methylpropane, 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-bromopentane, l-bromohexane
and l-bromo- 2,2-dimethylpropane provided pentane, hexane, and 2,2-
dimethylpropane in a 4l4:43:1 ratio. These results together suggest
that there are two important effects in the reduction of alkyl
halides; a steric effect that allows unhindered primary halides to
be reduced more quickly than secondary or tertiary, and a smaller

electronic effect that allows tertiary halides to be reduced more
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qﬁickly than secondary.

Mechanism of Reduction of Alkyl Halides:

One can imagine several possible mechanisms for the reduction of
alkyl halides by 1, including: 1) Sy2 or nucleophilic attack on
carbon (oxidative addition), followed by reductive elimination of

‘product, 2) an outer sphere electron transfer process, and 3) a

radical chain process.

Table I. Reduction of alkyl halides by PPN' Cpv(cCO) S

Alkyl Halide Product Reaction Time Yield (%)*
1-bromooctane octane 4 hrs. 15
1-iodooctane octane 0.5 hrs. 97
1-bromohexane hexane T hrs. 73
2-iodooctane octane 1 hr. 97
bromocyclohexane cyclohexane 10 hrs. 65
CH r g

3)A<B cH Br 0.5 hrs.® 95
CH3 Br 3

CHs H

C6HI3COC1 C6H13CHO 0.1 hr. 100
(CHq) 4CBr (cu3)3cu 12 hrs. 100
CGHSCHzBr . C6H50H3 0.5 hr. 90
e - c ; : o
(=)-C HCH(Br)(CHy)  (#)-C HsCUD(CH,) 0.5 hr 64
C)‘HQCHBrCHQBr ChH9=CH2 2.5 hrs. 100
CGHSBr CgHg 8.5 hrs. L3
CgH;CH==CHBr CgHoCH==CHp 5. hrs. 46
¢is- or trans- 4
CH cuacu=tsr)0ﬂzcn3 cis-3-hexene 260 hrs. 30,

3 trans-3-hexene 260 hrs. 70
6-bromo-l-hexene l-hexene 17 trs. 80

methylcyclopentane 17 hrs. 6.8

D—Cﬂzm' methylcyclopropane 2 hra. 32
cyclohexenone no reaction 1 hr. -
C6H13C02CH3 no reaction 12 hrs. -
a - Yields determined by integration of NMR and VPC peaks.
b - No further reduction even after 2 hours.
¢ - Isolated yield (preparative VPC).
d - Corrected for unreacted gtarting material.
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Nucleophilic Attack (Oxidative Addition)

A possible mechanism to account for the observed reaction
would be a nucleophilic attack by‘£ upon the halide carbon, either
by the hydride ligand or the metal, forming an alkane plus a coordin-
atively unsaturated CpV(CO)3 intermediate in the case of the former
or a metal alkyl hydride that could reductively eliminate alkane and
a CpV(CO)5 fragment in the case of the tatter (Scheme II). This
CpV(CO)3 fragment could then react with the free halide ion to form

the primary organometallic product (4 or T).

Scheme TT
Cp(CO)3V...H...R...Br ‘----;-va(co)3 + RH + B
CpV(CO)gH™ + RBr or / 4,
H
' cp(co) v/ + Br~ CpV(CO) Br~
3 Ng 3

We have been able to rule out these mechanisms on the basis of
two observations: 1) The reduction of optically active (-)-0& bromo-
ethyl-benzene with PPN+[CpV(CO)3Iﬂ— yields racemic @-deterioethyl-
benzene,j6 whereas the mechanism(s) depicted in Scheme II would
predict a clean inversion in stereochemistry, and 2) the CpV(CO)3
fragment cannot be trapped with a ligand to form a CpV(CO)3L with
up to a 35-fold excess of PR3 (R=4, CH3) or with CH3CN (used as
solvent). In both of these competition experiments PPN+[CpV(CO)3X]—
(X = halogen) is formed as the kinetic product which then is slowly
substituted by PR3 or CH3CN.17 Control experiments performed by

irradition of a THF solution of CpV(CO)), P¢3, and N&X~ in a 1:2:2

ratio show CpV(CO)3P¢3,§, being formed 10:1 over the halidel?,
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demonstrating'that‘é is the kinetic product formed in the competition
between P¢3 and halide ion 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
and secondary centers. We have also been able to rule out the
intermediacy of carbonium ions. Reduction of neophyl bromide with
& produces t-butyl-benzene with only traces (< 0.17) of isobutyl-
benzene, the latter being expected as the product of a carbonium

ion rearrangement (eqn. L4).

CpV(CO)3H' + ¢+\ > ¢ % + > \ (L)
) Br .

Electron Transfer

Another possible reaction mechanism 1s an outer sphere electron
transfer from 1 to R-Br, forming CpV(CO)3H', and an intermediate
free alkyl radical capable of abstracting 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’&; The competition experiments
involving PR3 and CH3CN described previously allow this intermediate
and consequently this mechanism to be ruled out.

Scheme ITI:

0pv(co)3H’ + R-Br —-CpV(CO) H* + R+ + Br~
CpV(CO) H +R————CpV(CO)3 + R - H

Cpv(CO)., + Br~—> CpV( CO)3Br"

3

The possibility of formation of intermediate carbanions has
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also been examined by the reduction of l-bromodecane in a THF/CD.OD

3
solution (4:1,V:V) with 1. The hydrocarbon produced is d_-decane
(~95%), whereas an intermediate carbanion would be expected to accept

a deuterium from the CD30D, producing dl—decane.

Radical Chain

The mechanism that we propose for the reduction of alkyl halides
by’&’is a radical chain process similar to that observed for
(n-ChH9)3SnH. An advantageous radical initiator starts the chain by
abstraction of a hydrogen atom from’i) forming a vanadium radical
anion species. Subsequent halogen abstraction from R-X (X = Br,I)
produces a free alkyl radical and the observed organometallic product
A'directly,-without the intermediacy of a coordinatively unsaturated
intermediaté. Propagation of the chain occurs by abstraction of a

hydrogen atom from 1 by the free alkyl radical (Scheme IV).

Scheme IV
I .
va(co)3H’ S 0pv(co)3
CpV(CO);' +R - X —+-0pv(co)3x— + R

.
-

R- + 0pv(co)3H'-——-—->- va(co)3 + 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 cis to trans-3-hexene is found in both react-

ions (1:2.3, respectively). Reduction of 1,l-dibromocyclopropane
proceeds 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 systems.22

The intermediate free alkyl radicals may be scavenged using
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P ; 21,23,2k4
2,2,6,6—tetramethylp1per1doxyl (TMPO) as a trapping agent.
Addition of a mixture of l-iodoheptane and TMPO to a THF solution
of'gk(5:2:1 ratio)produces a 15% yield of O-heptyl-2,2,6,6-tetra-

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

w0+ AAANI + CpV(00) H ——m VAVAVAN
15%

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

Similarly, addition of a mixture of 2-allyloxyethyl iodide
and TMPO to a CH3CN solution of‘&b(ljhzl ratio) produces a 5:1
ratio of O-allyloxyethyl-2,2,6,6-tetramethylpiperid-l-yl oxide to
the cyclized product 0-3-tetrahydrofurylmethyl -2,2,6,6-tetramethyl-

piperid-1-yl oxide in 20% combined yield (eqn. 6).

N-0¢+ WAAA  + Cpv(Co)3H —rC’l:-o‘\,M‘u(i\r o’_Q

We have been unable to trap the 1ntermediate free radlcals using
oxygen as a scavenger. Addition of benzyl bromide to a THF solution
of‘%_while purging with oxygen produced no benzyl alcohol after work-
up. Altﬁoﬁgh’$ is oxidized by oxygen within 30 seconds of purging,
benzyl bromide reacts with &'upon mixing, implying that either the
vanadium hydride is a better proton donor than O, is a scavenger, or
that all of the oxygen in solution reacts withigybefore it can scav-

enge an 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 intramoiecular rearrangements at rates competitive with
hydrogen abstraction. Several such alkyl radicals are known to
undergo isomerization, ring openings, and cyclizations. The alkyl
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’%>is indicated in Scheme V.

Scheme V

ky (1] k,[1]

If an excess of’%'over RX is employed in the reductionszs, then

the ratio [R§§ is given by equation 7 as has been noted by

Beckwith, et al.26

X -
RE] _ “H [cpv(co).u7]
é&ﬁ% = E; P 3 (7)

Plots of [RH]/ [R'H] wvs. PPN [CpV(CO)3H]— concentration for the

reductions of 4?\/o\fBr and :>==\/NVrBr give the expected

straight. lines as shown in Figs. 5 and 6, respectively.
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20 b
E//// ior g////
L 4 A 4 ;_ 0 L A A A Lr_
.0k .08 .12 .16 [1] .0k .08 .12 .16 [;]
Fig.5 Plot of eqn. T Fig.6 Plot of eqn. T
for N0 By for mBr

0,
Also within experimental error the ratio of 47VVQ\/ to Z

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

% completion (Fig.T7), as predicted for the radical chain mechanism

in Scheme IV.

0
"[’VVQ } Fig.7 Product ratio in
[Q ]2P 0\0/9__@ the reduction of AOApy
, - (0) by 1 vs. % completion.
&l \\\\m____m_{h [rx] =0.02 M
A/A\A-—-AA - [1]= 0.0k M(A), 0.08 M(a),
¥7 .0.16 M(0)

20 ho 60 80 100
% complete

If the rate constant for cyclization of the allylethyl ether
6 sec-1 ol

radical is assumed to be 1.2x10 , then a value for kH of
l.5x107 M"lsec-1 can be calculated from the data in Table II and
equation T. This rate constant for abstraction of a hydrogen atom

froml% by a free alkyl radical is about 12 times that for abstraction
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from (n—ChH9)3SnH.

Deuterium Isotope Effect:

Reduction of l-bromodecane (0.027 M) with a 52/48 mixture of
PPN*[bpv(co)3D]"/PPN+[va(co)3HI' (0.14M each) produced 58.3%
dl—decane and 41.7% do—decane, corresponding to a primary deuterium
isotope effect of kH/kD = 1.28. This extremely low value compared
with that for (n—CuH9)3SnH (kH/kD=2.7)3O indicates that the vanadium-
hydrogen bond is very weak, thereby accounting for the rapid hydrogen

abstraction rate constant.

Effects of Initiators + Inhibitors:

Our attempts to inhibit this radical chain have been unsuccessful,

since many commonly used inhibitors react with‘&; Addition ,of

30,31

galvinoxyl to a solution of‘&’produces an immediate deep purple

color associated with the galvinoxyl anion. Oxygen 31,32

reacts
with radicals at a diffusion controlled rate, yet addition of 10 mole
percent oxygen to a solution of 1l-bromooctane and 1 has no noticable
effect upon the rate of reduction. Also, addition of either o,o0,

30,3133 45 & reduction solution

p-tri—t—butylphenol3l or duroquinone
of‘% and l-bromooctane has no effect upon the rate of reduction
compared to an identical reduction with no inhibitors.
Irradiation of a solution of 1 and l-bromooctane produces no
enhancement of the rate of reduction, with or without added azo-

31,33,34

bisisobutonitriler Our inabil ity to initiate or inhibit

these reactions suggests that short chain lengths are involved or



20

thatinitiation occurs easily enough that termination of many of the

chains does not alter the observed properties of the rea.ction.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 value of l.hxloasec-1 for the
rate constant for ring opening of the cyclopropylcarbinyl radical36
at 2500 and a value of l.2x107M—:Lsec—l for the rate constant for hydro-
gen abstraction from‘&, one would predict 1% methylcyclopropane to be
observed in the reduction of cyclopropylcarbinyl halides. Indeed,
reduction of cyclopropylcarbinyl iodide (0.02M) with 1 (0.08M) gives
all 1-butene (98%) and little methylcyclopropane ( 2%).
However, reaction of cyclopropylcarbinyl bromide (0.02M) with;k

produces more methylcyclopropane (30-50%) than in the iodide case
(Table II). Abstraction of hydrogen from'& by cyclopropylecarbinyl
radicals would require a hydrogen transfer rate of~EL08M—lsec"l in
order to account for the observed product ratio, an order of magnitude
higher than the rate determined using other radical rearrangements.
Furthermore, the ratio of l-butene to methylcyclopropane was roughly
independent of the concentration of gb(Fig. 8) and suggested that a
different mechanism was (also) occurring.

The inconsistency was clarified by the observation that cyclopropyl-
carbinyl tosylate reacts with gbto produce exclusively methylcyclo-
propane with an overall rate constant for reaction approximately 0.2

times that for the corresponding bromide. Therefore we propose that

cyclopropylcarbinyl bromide is being reduced by two different mechan-
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isms: 1) a radical chain mechanism (Scheme IV) that produces almost all
1-butene, and 2) an oxidative addition/reductive elimination mechanism

producing exclusively methylcyclopropane (Scheme VI).

Symbol l ® (o] (] a o (/]
(vi™) | 0.0364 00864 0.47 0302 0144 0147
(Rx) | 0.0361 00435 00371 0372 00149 00149

solvent:  30.80
totragiyme/ THF

1-butene / methyicyclopropane
>

reto:

A i s . " A A " A . "
o 20 40 60 80 100 120 140 180 180 200 220
time (min)

Figure 8. Ratio of 1-butene to methylcyclopropane formed on reduction
of cyclopropylcarbinyl bromide by CpV(CO)3H™ in THF under varying
concentration conditions, displayed as a function of reaction time (con-
centrations given in mol L™').

Scheme VI

[:>*‘\X + va(co)3H‘ e Cp

va(co)3 + [:>,__

if X=Br if X=0Ts

va(co)3Br‘ va(co)Ll + "V" species
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In the reduction of cyclopropylcarbinyl bromide by %_the overall
rate of production of l-butene by the radical chain process must be
approximately twice the rate of production of methyleyclopropane by
ﬁhe oxidative addition/reductive elimination process. Yet in the
reduction of cyclopropylcarbinyl iodide,the radical chain reaction
dominates completely any nucleophilic process. A similar observation
has been made for the alkylation of[pre(CO)gT-by cyclopropylecarbinyl
derivatives.37 We suspected that reduction of cyclopropylcarbinyl
chloride with‘$, if possible, would produce entirely methylcyclopropane
Indeed, the reduction proceeds very slowly (7% product after L days)
to yield exclusively methylcyclopropane.

The question as to why cyclopropylcarbinyl derivatives are
capable of undergoing nucleophilic displacements whereas other primary
bromides, chlorides, and tosylates are not can be answered if one
considers the relative rates of solvolysis of cyclopropyléarbinyl
tosylate vs. isobutyl tosylate. Roberts has found38 that due to
stabilization of the intermediate carbonium ion by the cyclopropane
ring, cyclopropylcarbinyl tosylate is hydrolyzed at a relative rate
of 106 times faster than its isobutane isomer. This tremendous rate
enhancement 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 o-~-carbon
during substitution. We propose that cyclopropyl carbinyl centers

can undergo nucleophilic attack by 1 because their AGt for substitu-

tionis substantially lower in energy than theZBG* for substitution at
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a primary center.

The only other system for which we have evidence of nucleophilic
attack is for CH3X derivatives (X=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 any coordinatively unsaturated
CpV(CO)3 intermediate produced by nucleophilic attack on CH3X. The
radical chain component to the mechanism is measured by the amount of
EPV(CO)3KT formed, the relative quantitiés of the latter and CpV(CO)3P¢3,
‘Q, being determined by their ‘%O IR absorptions 1940 and 1959 cm—l,
respectively.

Reduction of CHBI by‘&'in the presence of excess P¢3 occurs upon
mixing, producing;Lrin 10-fold excess over Eb Then Z;is slowly
(T%z3 hrs.) observed to be substituted by P¢3 forming é.

However, reduction of CH3Br under identical conditions occurs within

30 seconds and produces an approximately 60/40 mixture of 6 and 4,

respectively. Slowly (1%213 hrs.) the halide complex 4 is converted
to the phosphine complex'é, indicating that the‘élinitially observed
was the kinetic product of the reaction, presumably formed from ihe

reaction of P¢3 with CpV(CO)3. Therefore, CH_Br also appears to

3
react with_i.by two mechanisms, a radical chain and a nucleophilic
process.

In support of the existence of an S,2 component to the reduction
of CH3Br is the observation that CH3OTS reacts with &'to produce CH),
yet n-heptyl tosylate produces no heptane after several days in solution

with‘&'at 25°C. As CH3X has no electronic stabilization of an Sn2

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(CO)BHr nucleophilic.

Metal Hydrides As Ligands. Evaluation of Kinetic and Thermo-

dynamic Ligating Ability of f_CpV(CO)BH]‘. The photochemical synthesis

OfAE from‘&'and'g’is analogous to the photochemistry outlined in
Scheme II, except that the ligand entering the vanadium coordination
sphere is a molecule of‘£, rather than phosphine, halide, or aceto-
nitrile. Although a few other bridging hydrides are known,12313 and
ligating strengths of conventional ligands have been discussed at
some length,39 to our knowledge there has been only scant discussion
of the relative ability of a metal hydride to act as a ligand in the
coordination sphere of a second metal.11 Our interest in this problem
was stimulated by the observation, reported above, that irradiation
of 2 in the presence of;% led only to bridging hydride‘é’—-that is,
formation of dimer Cp2V2(CO)5 was completely suppressed by the presence
of 2; It was also spurred by indirect evidence recently obtained by
Norton and co-wor.ker'suO that a rapid reaction between an osmium
hydride and an unsaturated osmium complex plays an important role in
the binuclear reductive elimination of methane from (CO)MOS(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 PPh, for the CpV(CO)g fragment. Our first

3

experiment involved preparing a THF solution of 5 by irradiating

2 in the presence of 1. We then added PPhg, which (at a moderate rate)

~ww
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completely converted the bridging hydride to equimolar amounts of

[ng(CO)3H]- and CpV(CO) PPh; (this incidentally provided additional

3
confirmation for the empirical formula of 5). This experiment demon-
strated that PPh3 is clearly a thermodynamically better ligand for

vanadium then is 1. However, the kinetic ligating ebility of these

ligands does not follow the same trend. Thus , we irradiated 2 (0.60M)

in the presence of equimolar quantities (0.12 M each) of PPN+
[cpv(co) 3HJ' and PPh3, and examined (cf. Scheme IV) the kinetic ratio
oflé,to‘z at early reaction times. The precision of this experiment
was affected somewhat by the thermal reaction between'zrand PPh3;

However, it is clear that‘i enters the coordination sphere of vanadium

more rapidly than PPh3. By extrapolating to t = O, we were able to
determine from the kinetic product ratio that kH/kL (Scheme VII) is

at least 2:1. Thus, there is some (as yet unexplained) property

of hydride 1 which allows it to enter the vanadium coordination sphere
more rapidly than phosphine, despite

Scheme VII

cpv(co). ——h—"——>- cpv(co) -<——2—— [cpv(co) H2]<—[CpV co) JH]

2 =
[Pph/ va co)

Cpv(CO) (PPh w0z [cp(co). V—H-—V o) Cp]

3
5

6
v laad

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

It is possible, of course, that the photochemical replacement

reaction takes place by a mechanism not involving CpV(CO)3 (despite
41

much indirect evidence to the contrary). In order to check this

possibility, we carried out a competition experiment on CpV(CO)3
generated in a completely independent reaction. We chose the protonation

of 3, a reaction which presumably 2

first forms CpV(CO)3H2; this
transient dihydride loses H2, giving CpV(CO)3 which in the absence of

external ligand forms Cp2V2(CO) Thus, 0.12 M[CpV(CO)3HT was treated

5¢
with one-tenth equivalent of TsOH in the presence of 0.10 M PPh3.
As in the irradiation, no Cp2V2(CO)5 dimer was observed, but a mixture
of é'andﬁz was formed instead (again, this was slowly converted to pure
6). The initial 5/6 ratio observed was 1.9:1, which is satisfyingly
close to that seen in the photochemical reaction, considering the
complicating thermal reaction and the difference in reaction conditions
employed. This provides support for the quantitative reliability of
the kinetic trapping ratio, as well as for the postulate that

CpV(CO)3 or a reactive analog of this species, such as CpV(CO)3THF,

is the intermediate in both reactions.

Prepé.ration of PPNY [cpv(CO) 3@h]_ . The hydride-as-ligand
experiments outlined above, as well as syntheses of transition metal
borohydride complexes which have appeared in the literature recently,
stimulated us to investigate the possibility of carrying out replace-
ment reactions on CpV(CO)) with borohydride as the entering ligand.
We therefore preparedhg PPN+BHA', and irradiated CpV(CO)h in a THF

solution of this material. Analysis of the reaction solution by IR
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showed that both hydride‘E and a new complex were formed. The new
material has IR absorptions in the carbonyl region at 1835 and 1721 cm”l,
and absorptions characteristic of metal-bound BHh- at 2360 cm"l
(KBr pellet). In the NMR, this complex has a Cp signal at § 4.1l ppm,
and (as in the case of similar complexesha) coupling to 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
;L, and so in an alternative method of synthesis, pure PPN+7;,was
treated with BHB-THF. This produced the new material in a clean
reaction, and it was isolated as green crystals and characterized
as PPNt [CpV(CO)zBHh]_ (8) on the basis of its spectral'charactéristics
and elemental analysis.

Control experiments demonstrated thatnﬁ'was not the source of
hydridé‘&'observed in the photochemical reaction; L is therefore
produced in a direct reaction between‘g‘and PPN*BHh'. We‘suggest

pathways outlined in Scheme VIII are those responsible for the com-

plexes formed in the reactions discussed here.

Scheme VIII -
va(co)h——>- CpV(co)3 + CO

2 BH),
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Table III

Spectral data on cyclopentadienyl vanadium compounds

Compound IR (¥ ) in THF ME® in dg-THF
Li*-CpV(co)301‘ 1941, 1849, 1814 cm™1 4.80 ppm
PPN*-va(co)301‘ 1942, 184k, 1802 4.83
Li*-va(co)3Br‘ 1941, 18L7, 1806 4.88
PPN*-CpV(CO) 3Br™ 1941, 1847, 1804 4.83
Na+—CpV(CO)3I' 1936, 1846, 1806 4.86
PPN+-CpV(CO)3I“ 1938, 18L48, 1810 4.80
cpv(cCo)), 2008, 1915 5.22
0p2v2(co)5 1995, 1942, 1893, 1861, 1818 5.08
Ne"-CpV(CO) JH- 1889, 1792, 1778(sh), 1732 4.73
PPN*-CpV(CO) JH™ 1887, 1775 4.60, -6.72°
Na,CpV(CO) 4 1733, 1595, 1530° ——
PPN+-[va(co)332H- 1855, 181k 4.65
CpV(CO)3P9% 1950, 1870(sh), 1856 h.86(doub1et),7.h6d
CpV(CO)3(CH3CN) 1968, 1866, 1843(sh)€ 5.08
PPN+CpV(CO)2(BHh)' 1846, 1735 b.1h

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

c-KBr pellet

d-P¢3 proton resonances

e-CH3CN solvent
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Experimental

General. All reactions of CpV(CO)h, Nagch(CO) *THF, and

3
PPN+[CpV(CO)3R]_, R = H, X7, were carried out in a Vacuum Atmospheres
Corporation drybox, with continuously circulating nitrogen, or in

serum capped reaction vessels which were prepared in the drybox.
Reagents were added to the serum capped reaction vessels by syringe
techniques. 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 a Varian 56/60 MHz instrument in NMR tubes sealed under vacuum.

NMR spectra of oxygen sensitive solutions were recorded in NMR tubes
which were loaded in the'drybox and stoppered with regular NMR tube
caps wrapped with parafilm, or rubber septa. Additional reagents were
added through the septa 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. Nujol 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 were performed by multiplying the peak widths at half-
height by the peak heights, by cutting out and weighing the peaks,

or by electronic integration. Optical rotations were measured on a
Perkin-Elmer 141 polarimeter, and melting points were obtained with a
Thomas Hoover capillary melting point apparatus. Melting points were
uncorrected. Irradiations were carried out with a 500 W high pressure
Hg lamp (Osram HBOS500W/2), in an Oriel 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 hexane used in the drybox were purified by vacuum transfer from
sodium-benzophenone ketyl. Prior to vacuum transfer from sodium-
benzophenone ketyl, petroleum ether and hexane were stirred repeatedly
over concentrated sulfuric acid until the sulfuric acid did not become
colored. Then they were‘stirred with saturated potassium permanganate
in 10M sulfuric acid overnight, washed with water and dried over
calcium chloride. Hexamethylphosphoramide (HMPA) was purified by the
literature procedure.n3 A1l 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 Chemical Companies
and purified by sublimation at 0.25 mm Hg and 80°C. Commercial
triphenylphosphine was recrystallized once from benzene, once from
absolute methanol, and dried under vacuum ( 5 mmHg) at 65°C for T hours.
Other phosphines were commercial samples purified by distillation.

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

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

45 l,l—dibromo-Q,2—dimethylcyclopropane,h6 1-bromo-2,2-

46

dibromohexane,

dimethylcyclopropane, cis- and trans—3—bromo—3—hexene,h7 cyclo~

propylearbinyl bromideh8 and tosylate,u9 and benzyl chloroformate50
were prepared according to literature procedures. All other alkyl
halides were commercial samples. They were washed with aqueous
thiosulfate to remove halogen, washed with water, dried over sodium
sulfate, and distilled before being degassed.

Dodecanoyl chloride, heptanoyl chloride, and cinnamoyl chloride
were prepared from either the corresponding acids or their sodium
salts by published procedures.51 Benzoyl chloride, phenylacetyl
chloride and 3-carbomethoxypropionyl chloride were commerical samples
which were distilled and degassed.

Neopentyl-p-toluenesulfonate, n-heptyl-p-toluenesulfonate,
2-octyl-p-toluenesulfonate, n-octyl- trifluoromethylsulfonate,
methyl heptanoate, and phosphiniminium bromide were all prepared by
literature procedures.sl_53

A1l other organic substrates were commercisl samples used without
purification.

Preparation of Na,CpV(CO).*THF from CpV(CO) Method A.

4

Titration of sodium dispersion with a solution of CpV(CO)h_“

Approximately 0.5 grams of 40% sodium dispersion in 400 ml of THF
was titrated with a solution of CpV(CO)h, 1.664 g (7.3 mmol) in

90 ml1 of THF . The CpV(CO)h solution was added dropwise to the
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sodium dispersion over a period of 10 hrs. The sodium dispersion
suspension was initially grey, but shortly after addition of CpV(CO)h
the solution began to turn yellow, and a yellow precipitate formed.
Near the end of the addition, the solution turned a light orange-
brown. ©Small amounts of sodium dispersion were added to the solution
to reduce the excess CpV(CO)h. When all of the CpV(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 precipitate was washed with petroleum ether and dried in the
drybox. 1.364 g (4.3 mmol) of Na,CpV(CO); THF (59% yield) was
obtained.

Method B. Reduction of CpV(CO); with sodium amalgem. 2.42 g

(10.6 mmol) of CpV(CO)h was dissolved in 75 ml of THF, and 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 NaZCpV(CO)B'THF

was collected (98 Zyield). NMR (HMPA): § 4.32 (s, S5H, Cp); IR (KBr,

Nujol): 1742, 1590 cm'lg (HMPA): 1745, 1620, 1570 cm'l; (Lit.)

(EMPA): 1742, 1619, 1573 cm~L:5% 1748,1645 cm L, s ,CBV(CO) Nujo1l.

33

Addition of water to a THF slurry of quch(CO)3°THF: 0.254h ¢

(1.03 mmol) of NaECpV(CO)B'THF was slurried in 30 ml of THF and

20 m1 (1.11 mmol) of water was added. The NaQCpV(CO)3 dissolved to

give a greenish-yellow solution. 0.6586 g (1.14 mmol) of PPNTC1™
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was added as the solid, andthe solution turned derk red-brown and a
white precipitate formed. The solution was filtered, and petroleum
ether (30-60°C) was added 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 PPNT [CpV(CO) 3H]"
(709 yield), mp 201°C (decomp.). INMR (dB—THF): $ 7.55 (m,30H,PPNY),$
4.57 (s, 5H, Cp),8-6.10 (broad signal, 1 H, hydride); IR (THF, HMPA,
KBr pellet, nujol mull) Vco’ 1890, 1780 em™ L,

Anal. Calcd for CMH36NO3P2V: C, 7T1.44; H, 4.91; P, 8.36;
v, 6.88; N, 1.89. Found: C, T70.72; H, 4.87; P, 8.46; V, 6.89;
N, 1.96. |

The preparation of ppnt [ch(CO)3D]"from NaQCpV(CO)3'THF was
analogous to the preparation of PPN+[CpV(CO)3H]", with deuterium oxide

substituted for water.

Reactions of CpV(CO)3H' with alkyl halides. General Method.

The reactions of CpV(CO)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 the drybox
after a specific period and analyzed. Alternatively, a solution of
CpV(CO)3H' was prepared in the drybox in a serum capped flask, and the
alkyl halide was added by syringe after the flask was removed from

the drybox. Aliquots were then removed from the reaction solution

and analyzed by gas chromatography. Examples of these reaction
procedures are given below.

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

PPN™ [CpV(CO)3H]' was dissolved in 12 ml of THF and 0.120 g (0.85 mmol)
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of benzoyl chloride was added from a 250 m1l syringe. After 1 min,

25 ml 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 added to the residue.
The solution was heated on a steam bath for 5 min and upon cooling

to room temperature a white precipitate formed. 0.1516 g (61%) of
crude product was obtained. 0.0838 g (31%) of pure 1,2,3-tri-
phenyl-tetrahydroimidazole was collected after recrystallization from
CH,Cl,: hexane. H\R (CDCl3): §7.13 (m,10H, phenyl),§6.57 (m, 5H,
phenyl), (s, 1H, methine),§3.72 (m, LH, methylene); mp: 135 - 136°C.

. + =2 + -
Preparation of PPN [Cpv(CO)_Br]™ from PPN [CpV(CO)BH] and
>

benzyl bromide. 0.392 g (.530 mmol) of PPN [0pv(co)3H]' was

dissolved in 15 ml of THF and 0.090 g (0.526 mmol) of benzylbromide
was added. The solution immediately turned a dark green color, and
a dark green precipitate formed when 25 ml of petroleum ether was
added. 0.389 g of precipitate was collected. This was reprecipi-
tated from 10 ml1 of THF by adding 8 ml of petroleum ether. 0.322 g
(0.393 mmol) of PPN+[CpV(co)3Bﬁ]' was collected (TL%).

Preparation of PPN [CpV(CO)3Br]_ from va(co)h;_ 0.0526 g

(0.230 mmol) 0pv(co)h and 0.0865 g PPN Br~ were added to 5 ml

of THF. Not all the ?PN+Br- dissolved. This solution was irradiated
with a 1000 watt Hg/Xe lamp through pyrex while cooling the reaction

vessel externally with water and purging the solution with nitrogen.

After 0.5 hr the infrared spectrum of the reaction solution showed
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pands at 1948, 1855, 1810 i ", Petroleun cbhise wes adfed 4o b

portion of the reaction solution until a green precipitate formed.

This precipitate was collected and dried. NMR (d8-THF): § 4.83

(s, 5H, Cp); IR (THF): 1945, 1855, 1810 cmfl; mp: 190°C (decomp).
Anal. calecd for ChhH35BrNO PV: C, 6L4L.58; H, 4.28; N,

32
1.71; Br, 9.77. Found: C, 64.50; H, 4.76; N. 1.70; Br, 9.60.

Reaction of CpV(QQ)BH_ with one-half equivalent of l-bromooctane.
0.0487 g (0.066 mmol) of PPN’ [CpV(CO)BH]_ was dissolved in 0.350 ml
of d8—THF in an NMR tube with a serum cap and 5.7 «l (.033 mmol)
of l-bromooctane was added from g 101dsyringe. The progress of
the reaction was monitored by recording the NMR spectrum of
the reaction solution at various times. Two new cyclopentadienide
resonances were observed initially. After 4.5 hr the reaction between

CpV(CO)_H and l-bromooctane was complete, as indicated by the

3
absence of the signal for the alpha methylene proton of l-bromo-
octane in the NMR spectrum. At this time the § L4.67 ppm resonance
was the most intense absorption in the spectrum.

After 18.5 hr the cyclopentadienide resonance at £ 14.83 pPm
was absent from the NMR spectrum of the reaction solution, but the
resonance at § 4.67 ppm was still present, along with the resonance

from CpV(CO)_H and a small broad absorption from CpV(CO)u at

3
§ 5.22 ppm.
The IR spectrum of the reaction solution at this time showed
: - -1
carbonyl absorptions at 2008, 1915, 1890, 1857, 1817, and 1780 cm .
The absorptions at 2008 and 1915 cmml correspond to CpV(CO)h,

the absorptions at 1890 and 1780 e correspond to CpV(CO)3H—, and
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the absorptions at 1857 and 1817 en™t %o [CpV(CO)3]2H_-

Preparation of solutions of QpV(QO)3£g§3CN). Reaction with

PPh A solution of 27 mg (0.12 mmol) 0pv(co)h in 5 ml CH_CN

3= 3

was irradiated for 10 min while purging with nitrogen. IR analysis
of 0.1 ml aliquots of this solution removed during the course of
the irradiation showed the disappearance of the carbonyl IR bands
of CpV(CO)h and the appearance of new bands at 1968, 1866, and 1843
(sh) em™! attributable to CpV(CO)3(CH3CN).

A similarly prepared solution of CpV(CO)3(CD3CN) (0.063 mmol)
in CD3CN was treated with an excess of PPh3 (0.31 mmol). Observation
of the Cp region of the lNMR showed the complete conversion of
va(co)3(cn3cn) (8§ 5.08 ppm, singlet) into CpV(CO)3PPh3 (8§ 4.86 ppm,
doublet) after 15 min. |

Preparation of Cp2V2(CO)r by irradiation of CpV(CO)h. A
4 5 2

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

2 cm x 10 cm silica gel chromatography column using hexane as eluent.
The firstéyellow band contained unreacted CpV(CO)h (33%); the second
green band yielded £ Cp2V2(CO)5 (10%) upon removal of the hexane
(25°%, 0.1 mm). IR (THF) y,,: 1995, 1942, 1893, 1861, 1818 &

i mR: § 5.08 (singlet) ppm.

Halide reduction experiments with isotopic tracer. A solution

of PPN" [CpV(CO)3D]— was prepared as described above for the
corresponding hydride, except that D20 was used as the proton

source. A solution of 0.058 mmol of the deuteride in 1 ml THF
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was allowed to react with 0.059 mmol 1-bromooétane, and the

resulting n-octane examined after 8 hr by direct GC-mass spectro-
scopic analysis of the reaction solution. This analysis showed that
the octane produced in the reaction was extensively monodeuterated
(90% dl, 10% do). A similar reduction and analysis, employing

PPN+ [CpV(CO)BH]- and l-bromooctane in THF—dB, gave protiated n-octane
(99% 4, 1% 4,).

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

with PPh A solution of 40 mg (0.18 mmol) CpV(CO)u and 35 mg

3'_
(0.047 mmol) PPN+CpV(CO)3H— in 1 ml d8—THF was irradiated for

6 min while purging with nitrogen. An NMR spectrum of the solution
showed the equimolar disappearance of the Cp resonances of CpV(CO)h

(§ 5.22 ppm) and PPN+CpV(CO)3H— (& 4.57 ppm) and the stoichiometric
formation of the single Cp absorption at §4.67 ppm due to PPN
[CpV(CO)B]QH—. Treatment of this solution with 26 mg (0.:099 mmol)

PPh3 produced CpV(CO)3PPh3 (8§ 4.86 ppm, doublet) and PPN+0pv(co)3H'

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

Competition between PPhy and CpV(CO)BH __for "CDV(CO)32;_

+ -
(a) Photochemical experiment. 75 mg (0.10 mmol) PPN [CpV(CO)3H] ,

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

3
in 0.85 ml d8-THF in an NMR tube. The tube was irradiated for

15 sec at room temperature, and cooled to -7800 to slow the subsequent
thermal reaction between the bridging hydride and PPh3. Observation by
NMR and integration of the appropriate Cp resonances showed a ratio

PPh_ of 2.8 ¥ 0.5. Allowing this solution

H to 0pv(co)3 3

of ['va(co)3]2
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to stand resulted in complete conversion of the bridging hydride to

phosphine complex.

(b) Protonation experiment., To a solution of 27 mg (0.10 mmol)
PPh3and 90 mg (0.12 mmol) PPN 0pv(co)3H' in 0.8 ml THF-dg was

added 2.2 mg (0.012 mmol) p-toluenesulfonic acid-H20 in 0.2 ml
THF-dB. An NMR spectrum recorded 1 min later showed a ratio of
5 to_g,of 1.9 e 0.5 by integration of Cp resonances. Once again,
allowing this mixture to stand resulted in complete conversion to
the phosphine complex.

Preparation of PPN+CpV(CO)2§§h_. (a) From PPN+CpV(CO)3§:

and BH3'THF. 1.35ml of 1 M BH3'THF (1.35 mmol) was added to 25 ml

THF containing 200 mg (0.27 mmol) PPN+CpV(CO)3H_ in a stoppered

flask and stirred for 4 hr. Upon addition of 35 ml hexane a green
0il separated that solidified after standing overnight. The solid
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),BH, ™. IR (THF) y,,: 1846,

1
BH" 2 VCO'

NMR (d8-T£F): § 4.14 (singlet, S5H),§7.52 (multiplet, 30H) ppm.

1735, cm_l; (KBr pellet) V¥ 2360 cm” 1835, 1721 cm—l;
Anagl. calcd for Ch3H39BN02P2V: ¢c,71.19; H, 5.h42; N, 1.93.
Found: C, 70.80; H, 5.64; N, 2.00.

+ -
(b) From PPN BH) _and Cpv(CO),. A solution of 50 mg (0.22

+ -
mmol ) CpV(CO)u and 121 mg (0.22 mmol) PPN BH) 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

1

due to CPV(CO)u (2008, 1915 em ), PPN+CpV(CO)QBHh_ (1846, 1735 cm”l),
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+ - -1
and PPN CpV(CO)_H (1890, 1780 cm ). Precipitation with hexane

3
+
provided a mixture of PPN CpV(CO)

P + o
H and PPN CpV(CO) BH),

3 2

which could not be separated.

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

+ -
o-methylpropane for PPN [CpV(CO)_ H] . 1.0 ml of a THF solution

3

of l-bromopentane, 2-bromohexane, and l-bromo-2-methylpropane

(0.5 M each) was added to a septum capped vial containing T5 mg
(.10 mmol) PPN [CpV(CO)3H]_, 1 ul aliquots were analyzed on a
25', 5% ﬁ,ﬁ!—ODPN column at 2500 using 2-methylpentane as an

internal standard. The reaction was 80% complete after 2.5 hr;

a 12:1:5 ratio of pentane:hexane:2-methylpropane was observed.

Reaction of CpV(CO)3D— with (-) -l-phenylethyl bromide.
0.820 g (1.11 mmol) of PPN CpV(CO)BD- was dissolved in 2.0 ml
of THF in a septum stoppered flask. 0.150 ml of (-) -l-phenylethyl
bromide (75% optically pure)55 was added from a 250 «l 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
vacuum transferred from the reaction mixture at room temperature, and
a8 light yellow solution was collected. The «~deuterioethylbenzene from
the volatile fraction was 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: Injector 15000;
column 100°C; detector 143°C; flow rate 30 ml/min. 0.0763 g of

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

than 1% THF in this sample.
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72 u1 of this f~deuterioethylbenzene was dissolved in 720 «l
of d,f-x-deuterioethylbenzene. This mixture showed absolutely
no optical rotation at 589 mu or 365 mu at room temperature in
a 1 decimeter cell. The calculated rotation for the above solution,
if the reaction of CpV(CO)3D_ and (-)-l-phenylethyl bromide had
23

proceeded with complete inversion or retention would have been

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

Reaction of CpV(CO)3H— with benzyl bromide and triphenyl-
phosphine. 0.045 g (0.263 mmol) of benzyl bromide and 0.085 g
(.324 mmol) of triphenylphosphine were added to 2.0 ml of THF.
Then 0.8 ml of a THF solution of PPN+CpV(CO)3H- was added drop-
wise over a period of 5 min. The solution turned green as the
CpV(CO)3H- was added. An IR spectrum of the reaction solution after
all of the CpV(CO)3H_ solution had been added, showed only CpV(CO)3Br-
carbonyl absorptions at 1940, 1845, and 1805 em™L,

Competition between PPh._ and halide ion for "CpV(CO)

"
o S
e

3
A THF solution of 40 mg (.18 mmol) va(co)u, 86 mg (.33 mmol)

PPh3 , and 48 mg (.32 mmol) NaI was irradiated under nitrogen purge for
15 min. An IR spectrum of a 0.1 ml aliquot showed vCO bands

at 1950 and 1854 cm"l due to CpV(CO)3PPh and only a very small

3
band at 1806 em T attributable to 0pv(co)3I'.

In a separate control experiment a solution of the vanadium
halide (0.01 M) and PPh3 (0.1 M) in THF was divided into two portions

and one portion irradiated. The rate of substitution was slow, and

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

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

H20 at hSOC for 1 hr and allowed to come to room temperature

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

and the ether dried (MgSOh) and removed (30 mm, 25°C). The remaining

oil 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 prepared by com-

bining 21.6 g (.082 mmol) PPh_ and 9.6 g (.057 mmol) 2-iodopropane

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

a steam bath under nitrogen for 20 hr. After cooling; the solid was
_crushed and the powder obtained washed with benzene (3 x 50 ml).
Recrystallization from EtOH/EtEO yielded 11.9 g (.028 mmol) of
isopropyltriphenylphosphonium iodide, mp:'l96.2-197.2°C (lit.53
195-196°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) methyilithium added slowly, and the deep red solution
stirred for 3 hr. 2.8 g (.028 mol) of 2-hydroxytetrahydropyran in
5 ml ether was added slowly, whereupon a white precipitate fdrmed,

After 6 hr the mixture was poured into 150 ml H,.O, filtered, and the

2
remaining solids washed with ether (2 x 10 ml). The agqueous

portion was washed with ether (2 x 50 ml) and the combined ether
extracts dried (MgSOh) and concentrated (25°C, 30 mm). The remaining
oil was vacuum distilled to yield 1.38 g (.011 mol) 2-methyl-2-

hepten_T-01. 2
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Addition of 1.18 ml (.022 mol) Br, to 6.7 g (.022 mol)

2
P(OPh)3 in 10 ml anhydrous ether at 0°C under nitrogen produced
white crystals of Br2P(OPh)3. The supernatant liquid was removed
with 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
1.74 ml (.022 mol) pyridine (distilled from BaO) were added slowly
to the cooled (OOC) salt with stirring and the mixture was worked up

by adding 50 ml H_ O, extracting with ether (3 x 50 ml), and washing

2
the ether with dilute HC1l (2 x 25 ml) and dilute NaOH (2 x 25 ml).

After drying (MgSOh) and femoving the ether (25°C, 30 mm), the remaining
0il was vacuum distilled to yield 0.7 g (3.7 mmol) of T0% pure T-
bromo-2-methyl-2-heptene (bp 88-92°C, 0.1 mm). The bromide58 was
further purified by preparative gc on a 1w = 3/8" 4% SE-30 column

at 120°c. MR (cc1)): §5.09 (m, 1H),$3.34 (t, 2H),§1.85 (m, 10H),
.68 (s, 3H),81.59 (s, 3H).

+ : =
Reduction of T-bromo-2-methyl-2-heptene with PPN [CpV(CO)3§] ;

A 0.16 M solution of PPN’ [@pV(CO)3H]- in THF was prepared and
portions diluted to give 0.08 M and 0.04 M solutions. To 1.00 ml
of each of these solutions was added 3.35 al (.02 mmol) T-bromo-
2-methyl-2-heptene and 1 41 aliquots analyzed by gas chromatography
on a 25' 10%,&,;; -ODPN column at 20°¢ using hexane as an internal
standard. The 2-methyl-2-heptene/isopropylcyclopentane ratio was
found to be 40, 22, and 8 for the 0.16 M, 0.08 M, and 0.04 M

PPN+ [CpV( Co) 3H] ~ reactions , respectively.

Preparation of 2-sllyloxyethyl bromide. L.3 g (.19 mol)

sodium was added in small pieces to 100 g ethylene glycol followed
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py 13.8 ml (.16 mol) allyl bromide. After standing overnight

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

alcohol was mixed with 9 ml pyridine (distilled from BaO) and

added slowly to 41 g (.122 mol) Br2P(0Ph)3, prepared as described above.
After 1 hr the reaction mixture was poured into 100 ml HQO and

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

NaOH (2 x 100 ml), dilute HC1 (2 x 100 ml), and H,0 (2 x 100 ml).

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

first fraction (bp 28-29°C, 1 ml) contained 10% Et,.0, 10% 2-ally-

2
oxyethanol, and 80% 2-allyloxyethyl bromide; the second fraction

(bp 29-hOOC,1 ml) contained 85% 2-allyloxyethyl bromide; the
third fraction (bp 40-42°C, 4 ml) contained 40% 2-allyloxyethyl
bromide and higher boiling impurities. Fractions one and two

were combined and the bromide purified by preparative gas chromatography

e

before use on a 12' x 3/8" 4% SE-30 column at 100°C. 4“’ = 1.325;

MR (C01h)‘ §6.0-4.8 (m, 3H),53.58 (d,2H),83.22 (4, 2H),83.01
= 1640 (w),

(d, 2H); ¥R (neat): = 1100(s) cm_l; mass

Ve=c Voo

spectrum: parent ion 166/16L (Br isotope pattern), fragments
109/107, 85, 71,57, Ll.

Anal.Calcd.for C;H,OBr: C, 36.59; H, 5.50. Found: C, 36.38,
Hy S.43.

Preparation of 2-allyloxyethyl iodide. 1.1 g of L45% pure
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(3.0 mmol) 2-allyloxyethyl bromide and 9.5 g (63 mmol) NaI were dis-

gsolved in 25 ml acetone and heated at reflux for 1 hr. The solution

was filtered and the acetone removed (2500, 30 mm). The remaining

golid was taken up in 50 ml H20 and 50 ml1 ether. The ether layer was
washed with 5% sodium thiosulfate (1 x 20 ml), dilute HC1 (2 x 50 ml),
dilute NaOH (2 x 50 ml1), and H,0 (2 x 50 m1). The ether was dried

(Mgsoh) 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" 4% SE-30 column at 110°C.
¢® =1.60; WMR (cC1)): § 6.0-h.8 (m, 3H),63.93 (4, 2H),63.58 (t, 2H),§

3.20 (4, 2H); IR (neat): ¥, . = 1640(w), vy_o = 1100(s) en™;

C
mass speétrum: parent ion 212, fragments 184, 155, 127.

C-C

Ansl. Calcd for CSH901: Cc, 28.32; H, 4.48. Found: C, 28.65,

H, 4.21.

Reduction of 2-allyloxyethyl bromide and iodide. A 0.16 M solution

of PPN’ [bpv(co)3H]’ in CH.CN was prepared and portions diluted to make

3
0.08 M and 0.04 solutions. To 1.00 ml of each of these solutions
was added 2.5 ul (.02 mmol) 2-allyloxyethyl bromide and 1 «l aliquots
.analyzedJ%hroughout the reaction on a 100' x 1/16" TCEP open tubular
column at 60°C (injector at 50°C) using 1,2-dimethoxyethane as an inter-—-
nal standard. The ratio of allyl ethyl ether to 3-methyltetrahydrofuran
was found to be 0.4, 0.88 and 1.44 in the 0.04 M, 0.08 M, and 0.16 M
ppNT [CpV(CO)3H]_ reactions, respectively, and remained constant
throughout the reduction.

A similar reduction in CH_CN using 2.65 41 (.02 mmol) 2-~allyl-

3
oxyethyl iodide and 60 mg (.08 mmol) PPN [va(co)BH]‘ in 1.00 ml
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CH3CN provided a 0.98 to 1 ratic of allyl ethyl ether to 3-methyltetra-
hydrofuran, essentially the same product ratio as found for the bromide.
Reductions of 1.25 sl (.02 mmol) 2-allyloxyethyl bromide with
0.50 ml of 0.08 M and 0.0k M PPN [ppv(co)3H]' solutions in dg-THF
gave allyl ethyl ether/3-methyltetrahydrofuran ratios of roughly
1.5 and 1.0, respectively, by NMR inbegration of the methyl absorptions

of the products.

Reduction of 2-allyloxyethyl iodide with Bujan. 2.65 41 (.02 mmol)
2-allyloxyethyl iodide was added to a solution of 21 4«1 (.08 mmol)
Bu3SnH in 1.00 ml CHBCN. Gas chromatograephic analysis of a 1lal aliquot
after 30 min showed a 98% yield of products consisting of 19:1 ratio
of 3-methyltetrahydrofuran to allyl ethyl ether.

Reduction of n-heptyl and 2-allyl-oxyethyl iodides with Bu_SnH
2

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

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

added 10 41 (.04 mmol) Bu.SnH, and 1 4l aliquots analyzed by gas chrom-

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

piperidoxyl, Bu ShI, and Bu,SnH 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 sample (see
below) of O-n-heptyl-2,2,6,6-tetramethylpiperid-l1-yl oxide. 1In the
case of 2-allyloxyethyl iodide, two adducts were formed, and sufficient
quantities were collected by preparative gas chromatography (from a
larger scale reaction) to obtain NMR and high resolution mass spectra.

The products were identified as 0O-allyloxyethyl-2,2,6,6-tetramethyl-

piperid-1-yl oxide NMR(CClu): §5.0-6.0 (m, 3H),§3.88 (d4,2H),
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3,81 (d, 2H),33.45 (t, 2H),51.45 (s, 6H),51.15 (s, 6H),51.08 (s, 6H);

high resolution mass spectrum (peak match): caled. for Cth2702N,
241.207; found 241.2071 and O-3-tetrahydrofurylmethyl-2,2,6,6-tetra-
methylpiperid-1-yl oxide NMR (CCIy): §3.4-3.8 (m, 6H),§1.L45 (s, 6H),
1.16 (s, 6H),§1.09 (s, 6H); high resolution mass spectrum (peak match)
caled. for ClhﬂzTOEN, 241.207; found 241.205 .

Reduction of 2-allyloxyethyl iodide with PPN+ ECpV(CO)3§J— in

the presence of 2,2,6,6-tetramethylpiperidoxyl. U4 41 (.03 mmol)

2-allyloxyethyl iodide and 20 4l (.12 mmol) piperidoxyl in 0.5 ml

+ -
CH,CN were added to & solution of 28 mg (.038 mmol) PEN CCpV(CO)3H]

in 0.5 ml CH3CN. A 1l ul aliquot was analyzed by gas chromatography on

a 10' 10% SE-30 column at 200°C, and showed a 5:1 ratio of the two

adducts isolated from the R3SnH reduction (20% combined yield).

Reduction of n-heptyl iodide with PPNt [CpV(CO)QH]- in the

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

(.68 mmol) heptyl iodide and 46 4l (.27 mmol) piperidoxyl were added
to a solution of 106 mg (.14 mmol) PPN" [cPv(co)3H]“ in 1.0 ml THF.
Gas chromatography analysis of a 1 wl aligquot on a 20" 5% SE-30 column
at 200°C using pentane as an internal standard showed a 15% yield of a
long retention time product that coinjected with an authentic sample
(see below) of O-n-heptyl-2,2,6,6-tetramethylpiperid-l-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 1.6L
ml (.01 mol) n-heptyl iodide with 0.27 g (.01l mol) magnesium in 20
ml ether. Upon addition of 0.75 ml (.0044 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 HiJ, dried (MgSOh), and concentrated
(30°C, 30 mm). Gas chromatography analysis of & 1 4l 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
yielded 0.3 g (1.2 mmol) O-heptyl-2,2,6,6-tetramethylpiperid-l-yl

oxide. d25 = 0.86; NMR (CCIh)‘ §3.68 (t, 2H),51.7 (m, 16H),81.10

(d, 22H),50.87 (s, 3H); IR (neat): CH3 = 1467(m), Vc-o = 1045 (m)
cm_lg mass spectrum: parent ion 255, fragments 240, 156.

Anal. calcd for Cl6H33NO: G; T5:.23; H, 13.02: N, 5.18.

Found: C, T75.36; H, 12.50: N, 5.78.

4 -
Reduction of cyclopropyl carbinyl tosylate with PPN CpV(CO) . H .
4.1 ul (.02 mmol) cyclopropylcarbinyl tosylate was added to a solution

of 64 mg (.086 mmol) PPN [CpV(CO)BH]_ in 1.00 m1 CH_CN and 1«1l aliquots

3
analyzed by gas chromatography on an 25' 5%‘3,'3' -ODPN column at
25°C., After 2.5 days a 40% yield of methylcyclopropane was observed
accompanied by only 2% l-butene.
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Chapter IT

The Reduction and Alkylation of CpCo(CO)2

and CpRh(CO)E.
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Our interest in studying binuclear reductive elimination
processes led us to investigate the reduction of CpCo(CO)2
with 0.65% Na/Hg in THF solution, which is known™ to give a
dimeric radical anion, Ha+n&ﬁ(eqn.l). The sodium ion may be

exchanged for a bulkier bis-triphenylphosphiniminium cation,

and the infrared spectrum shows a single vco absorption at

-1
1690 em  ~. A crystal structure confirmed a D2h geometry.
o - ji -
+ +
CpCo(co)2—§EUQ§i+— Na CpCOﬁﬁ%COCp—EEEL#— PPN CpCo&axCoCp (1)
+ +
¥a'-n P PPN -1 O

Alkylation of PPN+1%,with CH_T produces the dinuclear

3
dimethyl complexg’ [cpco(co)(CH3)]2,gé (NMR,IR:Table I).

In the presence of CO this compound decomposes thermally to

form acetone and CpCo(CO)2 via the intermediate

CpCo(CO)(CH3) complex% 3a. Similarly, alkylation of

2

+
PPN -1 with CFBCHQI produces3 [CpCo(CO)(CH20F3)]2, 2b
18

F-NMR,IR:Table I). However, this compound decomposes

(lH,lgF»NMR;

(TH-NMR,

under CO to give only CpCo(CO)(CHzCF 3b

3)23

Table I) and CpCo(CO) with no further decomposition to

5
ketone.

This chapter reports the analogous reduction and
alkylation of CpRh(co)2 and the co-reduction of CPRh(co)2

and CpCo(CO), as indicated in equations (2) and (3),

2
respectively. We éxpected greater stability in the Rh-Co
series of compounds T and évattributable to the added

electostatic interaction between the metal centers due to
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their electronegativity differences.5

Equation 2: o1 R\/ﬁ ,CP.- CpRh(CO)2
CpRh(co)E—————+-PPN CpRHLRth —=—> RH-RR —> +
PPN II e ‘g’ R CpRh(CO)R,
b 5a, R=CH 6a, 6Db
~ A 3 A~ P
5b, R=CH20F3
Equation 3:
CpRh(co)2
+
QB 0 - 1 = . R 4 o CpCo(co),
+ ——> PPN |[CpRh-CoCp ——>= RH-0Q +
CpRh(CO), PPN II cP Tg R ? CpRh(CO)R,
+
Z; Q&f R=CH3 CpCo(co)R2
8, R=CH,CF; 32,3

I. Reduction of CpRh(CO)

2'_

6
The reduction of CpRh(CO), has been reported by Knox
2

to give [CpRh(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 amalgam

and have found7 that two products are formed. One product,

PPN+[Rh(CO)u]_, is isolated as a white powder in ~20% yield
from the reduction solution. Its single IR band (1890 cm—l)
is the same as that reported by other workersSfor Rh(CO)u_,
indicating that this was the species observed by Knox.

The other product is an anion which may be isolated
in 40% yield (eqn.k4), PPN+[Cp2Rh3(Co)h]'-THF,‘3 (IR,NMR:

Table I).
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Na/Hg > ¥ g

CpBELER), P ppn* | “P~Ry—rn P

PPN C1 §E<«
A YAe (4)

Rh
(f‘¥
+ .

i PPN-9 & % }

CpRh(CO)H -

A crystal structure of compound 9 (Fig.l) shows two
~

T oo melsewles (Fig.2). Tixks of

semi-triple bridging
atomic coordinates, thermal parameters, and bond angles
and distances are provided in Appendix I.

The changes in the infrared spectrum of the reduction
solution are shown in Fig.3. The immense extinction
coefficient of Rh(CO)h_ dominates the vco region. However,

a second product may be observed with IR bands at 1973,

1910, 1750, 1693, and 1662 cm'l(Na+ salt). Addition of

PPN+C1_ collapses the three lower energy bands into a
single band at 1693 cm-l, and 1s typical of the ion pairing
effects reported for Na+i&.

The formation of E’as well as Rh(CO)h- can be explained
by the mechanism shown in Scheme I. Upon acceptance of an

electron by CpRh(CO) CO dissociation is competitive with

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

further reaction with oRh(CO)2 produces the observed

product, 9. Rh(CO)h- is produced by the reduction and
M
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Fig.2. ORTEP view of CP,Rh,(CO)j}.
The CSHS rings have been removed
c1 for clarity. The semi-triple

bridging interaction may be

observed between Rhl and C2.

Rh2 Rh?2

T T T T T v T 1 T T 1 ] L T 1 1) T

of
A Add Add
# CRRRAOW), Na/Hg PPN C1”
U 15 min.

VI ) 1 1 i 2 [ 1 1 3 1 1 ! 1 i 1
2000 1800 1600 2000 1800 1600 2000 1800 1600
-1

Fig.3. Reduction of CpRh(CO), in THF cm
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Scheme I
[ogus]”
CpRR(CO), Na/Hg  , [CpRn(C0),]" —>= "
Rn(CO),

CpRh(CO)™ + coO e C0
Rh(CO)h_
CpRh(CO)2
AT ch
[} b . -
Cp-RhZ—Rh-Cp BEACD) s R%EfQ?h
¥ R
Rh
d %
b . d o]
9
a/

carbonylation of -Rh(CO)z.

Alkylation of 9 in d8—THF with an excess of CHBI

produces an unisolated compound with a new Cp resonance
(65.45 PPM) and a new methyl doublet (61.48 PPM), consistent

with the compound CpRh(CO)(CH ég-(3o% yield,NMR).

3)2'

é& decomposes slowly to give a quantitive yield of acetonc

(r,=12hnrs.).

2
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II.Co~reduetion of CpCo(.CO)2 and CpRh(CO)z;
As the reduction of CpCo(CO)2 followed by alkylation
with CHjI led to the product 33 which formed acetone via
a mononuclear species, and the reduction and alkylation or
CpRh(CO)2 also led to ketone via a mononuclear species,
we decided to synthesize and slkylate the heteronuclear
compound PPN+[Cp2RhCo(CO)2]:, PPN'-7. The cobalt-rhodium
.bond 1s expected to be stronger than the cobalt-cobalt bond
in ga’or 2b due to an added ionic contribution to the bonc
strength resulting from their electronegativity difference,
perhaps allowing binuclear processes to dominate the
reaction path. |
We wish to report now that PPN+—1‘has beep prepared by

reducing a 1:1.1 mixture of CpCo(CO), and CpRh(CO)

2 2
. P u
followed by cation exchange with PPN C1  (IR: 1690 cm

Y
This compound displays an eight line ESR signal in solutica,
due to coupling. with a single cobalt nucleus (I=T/2)

(Fig. L4); the coupling with rhodium (I=1/2) is not

observed. The asymmetry may be due to anisotropic tumbling,
as the moments of inertia of this molecule are quite
different. A single crystal ESR shows two different g

values upon rotation of the crystal by 56° (gy=2.1k8,

g, =2.236)
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Fig.Y. Solution (THF) a.nd+single
crystal ESR spectra of PPN

[CpRhCo (CO) 13

—e—J—_— solution

This compound may also be alkylated with CHBI to

form Cp RhCo(CO)2(CH3) 8a, which may be purified by

2 g2

chromatography on silica gel with hexane (27% isolated

s 1 . s
vyield, “HNMR,IR:Table I). The decomposition of §g is
easily followed by NMR slowly giving acetone in 26% yield

(t% =25 hrs.) via. the mononuclear complex, CpCo(CO)(CH3)2,
(15% by NMR: §L.LL PPM,sH,s; §0.67 PPM,6H,s). CpRh(co)Me2

is also observed (60%, $§4.88 PPM,§0.3 PPM).

Similarly, alkylation of é’with CFBCHQI followed by a
fast chromatography gives CpthCo(CO)Q(CH2CF3)2,
(17%isolated yield) The infrared spectrum of 8b in THF
solution shows carbonyl bands at 1886(w) and 18LT (m)cm_l,

8b (egn.3).
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suggesting a structure analogous to 2p. The H-NMR of
8b shows two singlets at £L.90 PPM and §4.50 PPM attribut-
D ad

able to the two C resonances (5H). The -CHQ- resonances

H
575
(2H) appear as a quartet (§ 0.50 PPM) and a quartet of

doublets ( §1.26 PPM). TIP-NMR shows a triplet ( & -0.27

PpM) and a triplet of doublets (§ -1.65 PPM) in a 1:1

ratio.
At 25°C in THF solution gh quickly(1l5 min.) exchanges

E(CO)E(CHECF3)2 and

the previously unavailable Cpthg(co>2(CH2CF3)

observable by NMR. The mononuclear complexes CpM(CO)(CHé’

metals to form the known 34 Cp,Co
~ 2

X 2b, both

CF_). are also observed to form more slowly9 (Figs. 5,6).

3°2

Upon standing under CO, spectra show the decomposition

to a mixture of CpCo(CO),. (8§ L4.41 PPM) and CpRh(CO)

2 2
(§4.86 PPM) (~4:1), and 3b and éﬁ (~1:6). The latter two
compounds were not isolated and display rather complex
lH—NMR methylene resonances 1in the region § 1-2 PPM as
the protons are diastereotopic 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
Py A~

decomposition of §B is shown in Fig. 8. A simulated
spectrum for §3 is shown for comparisoﬁl% showing
complete resolution of all couplings.

The scrambling of metal atoms observed for Qgrmay be

explained on the basis of symmetrical cleavage of the

metal-metal bond as indicated in Scheme II. The formation



66

3
Fig.l'. H~NMR of szRhCo(CO) (CH2CF3)2
in Cst after 10 min. at 25°¢C.
s B R B R s e B s e e R S
a8 8 Y4 2 0 PPM
19

Fg.b. F-lMR of Cp,RhCo (?)ztmzcs:’)z
in CD. after RO min. at 25°C.




¢ Fig.@ Observed spectrum for the 1H-NMR methylene
resonances of CpRh(CO)(CHZCFJ)2 and

CpCo (CO) (CHZCFS)T Some hexane impurity

is indicated by the arrows. A simulated
spectrum of CpRh(CO) (CHZCF,J)2 is shown

10
for comparison.

\’
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Fig.T7. Compounds 3b & 6D
Fig.7. Comp 3p & 6p .
showing diasteriotopic

hydrogens (M=Rh,Co). 0C™ "Ce=——CF

of metal radicals is supported by the observation that

3b has no NMR at 25°C; a single, broad ESR signal (g=2.11L)
is observed instead. Upon cooling to - 10°C a broad

peak appears at §5.38 PPM in the lH—NMR, and eventually

(-50°C) a sharp C H5 line is observed as well as the

2

>

~08 CF3 gquartet ( §0.26 PPM).

5 The dialkyl compounds

3b and Qh form through an alkyl transfer reaction.

Our expectation..that the CoRh bond in §’would be
stronger than the Co-Co bond in 2 was borne out by the
observation of a slower decomposition rate for Eb and by
the observation of sharp NMR signals for Qﬁat 2500.
Unfortunately, no new binuclear chemistry was observed with
this system. Rather, the predominant pathway in these

systems is the formation of CpM(CO)R, which then proceeds to

2

ketone.
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Scheme IT
CF 40K, 9 e
~
0 CpR'h/co /Rh—_Rh\
CF4 Ry P “NCH,CF e M ew.cr
RH——— C3 = = 2w B ogy B2
Pas g & —~ . A
cp CH,.CF 0o
e 273 CpC' CF ,CH 2
8b O\CH CF By /\ /
o . Cp o CH,CF
CH,.CF CH o
2673 2%
CpCo(CO), + CpRE-CO CpRh(CO), + CpCO\CO
CH,CF CH,CF
6b
AN

3b
Ay
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Experimental

All solvents were distilled from Na/benzophenone/
tetraglyme prior to use on a vacuum line or in a Vacuum

Atmospheres glove box. CpRh(CO) was prepared from

2
+ -
1l.e described below. PPN C1

¥a'C_H_~ ana [Rh(co)201 s

55

was obtained from Alfa Corporation and recrystallized

from CH2CldEt O before use. CpCo(CO), was purchased

2 2
from Alfa Corporation.
NMR spectra were recorded on a 180 MHz lH (169
MHz 19F) NMR equipped with a Brucker superconducting

magnet and a 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 California, Berkeley,

Analytical Laboratory.

Preparation of CpRh(CO)E;
12 A +

of that reported earlier. 3.0 g (34 mmol) Na (

The preparation is a modification

-

CSH5
was added to a THF solution (65 ml) of [Rh(CO)2C1]2
(3.36 g, 8.6 mmol) in the dry box. The THF was then
removed (250C, lO_gmm) and the remaining solid treated
with 100 ml HQO, extracted with ether (3x75ml), and the
ether dried (MgSOh) and removed (2OOC, 10—2mm). The
remaining o0il was distilled under dynamic vacuum
(10%, 10 7mm) to yield 2.57 & (66%) CPRR(CO),?95% by
NMR (C6D6): §4.86 PPM. IR (THF): 2041, 1970 cm'l.

Reduction of CpRh(CO)

.

0.43 g (1.9 mmol) CpRh(co)2
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was dissolved in 15 ml THF under N, and 12.5 g of 0.3%

2
Na/Hg amalgam added. After 125 min. the solution

+ = :
was separated from the amalgam and 1.2 g PPN Cl added.
The mixture was filtered to remove NaCl and an equal

volume of hexane added. Filtration provided micro-

+ =
crystalline PPN [szRh (CO)M] ‘THF that was washed with

3
hexane. This material was recrystallized from THF/hexane

=B

and dried in vacuum (25°C, 10 mm), yielding 0.34 g

(38%) of product. Anal. calcd. for CShHh8P2NO3Rh3:

55.83%C, 4.16% H, 1.21% N; found: 55.04% C, 4.10% H, 1.37%

+
N. Addition of more hexane precipitated white PFN

Rh(CO)u “(IR: 1890(s) cm_l, NMR(d8—THF): §7.53 PPM) 20%.
Diffusion of hexane through a sintered glass frit

into a THF solution of PPN+[Cp2Rh3(CO)u]_ provided

yellow-brown crystalline plates (O0.1lmm x O.3mm x O.lLmm).

A crystal was mounted in epoxy on a glass fiber and subjected
to x-ray diffraction analysis using a Syntex P21

diffractometer employing the 6/26 scan method. L4624

reflections in a single quadrant were collected for 50<28

<500. 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 a single THF molecule

situated in a crystal 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=1.05% for the 2502 reflections with Fob§>3r'

preparation of PPN*[szRhCOQCQLQJ*. A THF solution

(50ml) of 0.47 g (1.1 mmol) CpRh(CO), and 0.35 g (1.9 mmol)
CpCo(CO)2 was treated with U1l g 0.3% Na/Hg amalgam.

After 15 min., the solution was transferred via. cannuls
into a flask containing 1.7 g (3.0 mmol) PPNTC1”. The
solution was filtered to remove NaCl and 60 ml hexane
added. This product was dissolved in 50 ml THF and 10 ml
hexane added; cooling +to —3000 provided crystalline

PPN [Cp,RhC0(CO),]" (0.60 g, 32%). Anal. calcd. for

C)gH), oNO, P, RhCo: 65.02%C, L.55% H, 1.58%N; found: 6L.56%
C, 4.66%H, 1.50%N. IR (THF): 1690 cm=l_ Adding 15 ml

more hexane produced 0.27 g(3h%)PPN+[Cp2Rh3(CO)h]~.
Bespiian of PPN*[cp2gg3(co)h]” with CH.I. A solution

3
of 38 mg (0.032 mmol) PPN [Cp.Rp,(C0),]” in 0.3 ml 4 -THF
2713 I 8

was treated with 4 wl (0.065 mmol) CH3I 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(CO)(CH3)2. Acetone was
observed to form slowly at 25°C by NMR (§2.03 PPM).

+ 2
Reaction of PPN [CEERhCo(CQlQ] with CH.I. A solution

+
of 0.80 g (1.0 mmol) PPN [CpthCo(CO ]~ THF
(50ml) was treated with 0.4 mi(6.4 mmol) CH3I. The THF
was removed (0°C, 10‘2mm) and the remaining 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,

lO—Qmm) provided 100 mg (27%) szRhCo(CO)E(CHB). Sublimat -

ion (60°cC, 10—hmm) produced analytically pure product in

low yield}3

) with CF.CH

500 mg (0.56 mmol) PPN*[szRhCO(co)z]‘ was reacted

+
Reaction of PPN [Cp.RhCo(CO)
=4

21:

with 2 m1(20 mmol). neat CF3CH21. The excess CFBCHzI was
-2

removed (2500, 10 mm) and the remaining solid chromato-
graphed on silica gel (2 x 23cm) using hexane as eluent.

A preliminary yellow band was followed by a red-brown

band containing the product. The solvent was removed
(10°c, 10_2mm). This solid was rechromatographed
(1 cm x 30 cm silica gel) using benzene as eluent. The

brown fraction was collected and the solvent removed

2

(10°¢,107° mm), yielding 50 mg (17%) analytically pure

-1
szRhCo(CO)z(CH20F3)2. IR(THF): 1886, 18LT cm ~.

Anal. Calcd. for'cl6H1h02RthF6: 37.38% ¢, 2.7L%H;,
found: 37.63% C, 2.92%H. TH-JMR (CgDg): & k.90 PPM,

5H, s; § 4.50, PPM, 5H, s; §1.26 PPM, 2H,t of d; j=1L.6,

bhz; §0.50 PPM, 2H, q, Jj= 1b.6hz. 7

§-0.27 PPM, t, j=1L.6hz; §-1.65 PPM, t of 4, j=1L.6,

4 ,8hz.

Decomposition of CPQBEPO(CQJQGH312; A solution containing

15 mg (0.040 mmol) szRhCo(CO)z(CH )2 in 0.5 ml C/Dg

3

was prepared in an NMR tUbe attached to a ground glass
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joint. On a vacuum line the tube was sealed under sa

pressure of 620 mm CO. 1H FT-NMR spectra were recorded as

the tube was heated at 50°C for 2 hours. The NMR
resonances of the starting material decreased as reson-

ances attributable to CpRh(CO)(CH (§4.88, § 0.83 PPM,

3)2
al, cPCO(co)(CH3)2(su.hh, §0.67 PPM), CpRh(CO),

(6 4.87 PPM), CpCo(CO)2 (8L4.41 PPM) and acetone

(8§1.58 PPM) appeared.

s

A solution of 20 mg (0.039 mmol) Cp2RhCo(CO)2(CH20F3)2

in 0.5 ml C6D6 was prepared in an NMR tube and the tube

sealed under 600 mm CO. lH and 9

Decomposition of Cp2RhCo(CO)2(CH2g£

F’FTNMR were recorded
over the next hour. The initial lH spectrum showed
resonances at §4.90 (5H,s) and §4.50 (5H,s) PPM, as
well as a quartet (§0.50 PPM) and a quartet of doublets
(§1.26 PPM) obscured by some hexane impurity. The lgF-
spectrum showed a large triplet (§-0.27 PPM) and triplet
of doublets (§-1.65 PPM). Gated decoupling of each of

these 19

F frequencies separately resulted in the collapse
of the 1H quartet and quartet of doublets, respectively,
into singlets.
. : 19
Within 1/2 hour new F resonances appeared,
attributable to szRhg(CO)g(CHQCFS)Q (§ 4,20 PPM,t of 4d),
and CpRh(CO)(CH20F3)2 (§-3.42 PPM, t of d), cpcO(co)(gH20F3)2

(§-1.91 PPM,t), and CP2002(CO)2(CH2CF3)2 (§-0.93 PPM, t).

1
New "H Cp resonances appeared at §4.95,§ 5.38, § 4. 30,
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and § 4.63 PPM assignable to these compounds. Eventually
(2hrs.) only the resonances of CpCo(CO)(CH20F3)2 (~15%)

and CpRh(CO)(CH20F3)2 (~85%) remained (see Fig.8).

1y resonances for CpCo(CO), (80%, §4.41) and CpRh(CO)

2
(20%, § 4.87 PPM) were also observed.

2
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" Chapter IIT

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

and Ethylene.
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Results and Discussion

The cobalt catalyzed hydroformylation of olefins is
one of the most important uses of transition metal complexes
to accomplish organic synthesis on an industrial scale and

has been studied extensively by many workers.l’2

Several
studies have suggested that aldehyde formation in this pro-
cess results from the direct reaction of HCo(CO)u with a
cobalt acyl complex.2 Others have proposed the interaction
of H2 with a cobalt complex generating aldehyde via. an
intermediate cobalt acyl hydride.l

The more general question concerning the mechanism of
reductive elimination of aldehydes and alkanes from hydrido
metal acyls and alkyls and their relative stabilities bears
directly upon the mechanism and products of the oxo-process.
Several stable transition metal hydridoalkyls are known

3a 3b . 3c
(e.g., H(CH3)Pt(PPh3)2 " H(CH3)Os(CO)h ,.H(CH )Nl(PR3)2 .

3
H(i-butyl)zr[c.(ch.).].3%, H(2-naphthyl)Fe(Me PCH_CH_PMe,)>"
gy Sgiglp @ gt PR guSeEite don
H(CH3)ZGC23f, and H(NCCH2)Pt(PPh3)23g), but stable acyl
hydrides are more rgre and only a few such products have

4,5,2526

been reported. Hydrido metal alkyls have been impli-

cated as unstable intermediates in reductive elimination
processes;6 hydrido metal acyls have also been proposed in

T

oxo-type processes,2 in aldehyde decarbonylation reactions,
and in hydroacylation reactions.h’S

In our studies of the reactions of transition metal

hydrides with metal alkyls and acyls, we have found that
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(CBHS)MO(CO)3H,‘;, reacts stoichiometrically with complexes

(C5H5)MO(CO)3R (R=CH,, C CH,CgHg; 28, 2b, 2¢) at 50°¢

3> Coflss
to generate the corresponding aldehydes, RCHO, and the

9 .
aimers” [(CgHg)Mo(C0) ], and [(cgHg)Mo(C0),],. The rate of

reaction of'i and EB in THF solution 13 was found to follow

second order kinetics (first order in each reactant) with
a rate constant k= 4.0 x 1073 M Tg~t (Figs.1,2), indicating

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

[CpMo(CO)3]2

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

CpMo(CO)3H + CpMo(CO)3R i (1)

reaction is faster in THF than in benzene(~10X) and follows
the order-02H5>CH3>CH206H5 (Table I). No reaction is

observed between 1 and 2a after T days at TOOC in hexane
o d ANy
solution.

y o] .
When (CH3C5Hh)Mo(CO)3(CD ) is heated at 50°C in d8—THd

3
with an equimolar amount of (CSHs)Mo(CO)3(CH3) for 48 hrs.
none of the crossover product (CH3CSHh)Mo(CO)3(CH3) is
observed by NMth, implying that the processes shown in
equations (2), (3), and (L4) are not occurring quickly with
respect to aldehyde formation. Also, no crossover is
observed upon addition of % equivalent of_i; only acet=

aldehyde is observed by NMRlS.
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CpMo (CO) R :CpM'o(co)3 + <R (2)
CpMo (CO) R —————=CpMo(CO) ,(COR) (3)
CpMo (CO0) »(COR) =——==CpMo(CO), + R-C=0 (L)

A similar result obtains upon heating a mixture of

(cH C5Hh)Mo(CO)3(CD20 and (C_H )Mo(CO)S(CH2C6H ) at

605 575

50°C except that ~5% of the crossover product, (CH )M

5 L

(co) (CH206H5), is observed after 190 hrs.16 However, no

3

crossover 1s found if one heats a solution .1 M in each of

(CH,CgH) )Mo (CO0)5(CD,CeDs), (C.H-)Mo(CO) (CH,CgHS), and L

5 5 3
for T0 hrs., and a 62% yield of aldehyde based on 1 is

formed. A small amount of toluene was also identified

in both reactions. Independent heating (5000) of a solution

of ga in d8-THF showed a slow first order appearancelYa’c

of C6HSCH3 (k=2.58 x 10”7 s'l)
1

of 2c was 5.05 x 10 s_l, twice the rate of appearance of

. The rate of disappearance

toluene. A similar decomposition of (CSHS)Mo(co)3(0D206D5)
in d8—THF yielded only C6D CD Hle’c. These observations
are best explained by the mechanism shown in Scheme I, which
also accommodstes reports by earlier worl«:ers.l8 No alkane
is observed at SOOC when R= methyl or ethyl.

We believe these experiments rule out a radical process
for the formation of aldehyde. Our observations are

consistent with the mechanism shown in Scheme II, where

a rate determining hydrogen transfer step (kH) occurs after
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Table T
Second Order Rate Constants for the Reaction
of CpMo(CO)BH with CpMo(CO)BR

R _ 1) k (M-ls-ll(dg—THF)

-3

-02H5 50 4,0 x 10

-CHg 50 2.5 x 107"
-5

-CH206H5 50 2.5 x 10
-4

'CQHS 25 8.5 x 10 .

-CH3 (#*) 50 ‘ 243 % 10'h

(*) (CH Hh)Mo(CO) (CH3)

3
Scheme I

CpMo(co) +

é&o“
CpMo(CO) R ////i>>£iga@§>Mo(CO)
\HR

" CpMo(CO)
Mo(CO)
[CpMo(CO)3]2
+
R
R
Qé}Mo(co)3 <$9M°(C°)3
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Scheme TIT

CpMo(CO)3+

k
CpMo(CO)3R:;::%::ﬁ=CpMo(CO)2(COR) Cplio O 3E+—
k
2 < 34 (1] x, £
PPh, ?
k_5 ||k, CpM?(CO)Z
C=0
{ |
R

CpMo(CO)Q(PPh3)(COR)

[CpMo(CO)3]2
RCHO + % +

[cpMo(c0), ],

a fast pre-equilibrium’between the coordinatively unsatur-
ated molybdenum acyl complex é'and the starting alkyl
complex 2., The lack of reactivity in hexane suggests the
formation of an ionic intermediate such as &: We have not
been able to trap any of the alternatively charged product
‘CpMo(CO)3_ with & 10-fold excess of alkylating reagent such
as CH,3} The less acidic CpMo(CO)E(PMe3)(H) reacts with

2500 3 .~1 -1
s )

2b at about the same rate as EL(k =2 x 10 ° M .

so that protonation of the acyl intermediate 3 byvgvappears
less likely than hydride transfer. Also, no reaction occurs

between 28 and CH_COOH in d8—THF after 24 hrs. at SOOC.19

3
The intermediate CpMo(CO)z(COR) species 3 has also been
formed by heating a solution of CoMo(CO)2(PPh3)(COCQH5); 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 %B with PPh_ (Fig. 5) is

3
slightly faster than with 5 (k2>kH) and that formation of
2b, from CpMo(CO)Q(COCHECH3) is competitive with aldehyde

formation (ky[1] ® 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. Heating a THF solution of ethylene
(200 psi), CO (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°C, 10 atm.) of 1l with ethylene has been reported??d
to give 235 we have repeated this reaction and have found
that 23 is not formed. Rather, the major product is ethane
and some (10%) diethyl ketone. We believe that 1 does
react with Cth to give 23, but in the presence of excess
ethylene the coordinatively unsaturated acyl ;{is trapped
a$ indicated in Scheme III and continues to form diethyl
ketone.

Above TOOC the primary thermal process for 2b is
loss of CO followed by attack by &’to give ethane via. an
intermediate Lydrido metal alkyl complex. We have demon-

strated this latter process by irradiating a d8-THF

solution of CpMo(CO)_ (CH,) (0.36 M) and CpMo(CO)_H (0.21 M)

3 3 3
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Scheme IITI CpMo(CO)3H + CQHh'
co
100°¢ +
CpMo(CO)3(C2H5) e
) CpMo(co)2(02H
CpMo(CO)_H
slow CPMT(CO)Q 3
}r////CpMo(CO)3H ?=o

RCHO R Cos

+

+ fast CQH)-#
dimers e
|
CpMo(co)2

i -

'CpMo(co)2
CpMo(CO) _H \\JJL\/,
3
Pl

dimers

The observed products are CH) (50%) and CHBCHO (~5%).

Irradiation of a dg-THF solution of CpMo(CO)3(CH ) and

3

(CH3CSHh)Mo(CO)3(CD3) produces very little (CHBCSHu)Mo(CO)3-

(CH3) (2%) and no CH), (£.5%) under similar conditions,
indicating that metal-carbon homolysis is not a likely

photochemical process.

>

)
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2a also reacts with ethylene at 100°C to produce methyl
ethyl ketone in 50% yield. Traces of l-buten-3-one are also
observed (~5%). ©No acetone or dietﬂyl ketone are formed.
The methyl ethyl ketone is probably formed by.the reaction

of CpMo(CO)Q(CH CHQCOCH3) with 1 Just as in the formation of

2
diethyl ketone. We believe &’arises from B-elimination in
CpMo(CO)Z(CHQCHQCOCH3), accounting for the observation of
l-butene-3-one. The low yield is due to a
secondary reaction of the «,A-unsaturated ketone.
Interestingly, no methane is detected. In the presence of
added‘i, the yield of methyl ethyl ketone decreases
drastically (to ~3%) as the ethane yield increases (~L40%).
This system mimics the aldehyde forming step in the
oxo-process with the Co(CO)h‘unit replaced by CpMo(CO)B.
The cyclopentadienyl molybdenum alkyl and acyl complexes
are more stable, thus permitting easier study fhan in the
cobalt system.
The insertion of olefins into the metal acyl bond
has been previously observed by several workers in the

cobalt carbonyl system22’23.

It has been reported that if

a 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-pentylcobalt derivative then reacts with the small

22
concentration of hydrogen present to produce dialkyl ketone.
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The molybdenum system mimics these reactions identical-
ly, including the decregsed ketone yield with increasing
hydride concentration,with only one exception: the active
hydrogen source is CpMo(CO)_.H and not H,. A mixture of H2

3 2
olefin, and [CpMo(CO)3]2 does not give any dialkyl ketone.

The equivalent chemistry of both the molybdenum and cobalt
systems also indicates +that a metal hydride is the hydrogen

transfer agent in the oxo-type processes as well.
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Experimental. THF and benzene were distilled from Na/benzo-

phenone prior to use. All manipulations were performed in
a Vacuum Atmospheres Corp. Dry Box with a nitrogen atmos-

phere or on a high vacuum line. [CpMo(CO) and

3le

Hh)Mo(CO)3] were obtained from Strem Chem. Co. or

[er,e, 2

Alfa Corp. CpMo(CO)_H and CpMo(CO)3R were prepared from

3
the dimer as previously described by Wilkinson.10 The
methyl-Cp derivatives were prepared analogously from the
methyl-Cp dimer. Deuterated derivatives were prepared

using CD_I or CGDSCD2Br' CpMo(CO)z(PPh3)(COC H.) was

3 275
2k
prepared as before.
lH-NMR spectra were recorded on a 180 MHz FT-NMR

instrument equipped with a Bruecker superconducting magnet

and a Nicolet 1180 FT-NMR computer.

Preparation of (CH3gsgh)Mo(co)3(CH3) and (CH cSHh Mo ( }3
(cp). 0.75 g (1.5 mmol)[(CH CH) )Mo (CO 3] was dissolved

in 15 ml THF and stirred over 20 g 0.65% Na/Hg amalgam for
1 hr. The solution was decanted from the mercury and

0.25 ml CHBI added (4.0 mmol). The THF was removed (25°c,

10 %) and Uhe product sublimed at 50°0 (10‘“mm).

Yield-0.35 g (45%) (CH 6 Hh)Mo(CO) (CH.). Anal. calcd.

3

for CLOHlOMoO 3.73% H, 43.45% C; found: 3.6L4% H, L3.22%

NMR(d8-THF): 65.25 PPM, LH, m; 61.93 PPM, 3H, s; 60.29 PPM,

3H, S8



94

Substitution of 0.3 ml CDBI in place of CH3

0.52 g (60%) (CH305Hh)Mo(CO)3(CD3), whose NMR was identicsl

to that of (CHBCsHh)Mo(CO)

I produced

(CHB) except for the absence of

3
a methyl resonance at 61.93 PPM.

Preparation of (CH

3g5§h)Mo(CO)3(CH2g6§5) and (cn3g5§ )Mo -

(c0) (cD,CcD.).  0.60 g (1.16 mmol) [(cH,c H) )Mo (cO)

3%s 32
was reduced with 20 g 0.65% Na/Hg amalgam in 10 ml THF.

0.4 ml1 (2.53 mmol) C6H CH2Br was added and the solution

-2

>

stirred for 30 min. The solvent was removed (25°C, 10 “mm)

and the solid chromatographed on silica gel (2cm x 10cm)
using benzene as eluent. A yellow band was collected and
the benzene removed (35°C, 10'2mm), yielding 0.52 g (6L4%)
(CHBCSHh)Mo(CO)3(CH2C6HS). NMR(d8~THF): 67.12 PPM, 5H, m:
65.20 PPM, 5H, s; 62.82 PPM, 2H, s; 61.96 PPM, 3H, s.

Anal. calcd. for C, H,)MoO.: 54.87% C, 4.03% H; found:

54.66% c, 4.,08% H-

Use of C6D5CD2Br (see below) (0.3 ml) in place of

o
CsHSCHQBr produced (CHBCSHh)Mo(CO)3(CD206D5), m.p. 49-50"¢C,
whose NMR was the same as that of (CH3CSHh)Mo(CO)3

except for the absence of the resonances at 67.12 PPM and

(CH2C6H5)

b2.82 PPM.

Preparation of CyD.CD,Br. 5 g (50 mmol) dg-toluene (99.57D)
and 8.9 g (50 mmol) NBS were refluxed in 60 ml cc1) for 3
hrs. The solvent was removed (2500, 20mm) and the remain-

ing 0il vacuum distilled (0.15mm, 50°C), yielding 6.7 g
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(75%) C6DSCD2Br. Mass spec.: m/e= 179/17T7 (Br isotope
pattern), 98.

Reaction of CpMo(CO).H with CpMo(CO)3nggsl; 15 mg (0.061

3

mmol) CpMo(CO)_H and 17 mg (0.062 mmol) CpMo(CO)B(Csz) were

3
weighed into an NMR tube attached to a ground glass joint

in the dry box and 0.51 ml d8—THF introduced on a vacuunm
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, lHa, t =1,Thz};

Jab

62.38 PPM, 2H qQ of d, =7.3hz; . 61.04 PPM, 34, t). The

b? Ipe
dimers [CpMo(CO)3]2 and[CpMo(CO)2]2 were identified by
comparison of their NMR resonances to those of authentic

samples (b55.40 PPM, 65.27 PPM, respectively)

Reaction of QpMo(co)3(0H3), (CH3g5gh)Mo(CO)3(CD3), and
CpMo(CO)3g; 22 mg CoMo(CO)3H (0.089 mmol), 24 mg (0.092
mmol) CpMo(CO)3(CH3), and 24 mg (0.086 mmol) (CHBCSHh)Mo—
(co)3(cn3) were weighed into an NMR tube and 0.38 ml dg-THF
introdueed on a vacuum line. The tube was sealed and
heated to SOOC, and NMR spectra recorded over the next 12
hrs. Uu8% of the CpMo(CO)B(CHB) was consumed vs. 41% of the

(CH3C5Hh)Mo(CO) (cp,). VNo (CH305Hh)Mo(co)3(CH3) was

3 3

observed. An authentic mixture of the two compounds shows
a 6 hz upfield shift for the methyl resonance of the

methyl-Cp compound compared with the CSH compound.

5

A similar experiment with R=CH C6H and CD206D also

2 >

>
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showed no crossover after 72 hrs, only benzaldehyde (62%,
62.89 PPM, 69.56 PPM) and toluene ( 25%, 62.29 PPM) by NMR.
Extended heating (192 hrs.) of only the benzyl compounds

showed traces of the crossover product (CH3C Hh)Mo(CO) -

> 3

(CH206H5) by NMR, a new -CH,.- resonance appearing ~12 hz

2

upfield from the CpMo(CO) (CH206H5) methylene resonance.

3

Toluene was also formed.

Thermolysis of CpMo(CO)3(CD2g625) in dg-THF. Heating a

d8~THF solution of CpMo(CO)3(0D206D ) (0.23M) at 70°C for

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

in air and the volatile contents vacuum distilled (3OOC,15%m)
away from the molybedenum products. Preparative gas
chromatography (%"x10' 10% SE-30/Chrom P) produced a sample
of toluene that showed a parent peak at m/e= 99,éorrespond-
ing to C6D5CD2H.

Reaction of CpMo(CO)BH with C,H) . A solution of 31 mg

(0.126 mmol) CpMo(CO)3H in 0.4 ml dg-THF was prepared in an
NMR tube, 0.245 mmol Cth condensed into the tube on a
vacuum line, and the tube sealed. The tube was heated to
lOOOC and NMR spectra recorded over the next 24 hrs. No
propionaldehyde was observed; only ethane (36%) and diethyl
ketone by NMR (15%; 62.35 PPM, LH, q; 60.96 PPM, 6H, t).
The tube was broken open in air and the contents vacuum

distilled (30°cC, 10'2mm) into a -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(le3(CH ) in the presence of CpMo(CO)_H

3‘_.'_
)

3

A d8—THF solution of CpMo(CO)BH (0.21 M) and CpMo(CO)S(CH3

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

NMR analysis showed a 25% disappearance of CpMo(CO)B(CH3L
a 15% yield of CH,, and a trace of CH3CHO (~1%). A

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

(CH3C5Hh)Mo(CO)3(CD ) (0.19M) produced no methane and

3

only ~2% (CH Hh)Mo(CO)3(CH3).

3%s
Reaction of CpMo(CO)B(PPh3)(COCH22§3) with CpMo(CO)3§;

20.0 mg (0.0372 mmol) CpMo(CO),(PPh_)(COC, H.), Th.l mg
2 3 2 _

(0.301 mmol) CpMo(CO)_H, and 11.1 mg (0.0597 mmol) ferrocene

3
(internal standard) were weighed into an NMR tube and 0.55m1

d8-THF distilled in on a vacuum line. The tube was sealed
and heated to 5OOC in an NMR probe. NMR spectra recorded
over the next hour showed the disappearance of'CpMo(CO)z—

(PPh3)(COCH2CH ) (67.42 PPM, 15H, m; 6L.9T7 PPM, SH, s;

3
62.95 PPM, 2H, q; 60.82 PPM, 3H, t) and the appearance of

CH,CH,CHO (62.35 PPM, 2H, q of d; 61.01 PPM, 3H, t; 59.67

PPM, 1H, t). CpMo(CO)3(C ) was observed at intermediate

ofs
times in about 5% yield (&5.30 PPM, 5H, s; 61.4%4 PPM, 3H, t).

Reaction of CpMo(CO) (CH2g6E

3 5) with CpMo(CO)3§; A sealed

NMR tube was prepared as described above containing 88 mg
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(0.358 mmol) CpMo(CO)_H, 15 mg (0.045 mmol) CpMo(CO)

3 37
(cH C6H ), and 12.3 mg (0.066 mmol) ferrocene in 0.43 ml
d8-THF. This solution was heated to SOOC in an NMR probe

and the disappearance of CpMo(C ) (CH oCgH ) monitored

5
(67.16 PPM, 5H, m; 65.29 PPM, 5H, s; 62.89 PPM, 2H, s).

Both benzaldehyde (b9.63 PPM, 1H; other signals obscured
by solvent and phenyl resonances) and toluene (&2.29 PPM)

were observed. The ratio of these two products changed from

6:1 to 3:1 over the course of the reaction.

Reaction of QpMo(CO)z(PMe3)(H) with CpMo(CO) (CQHSL_

11 mg (0.037 mmol) CpMo(CO)Q(PMe )(H) and 8 mg CpMo( co)3-

3

(C ) (0.029 mmol) were sealed in an NMR tube along with

2
0.42 mi1 d8—THF. Reaction at 2S°C showed the disappearance

of CpMo(co)3(02H5) and CpMo(CO) PMe3)(H) (cis/trans

o

mixture, 65.17 PPM, 5H, s; 61.50 PPM, 9H, 9 hz; 6-6.00

4y dpy~
PPM, 0.5H, sharp singlet(cis); 6—6.50 PPM, broaa singlet)O-SH
(trans)). Propionaldehyde was the only product observed

by NMR (69.68 PPM, 1H, t; 52.38 PPM, 2H, q of d; &1.04 PPM,
3H, t). The measured half life of this reaction was ~100
min., in comparison with the value of ~170 min. when

CpMo(CO)3H is employed at the concentration specified in

the previously described experiment.

React’on of CpMc(CO). (CH ) with CHSQOJH)u 25 mg (0.096
mmol) CpMo(CO)3(CH3) was dissolved in 0.32 ml dg-THF in an

NMR tube fitted with a rubber septum. 55 1l CH3COOH
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(0.096 mmol) was introduced with a syringe and the solution
heated to SOOC for 24 hrs. ©No changes were observed by NMR.
Reaction of CpMo(co)3(CH3) with ethylene. 35 mg (0.135 mmol)
CpMo(CO)B(CHB) was weighed into a medium wall NMR tube

attached to a ground glass joint and 21.3 ml cgggzlﬁmmzsoc)
0.2L45 mmol) condensed into the tube(-77OK) on a vacuum line.
0.35 ml d8—THF was also distilled in before sealing the
tube. The solution was heated at 100°C for L4 hrs. over

which time the NMR resonances of CpMo(CO)_(CH,) (65.L1 PPM,

3 3

$0.36 PPM) were observed to diminish as resonances of

CH
CH3COCH2 3

t2.02 PPM, 3H, s) grew in (50% yield). No CH) was observed.

(62.37 PPM, 4H, q, j=T7.2hz; 60.96 PPM, 6H, s;

The tube was broken open and the contents vacuum distilled
into a —77OK receiver. GC analysis of a 1 ul aliquot
(%"x10' 20% Carbowax 20M/Chrom WAW, 9OOC) showed a 559%

yield of methyl ethyl ketone and a 5% yield of l-buten-3-one
using pentane as internal standard.

Reaction of CpMo(CO)_(CH

3 3
15 mg (0.061 mmol) CpMo(CO)

), CEMO(CO)3H, and ethylene.

3H and 17 mg (0.065 mmol)

CpMo(CO)_.(CH,) were weighed into a medium wall NMR tube

3 5
attached to a ground glass joint and 21.3 ml (215mm, 2500,
0.245 mmol) ethylene plus 0.42 ml dg-THF condensed into the
tube on a wvacuum line. The tube was sealed and heated to

70°C for 3 hrs. An NMR spectrum showed ethane (b0.L7 PPM,

40%) 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 (3OOC,1O—%mﬂ
into a —T7OK receiver. GC analysis (%"x10' 20% Carbowax 20M
/Chrom WAW, 90°C) of & 1 ul aliquot showed small quantities
of methyl ethyl ketone (3%), diethyl ketone (4%), and
l-buten-3-one (1%). (No acetone)

Reaction of CpMo(CO).H with ethylene. 31 mg (0.126 mmol)

3

CpMo(CO)_H, 0.245 mmol C,H), and 0.4 m1 dg-THF were

3
sealed in a medium wall NMR tube as previously described.
The tube was heated to 100°C for 2k hrs., at which time an
NMR spectrum showed a quartet (62.35 PPM, 4H, j=T7.5 hz) and
a triplet (60.96 PPM, 6H, j=T.5 hz) attributable to

diethyl ketone (~10%). ©No aldehyde resonances were observad,

but ethane was formed (60.4LTPPM) in ~25% yield. The tube

2

was broken open, the contents vacuum distilled (30°C,10 Gun),

and & 1 ul aliquot examined by GC (1/16"x100' open tubular
TCEP column, 7000) confirming the product as diethyl ketone
by co-ipjection with an authentic sample.

Reaction ofggpMo(CO)3igzﬂs) with PPh 13.1 mg (0.0LT8

3_'...

mmol) CpMo(co)3(c2H5), 12.8 mg (0.0487 mmol) PPh and

3’
3.1 mg ferrocene (internal standard) were weighed into
an NMR tube and 0.54 ml d8—THF distilled in on a vacuum
line. The tube was sealed, warmed to 250C 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 of CpMo(CO)3(CQH5) (65.20 PPM,

61.70 PPM, 61.4k PPM) into CpMo(CO)g(PPh )(COCH20H3)

3
(67.h2 PPM, 15H, m; bk.9T7 PPM, 5H, s; 62.95 PPM, 2H, gq;
$0.80 PPM, 3H, t).

Reaction of CpMo(CO)3(CH ) with CQE in the presence of

3

l-buten-3-one. 36 mg (0.138 mmol) CpMo(CO)_(CH,) was

3 3
weighed into an NMR tube fitted with a ground glass Jjoint

and 2.5 ul (0.030 mmol) l-buten-3-one introduced with a
syringe. The tube was quickly attached to a wvacuum line,
cooled to —YYOK, and evacuated. The ethylene (0.25 mmol)
and 0.L42 ml d8—THF were condensed in and the tube sealed.
The tube was heated to lOOOC and NMR spectra recorded over

the next 18 hrs. In 1 hr., 46% of the CpMo(CO)_(CH.)

3 3
(§0.36 PPM) was consumed and a 25% yield of 2-butanone
(§0.96 PPM, 3H, t; §2.37 PPM, LH, q; § 2.02 PPM, 3H, s)
observed. 80% of the 2-buten-3-one had disappeared.

In 6 hrs., the reaction was 95% complete and a 54% yield
of 2-butanone was found. After 18 hrs. all CpMo(CO)

(CH,)

3 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 (Lo '"x}"
20% Carbowax 20M/Chrom WAW, 90°C). A 55% yield of
2-butanone was confirmed relative to added internal

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

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

Alkyls, and Acyls.
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Introduction

The reactions of transition metal hydrides have been
of interest to inorganic and organic chemists for many years.
Several hydrides are believed to react with transition metal
alkyls,l acyls,2 and carbonyls3 to give alkanes, aldehydes,
and formyls. We wish to report upon the reactivity patterns

of the anionic hydride CpV(CO)3H , and to compare its

reactivity to that of the isoelectronic CpMo(CO)3H.

Results

+ —_ -
1. PPN CpV(CO)3H with Metal Carbonyls. PPN CpV(CO)BH .

N
has been reported previously to react with alkyl halides

and acid chlorides to give alkanes and aldehydes respectively.

We suspected that &’might also reduce metal carbonyls and

have found by monitoring the lH—NMR of d8—THF solutions that

1l reaats with Cr(co)6 and Fe(C0)_. at 25°C to give quantitative

>

yields of CpV(CO)h,‘g, and HCr(CO) and HFe(CO)h_, respec-

>

tively(eqn.1l). Addition of 10 mole percent NaECpV(CO)3
accelerates the rate of this reaction. CpV(CO)3H_ also

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

cpv(CO) g™ + m(co) === cpv(co), + mM(CO)

1 2
~ ~nv
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evidenced by the appearance of NMR signals of gvand

3
and 1. ©No bridging species such as Cp(CO)

T == . . .
(cH CSRA)V<CO)3H upon mixing a solution of (CH3C5HM)V(CO)h

gV-H-M(CO) _,

were observed in any of these reactions. While no thermal

substitution occurs between PPh_ and g,in d8—THF solution

3
(0.1M each), addition of ;‘(0.0S M) catalyzes this exchange.

+ -
2. PPN CpV(CO)sH with Metal Alkyls. We have also investi-

gated the reduction of some transition metal alkyls with 1

in dg-THF solution. (CH_)Mn(CO),. reacts immediately at

3 >
2500 to produce a trace of CHM (NMR,5%) and intractable

3)Re(CO)5 reacts at

50°C with 1l to form 2 and a new complex, (H)(CH3)Re(CO)h_,éﬁ

identified by “H-NMR (§-0.65 PPM, 3H, d, j=3hz; §-5.56 PPM,

metal products. The isoelectronic (CH

1H, br).3 decomposes slowly to form CH) and Re(CO)s_, which

reacts with CH3I to re-form (CH3)Re(CO)5 (egn.2).
- g0, 88 - co i
CpV(CO)3H + CH3Re(CO)5 s H/Be(CO)h ¥ 2~ + ) (2)
. 3 Re(co)5
- - l CH3I
CH3Re(co)5
No reaction occurs between CpFe(CO)2(CH3) and 1 at

25°C. However, CpMo(CO)B(CQH ) reacts rapidly with 1 to

5
produce ~30% yield (NMR) of propionaldehyde. ©No metal
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products were identified nor was any ethane found. Reaction

with CpCo(PPhB)(_CH3')2 produces ~ 2:1 mixture of methane

and acetone by NMR. Metal products other than 2 could not
p)

be identified but presumably are cobalt clusters.

- -
3. PPN CpV(CO)3H with Metal Acyls. We have examined the

) by lH--NMR; no

reaction of 1 with CpFe(CO)(PPh3)(COCH3

reaction occurs at 2500. However, in the presence of CO,

a catalytic exchange of PPh_ for CO occurs, forming CpFe(CO)Q—

3

(cocn3). Neither of these react with 1 upon heating for 24
nrs. at 65°C.

The reaction of 1 with (CH

~ 3

2 and a compound with NMR resonances consistent with a new

CO)Re(CO)5 at 50°C produces

anionic acyl hydride, 4 (eqn.3). The rate of this reaction
cH,c2°
+ - 3 -
PPN CpV(CO)3H + (CH3CO)Re(CO) e Re(CO)h * 2 (3)

5 i

% .1
is greagly accelerated by the addition of 10 mole percent
of Na metal or NachV(CO)B. Addition of hexane to this
solution produces only a dark brown oil that cannot be
crystallized. Hexane washings of this o0il contain yellow

2, leaving behind impure ppn’t [(H)(CH CO)Re(CO)h]- (»90% pure).

3

Further attempts to recrystallize this material have been

unsuccessful.
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4. CpMo(CO).H with Metal Carbonyls. Reaction of CpMo(CO)BH,

3

2, with Fe(CO)5 produces only decomposition upon heating
to 70°C for 24 hrs. Reaction of %lwith Cr(CO)6 at 70°C in
dg-THF produces no HCr(CO)B—. However, an NMR signal

attributable to [CpMo(CO) is observed as well as a broad

S
resonance at £4.98 PPM (~62% of 5 still remained).

5 . CpMo(CO)3H with Metal Alkyls. In an earlier chapter we
described the thermal reaction between 5 and CpMo(CO)3R to
give aldehyde and the metal dimers [bpMo(CO)3]2 and
[CpMo(CO)2]2.6 However, photolysis of a mixture of NJO.QIM)

and CpMo(CO)3(CH ) (0.36M) produces alkane as the sole

3
product (~60% by NMR) and suggests the paths shown in

equation 4. Irradiation of a mixture of CpMo(CO)3(CH3)
 CpMo(C0) ;R —==CpMo(CO) ,(COR) e BRBL00 ) M°;C°)3—>-H ROHO ()
o [CpMoiCO)a] "
CpMo(CO) _H S [cpMo(c0) ]
CpMo(CO) 4R + CO —PROAY Y A M odo
5 [emo(co) ],

and (CH3CSHh)Mo(CO)3(CD3) (0.2M each) produces only 2%

(CH3C5Hh)Mo(CO)3(CH ) and no methane under identical

3

irradiation conditions and times.
This reaction pathway has been extended to the compounds

5 3)Mn(c:>)5 at

2500 produces new NMR signals identical to those of authentic

RMn(CO)_. (e.f., ref.3b). Reaction of 5 with (CH
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samples of the aldehyde CH_CHO and the knowﬂrmetal dimer

3
CP(CO)3M0-Mn(CO)5 (eqn.5). No reaction occurs between 5 and

(cH3)Re(CO)5 under similar conditions.
0 CpMo(CO)
RMn(CO)5::::::3:R-C—Mn(CO)u ——533@1Q31L¥i—9— RCHO + 3 (5)
Mn(CO)
5 >
~n
Reactions of CpMo(CO)3H with Metal Acyls . In an earlier

chapter we reported6 the reaction oflalwith the transition
metal acyl CpMo(co)z(PPh3)(0002H5). At 50°C, propionaldehyde
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 metal carbonyls with
CpV(CO)3H_ show & consistent pattern of substitution of CO for
hydride (Table I). The observation that the rate is
accelerated by Na or NachV(CO)3 suggests an outer sphere
electron transfer chain mechanism, (Scheme I) with the
Na2CpV(CO)3 acting as an initiator. Abstraction of a
Scheme TI:

Initiation:

CpV(CO)BH- Cpv(co)_H-
or " or 3»
Na,CpV(CO), + M(co) ——> mM(co) _, + Cpv(co),
or s OI‘+
Na co Na
Propagation:
vaégo)3H {va(co);
. & - or
Cpv(CO) H + M(co) _,—> HM(CO)n_l + cpv(co)
cpv(co); + M(co) ~——> Cpv(CO), + M(CO) . + CO
cpv(co), 2> cpv(co),

. PPh3 CpV(CO)3(PPh3)

hydrogen atom from CpV(CO)3H_ 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

8

as the formyl complexes are stable for days at 2500.

The catalytic substitution of PPh_, in CpV(CO)h by‘i may

3
also be accomodated with this mechanism. It is also possible
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for hydride~CO exchange to occur by a non~chain process
through a pairwise electron-transfer followed by hydrogen
abstraction from the resulting CpV(CO)3H- (Scheme I).

We do not believe the reactions proceed by inner. sphere
electron transfer because: 1) the parent carbonyls have no
vacant coordination sites and are not thermally labile, 2)
the reactions are too slow (kzlo-h-10_6 M_ls-l), and 3)
CpMo(CO)3H produces no new hydrides when reacted with M(CO)n
species. The latter observation is consistent with a
reduced metal species being needed as a reducing agent in
electron transfer.

The reaction of 1 with (CH3)Re(CO)5 proceeds along the
same pathway, exchange of hydride for CO. Subsequent
methane formation occurs from the hydrido alkyl anion,
(H)(CH3)Re(CO)Z , which is isoelectronic with the osmium

9 Interestingly, he has found

ahalog studied by Norton.
that thejosmium compound does not undergo simple reductivev
elimination but rather & binuclear elimination process.
(CH3)Mn(CO)5 also reacts with 1 but no intermediates are
observed and very little CHh is found.

The higher reactivity of 1 with (CH3)Mn(CO)5 compared
with (CHS)Re(CO)5 suggested to us that a similar &ffect
might be observed for the reactions With.i: Thus, while

no reaction occurred between (CH3)Re(CO)5 and 5 after 75 hrs.

a smooth reaction forming acetaldehyde and CpMo(CO)3—Mn(CO)5
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occurred between (CH3)Mn(CO)5 and 5. The formation of

s different organic product in this case demonstrates that

a different intermediate 1s involved than when 1 is used

as feducing agent. We believe that the latter reduction
proceeds by electron transfer through_(H)(CH3)Re(CO)h_
whereas the resction with g’occurs by attack upon a vacant
coordination site(by‘z)forming a (H)(CHBCO)Mn(Co)h_
intermediate. Reductive elimination from this intermediate
produces the observed product .

A similar determination of products by the coordination
number of a reactive intermediate may be proposed for the
reduction of CpMo(CO)3R by 1 or 5. Thermally, both
react with CpMo(CO)3(CzH5) to give propionaldehyde,
reacting immediately, 5 more slowly (k~10"tu1s71),6
The rate difference may be explaeined on the basis of the
relative abilities of &_and.é to trap the coordinatively
unsaturated acyl, CpMo(CO)Q(COR), producing aldehyde via.

an intermediate acyl hydride.lo However, irradiation of

a solution of 5 and CpMo(CO)3(CH3) produces only methane.
If the primary photoprocess of CpMo(CO)3(0H3) is loss of
CO, then an intermediate alkyl hydride might be formed;

reductive elimination provides methane (eqn, 6).

<3+ cpMo(cO)y  (6)

L——é— cH), + [cpMo(c0),],

Lt - Cp(GO)zMo
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As irradiation of a mixture of CpMo(CO)3(CH3) and (CHBC

. ;) (2%)

using identical irradiation times and concentrations as in

sH) )"

Mo(CO)3(CD3) produces little (CH3C Hh)Mo(CO)3(CH
the methane producing experiments, +the quantum yield for
molybdenum-methyl bond cleavage must be appreciably less than
that for CO dissociation. Consequently, photolytic homolysis
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 hydride
gives alkane, whereas an acyl hydride gives aldehyde.
These observations are exactly vhat 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 (CH3CO)Re(CO)S with 1 produces (H)(CH?CO)-
Re(co)h—' This compound does not give acetaldehyde
upon thermal decomposition or upon irradiation. Only
traces of methane were found upon irradiation.
The reaction of CpFe(co)(PPh3)(COCH3) with 1 is
interesting in that although there is no evidence of any
net chemistry occurring, a phosphine labilization by'jbis
actually taking place. While no reaction occurs between

CpFe (PPh,)(CO)COCH,) and CO at 25°C for 15 hrs., addition of

3

8 mole percent 1 causes a catalytic substitution of CO for

PPh Unfortunately, no exchange of hydride for CO or PPh

30

occurs. It is interesting that other preparations of

3
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As irradiation of a mixture of CpMo(CO)3(0H3) and (CHBCSHM)-

Mo(CO)3(CD3) produces little (CH3CSHh)Mo(CO)3(CH3) (2%)
using identical irradiation times and concentrations as in
the methane producing experiments, +the quantum yield for
molybdenum-methyl bond cleavage must be appreciably less than
that for CO dissociation. Consequently, photolytic homolysis
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 hydride
gives alkane, whereas an acyl hydride gives aldehyde.
These observations 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 (CH3CO)Re(CO)s with 1 produces (H)(CH?CO)_
Re(co)h-' This compound does not give acetaldehyde
upon thefmal decomposition or upon irradiation. Only
traces of methane were found upon irradiation.
The reaction of CpFe(CO)(PPh3)(COCH3) with 1 is
interesting in that although there is no evidence of any
net chemistry occurring, a phosphine labilization by jvis
actually taking place. While no reaction occurs between
cPFe(PPh3)(co)(COCH3) and CO at 25°C for 15 hrs., addition of
8 mole percent‘&,causes a catalytic substitution of CO for
PPh_,. Unfortunately, no exchange of hydride for CO or PPh

3

occurs. It is interesting that other preparations of

3
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CpFe(CO)g(COCH3) require treatment of CpFe(CO)g(CH3) with
high pressures (200 psi) and temperatures (125°C) of €O

or by treatment of CpFe(CO)g_ with acetyl chloride and not

i i3
3 3)'

The electron transfer process shown in Scheme II

by exchange of PPh_ for CO in CpFe(CO)(PPh3)(COCH

shows how this might occur; 16 electron intermediates

that could de-insert CO are avoided. Apparently, the
vanadium to iron hydrogen atom transfer is thermodynamically
unfavorable in this system.

Scheme IT:

va(co)3H‘ + CpFe(CO)(PPhB)(COCH )

3

)-L

va(co)3H~ + CpFe(CO)(PPh3)(COCH3

1L PPh, .

CpV(CO)3H- + CpFe(CO)(CHCH3)_
co

CpV(CO)3H' + CpFe

1@

co)2(c00H3)’

cPv(co)3H' CpFe(CO)e(COCH )

3

The mechanism of reaction of CpCo(PPh )(CH3)2 with 1

3
to give CHh and acetone is not understood. Presumably,
acetone is formed via. CpCo(CO)(CH3)2, and methane through
a cobalt methyl hydride produced by phosphine-hydride
exchange.

The above discussed reactions are summarized in Table I

and show the greater reactivity of‘;k compared to j& Ak,also

appears to react with metal carbonyls, alkyls, and
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acyls through a different mechanism (electron transfer)

than zv(hydrogen coordination at vacant site). Our studies
suggest that examination of the reactions of two neutral
transition metal hydrides in low oxidation states (+1)

would prove interesting.
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Table I

Summary of the Reactions of CpMo(CO)3H and CpV(CO)BH
with Metal Carbonyls, Alkyls, and Acyls.

Metal Hydride

Substrate PPN*CP§(co)3g: 09ﬁ5§0023§
Fe(co)5 HFe(CO))"~ a
cr(co)g HCr(CO)S_ a
(CH3CSHh)V(CO)h (CH3CSHh)V(CO)3H_ b
CH3Re(CO)5 (H)(CH3)Re(CO)h—, CH), c
CpMo(CO)3R RCHO RCHO
rud
CpFe(CO)2(0H3) c b
CpCo(PPh3)(CH3)2 CH) + acetone b
CpMo(CO)z(PPhQ(COCH3) b RCHO
(CH3CO)Re(CO)5 '(H)(CH3CO)Re(CO)h_ b

a) Reac@ion 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.
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Experimental

All solvents were distilled from Na/benzophenone/tetraglyme
prior to use and all manipulations performed either in a
Vacuum Atmospheres Corporation dry lab or on a high vacuum

1,
Reg(CO)lO’Cr(CO)6, Fe(CO)5 and [CpFe(CO)2]

line. va(co)h, Na(diglyme)+ v(co)6', [cpMo(cO)

MnQ(CO)

16° 2

were obtained from Alfa Corporation or Strem Chemical

Company PPN' cpv(co)_ H™,%cH. Mn(co) 22 cH_Re(co) 13
3 3 2 3 5
1k

15
" CpMo(CO)APPhs)(COC H_); and

CpCo (PPh oHs

3)(CH3)

CpFe(CO)(PPh )(CHOCH3)16 were prepared as previously des-

3

cribed. CpMo(CO) C.H_) and CpFe(CO)

3 3?2 275 2
were prepare Yy e me (8] O iper an X ilnson .
) d by th thod of Pi a Wilki 7

1H—NMR spectra were recorded on a Varian EM-390 spectro-

H, CpMo(CO)3R (R=CH
CH
( B
meter. IR spectra were recorded on a PE-283 infrared

spectrometer.

Preparation of (CHBQSEh)V(CO)h; 2.88g (0.125 mol) sodium
and 10g methylcyclopentadiene monomer (0.125 mmol) were

dissolved in 50 ml dimethoxyethane (DME). After stirring

=B

overnight, the solvent was removed (30°c, 10 mm) and

the remaining solid recrystallized from THF/hexane at
+ -—
-30°Cc. 1.3g (11.8 mmol) of this Na (CHBCSHh) was dissolved
in 30 ml THF and 3.55 g (13.4 mmol) HgCl , added. A solution
2

+ -
of 5g (11.8 mmol) Na(DME) V(co)6 in 10 ml THF was added

2
slowly as the solution became red-orange. After 1 hr.

-2

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

erial taken up in 50 ml H2O plus 50 ml petroleum ether.
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The H.O 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 mm)
and the remaining o0il chromatographed on a silica gel

column (2 x 15 cm) using petroleum ether as eluent. The

yellow fraction was collected, the solvent removed (2500,

20 mm), and the remaining solid sublimed (SOOC, 10—2mm) to

yield 200 mg (15%) (cC H, )V(CO) NMR (d,-THF):
L L 8

H_C
35
§5.16 PPM 2H; §5.05 PPM, 2H; §2.01 PPM, 3H. Mass spectrum:
m/e = 242, 21L, 186, 158, 130, 51. Anal: Calecd. for

C 49.61% ¢, 2.91% H; found: L49.38% C, 2.97%H.

10870,V
Reaction of PPN’ CpV(C0) B with (CH,C.H),)V(CO)),. 31 mg

(0.054 mmol) (CH c5 h) (co)h and L0 mg (0.054 mmol)

3
+ -
PPN CpV(CO)3H were dissolved in 0.L47 ml dg-THF in an NMR
tube . NMR spectra recorded over the next 12 hrs. showed

the disappearance of (CH CSHh) (CO)h and CpV(CO)3H
(§4.60 PPM) and the appearance of CpV(CO)h (&5.20 PPM) and
(CH csﬁq)v(co) H (§L4.58 PPM, 2H; &§L4.L42 PPM, 2H;$1.86 PPM,

BH ).

Reaction of va(co)3H' with Fe(co)5 and Cr(CO)6; A similar

+ -
reaction of 51 mg(0.069 mmol) PPN CpV(CO)_H with 9.3 ul

3

(0.069 mmol) Fe(CO)SinO.5IM.d8-THF produces isolable

" 2
crystals of PPN HFe(CO)h i upon standing for 12 hours.

Anal.: Calecd. for NFeO) : 67.91%C, 4.42%H, 1.98%N;

ST 31 2
found: 67.51%C, 4.58%H, 1.94%N. ©No (CHO)Fe(CO)h— is

observed at any time during the reaction. Similarly,
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Cr(CO)6 (47 mg, 0.21 mmol) also reacts with 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)3H with Fe(co)S and Cr(CO)

P an

Identical reactions of CpMo(CO)3H (20 mg, 0.081 mmol)

with Cr(co)6 (15 mg, 0.068 mmol) or Fe(co)5 (15 w1, 0.11
mmol) at 70°C in dg-THF (0.4 ml) produced no new hydride
resonances by NMR. Metal was observed to form on the walls
of the tube, and all resonances were broadened. [CpMo(CO)3]2
was observed (§5.40 PPM) in the Cr(CO)6 reaction.

Hydride Catalyzed Substitution of CpV(CO)

yby L (L=PPh,,

PMe ). 75 mg (0.10 mmol) PPN+va(co)3H‘, 60 mg (0.23 mmol)-
PPHB, and 58 mg (.25 mmol) CpV(CO)h were dissolved in 1.0 ml
d8—THF and the flask covered to exclude light. NMR spectra

were recorded periodically and showed the conversion of

CpV(CO)h into CpV(CO)3(PPh ) (NMR; § 4L.73 PPM, 4, =1.5hz)

3 Jpy

with no change in the CpV(CO)_H resonance (’T;= 1 hr.)
2

3
An identical reaction employing PMe3 instead of PPh3
showed a complete conversion to CpV(CO)BPMe3 in 15 min.

(NMR: § 4.90 PPM, 5H,d, =1.9hz; § 1.44 PPM, I 85 d py™

JPH
8.Thz)s

Reaction of PPN’ Cpv(cO). B with CH.Mn(CO), and CH,Re(CO)..

+
-THF solution (0.5 ml) of 61 mg (0.082 mmol) PFN

A 58

cPV(CG)3H° was added to a d8-THF solution (0.5 ml) of 18 mg

(0.086 mmol) CH3Mn(co)5 in an NMR tube. Although no immed-
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iate reaction occurred, the tube turned brown within 5 min.

1

The ~H-NMR showed the disappearance of CpV(CO)_ H with the

H
3
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+CpV(CO)3H- in 0.46 ml1

d8—THF under 1 atm CO showed a slow resaction at 2500
forming methane. Heating this solution to SOOC resulted
in a faster reaction rate (’r%=¥2 hrs.) and an unisolated

intermediate, 3,believed to be (CH,)(H)Re(CO),, was

3
detected by NMR ( § -0.65 PPM, 3H,d,JH_H=3hz;S'-5.56 PPM,

1H,br). Eventually all of the CH3

only the intermediate él(plus CHh) was observed. As the

Re(CO)5 disappeared and

intermediate évdisappeared, the amount of methane was found
to increase. A second intermediate “X” was also observed
in ~10% yield (NMR; § -0.30 PPM, 3H,s; &§ -4.30 PPM, 1H,s)

and is probably the trans isomer of 5; This solution

was treated with 5 ul CH,I, and a& large methyl resonance

3

of CH_Re(CO)_ (§-0.20 PPM) was observed.

3 > :
Reaction of PPN+CpV(CO)3H- with che(co)2(0H3l;

17 mg (0.089 mmol) CpFe(CO).(CH.) and 60 mg (0.089 mmol)

2 3
PPN+CpV(CO)3H— were dissolved in 0.87 ml dg-THF. An NMR

spectrum after 24 hrs. at 2500 showed no reaction.

+ -
Reaction of PPN CpV(CO)BH with CpCo(PPh3

40 mg (0.05h mmol).PPN+0pv(co)3H' and 19 mg (0.046 mmol)

)

J(Cho)y + CO.

CpCo(PPhS)(CH in dB—THF solution (0.45 ml) were sealed

3°2
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in an NMR tube under 600 mm CO( .054 mmol). NMR spectra
recorded over the next 4 hrs. showed the formation of

CHh (~50% yield) and acetone (~20% yield) as the cPCO(PPhB%

(CH3)2 (NMR: & k.41, 5H, s; § 0.06 PPM, 6H,d,JPH=6hz)

disappeared.

Reaction of PPN+CpV(CO)3H- with QpFe(CO)(PPhB)(COCHB) and

CO. 26 mg (0.057 mmol) CpFe(CO)(PPh3)(COCH ) and LL mg

3

+ =
( 0.058 mmol) PPN CpV(CO)3H were dissolved in 0.5 ml

dB-THF and sealed in a NMR tube under 600 mm CO(0.031 mmol).

After 2 days at 2500, NMR spectra showed the CpV(CO)BH

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

sl .38, 5H,d,jPH=2hz;52.28 PPM, 3H, s) had been 50% con-

verted (100% yield based on CO) into CpFe(CO) (COCH3)11

2
(NMR:§4.93 PPM, 5H, 2;§2.50 PPM, 3H, s). The solution

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

Preparation of (CH_CO)Re(CO)

[~
7

3

1 g (1.53 mmol) Re (co)lo was reduced with 1.5 ml 0.65%

2

Na/Hg amalgam in 10 ml THF. The solution was decanted
from the mercury and 0.22 ml (3.1 mmol) CH3COCl added.
After 15 min. the solvent was removed (OOC,.‘LO_3 mm) and
the remaining solid sublimed to a -78OC probe, yielding

500 mg (4L4%) (CH CO)Re(CO)S. NMR(d8—THF): § 2.7 PPM.

3
IP (THF): 2125 (w), 2060(w), 2009 (s), 1996(sh), 1612(~)
em~ ", Awmal. Galed. for C7H3Re06: 22.77% €,0.82 %H; found:

22.56% Cc, 0.87% H.
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Reaction of PPN va(co)3H‘ with (CH_CO)Re(CO) 35 mg

3 =

(0.047 mmol) (CHBCO)Re(CO)S and 18 mg (0.049 mmol) va(co)3H

were sealed under vacuum in an NMR tube along with 0.4 ml
dg-THF. Upon heating the solution at 50°C, new singlets

were observed to grow in slowly over 24 hrs. at §2.20 PPM

(3H) and § -4.38 PPM (1H) attributable to (H)(CH3CO)Re(CO)hT

A quantitative yield of CpV(CO)h was also produced. Due
to the long reaction time however, extensive decomposition
occurred.

A similar solution was treated with 1 mg Na and heated

at 50°C. NMR analysis showed a 50% yield of (H)(CH3CO)-

Re(co)hT Another solution of (CH3co)Re(co)5 and PPN

CpV(CO)3H- was treated with 5 mg NaQCpV(CO)

yields of (H)(CH

3° Quantitative

3CO)Re(CO)h- and CpV(CO)h were observed
after 3 min. at 2500. 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 an oil. This o0il
could be washed with hexane to remove CpV(CO)h and redis-
solved in d8-THF showing NMR resonances attributable to
PPN+(H)(CH3CO)Re(CO)hT An IR spectrum in THF showed sev-
eral terminal CO bands in the 1850-1950 cm"1 region and an
acyl band at 15890 ™

Reaction c¢f CpMo(CO).H with CH.Mn(CO), and CI Re(CO)SL

3 3 5 3
27 mg (0.11 mmol) CpMo(CO)3H and 22 mg (0.11 mmol) CH3Mn’
(CO)5 were dissolved in 0.48 ml d8—THF in an NMR tube.
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NMR spectra showed a complete reaction to form CpMO(CO)3—

Mn(CO) (& 5.49 PPM), [CpMo(CO)3]2 (£§5.40 pPM), [cpMo(cO) ],
(§5.27 PPM) and CH3CHO (§d 2.07, 3H,d,J=3hz; 9.66 PPM,
1H, q; 50% yield), An equimolar mixture of CpMo(CO)_H

3

(0.22M) and CH_Re(CO)_(.22M) in dB-THF showed no reaction

3 >
after 3 days at 2500.
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Proposition I

Reductive Elimination in H(CH )0s(co)h

3
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Reductive Elimination in H(CH,,)OS(CO)4

The reductive elimination of alkanes from transition metal alkyl

hydrides is a well known process, and few such stable species are

3

known. Some of these eliminations have been shown to occur through

bimolecular intermediates.3 Norton4 has suggested that the decomposition

of Eig-(CH3)HOs(CO)4, la, occurs by a bimolecular process, a conclusion

consistent with experimental observations but not necessarily indicated.
The net decomposition reaction is outlined in Scheme I. If a mixture

of both cis—(CH3)DOs(CO)4, 1b, and (CD3)HOS(CO)4, lc, is allowed to

~—

decompose all four possible crossover products are found (CH ,CD4,CHD3,CDH3).
The reaction is not reversible as the decomposition of la in the presence

of CD4

yielded only CH,. Norton claims these observations are indicative

i

of a dinuclear elimination.

Scheme T:
2 (CHB)HOS(CO)4 > CH, + H(CO)4Os-—OS(CO)4(CH3)

%
k =1.38x e

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 a step in the reaction.

An additional piece of evidince in Norton's mechanism is that the
addition of excess PEt3 prevents the binuclear products CH&’ CD, , 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 (k0=6.4)<10-ss_1)
and is independent of the concentration of PEt3 between a 7 and 110 -fold

excess of ligand. The mechanism Norton proposes is shown in Scheme II.
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Scheme TI: (CH,) HOs (CO),, - 'g
fagt
-——-—_——.——’— ——
2 + (CHy)HOs(CO), CH, + H(CO),0s — 08(CO), (CH,)
faster &
2 + PEt, > CH, + (PEt;)0s(CO),

The suggestion of an unsaturated acyl complex for the intermediate
2 allows for the formation of a binuclear species (possibly via. a
hydrogen bridge) and the exclusion of its formation by PEt3 coordination.

Attempts to trap and observe the intermediate with PEt, and P(OMe)3

3
have been unsuccessful, .Norton does not indicate how the formation of
the binuclear species results in scrambled methane evolution:

The experiments do not rule out the possibility that the formation
of methane occurs by a simple reductive elimination from the mononuclear
species la. The reaction would still be first order in the disappearance
of la. The remaining Os(CO).,+ fragment could be responsible for the
scrambling of labled lb and lc- Two possible scrambling mechanisms
are shown in Schemes III and 1IV.

Scheme TIT: (CDB)HOS(CO)4—————-—a~ HCD., + Os(CO)4

3
0s(C0), + -(CD,)HOs(CO), —+——>= (00)40'5}1 + -08(C0),(CD,)

OS(CO)4 £ (CHB)DOS(CO)4 e (CO)4d§D it ‘OS(CO)a(CHB)

— \

(CH3)HOS(CO)4 + (CD3)DOS(CO)4 + H(CO)AOS-—'OS(CO)Q(CHB)
l and other dimers
CH4 + OS(CO)4 CD4 + OS(CO)4
Scheme IV: 8 P
(CD4)HOs(CO), (C0) 4081y (C0) 308" (CD,)DOs (CO),,
+ — —_— 6 j — 4
N e,
(CHB)DOS(CO)4 . C_C,Os'»(CO)3 708(C0) (CH,)HOs (CO),,
3C—C HaC—C
b 0
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With both schemes the coordination of PEt3 would prevent scrambling
of methyl groups. The observed product of the elimination in the

presence of PEt, , (PEtg)Os(CO)A, is formed from the reaction of PEt

3
7

with the coordinatively unsaturated OS(CO)A.

3

For the radical mechanism (Scheme III) PEt, coordination prevents

3
the reaction of a second equivalent of la with the 0s(CO) intermediate,
thereby lowering the rate at which starting material is cinsumed.

The observed dimeric product results from recombination of two of the
radical species forming an Os —Os bond.

The second mechanism (Scheme IV) allows for scrambling through the
acyl intermediate and would be inhibited by PEt3 coordination. However,
the observed rate of disappearance of la should not change unless the
buildup of an intermediate is found.

There are several ways to test the involvement of Os(CO)4 in a
scrambling process. The easiest way is to add Os(CO)4 to a mixture
of 1b and lc and see if the amountsofCH4 and CD4 are increased to
their statistical percentages9 (~ 25% neglecting isotope effects).

The OS(CO)Q could be generated by irradiation of OS(CO)57 or Os3(CO)12fO
or by addition of LOs(Co)4 wherel is labile under the reaction conditions
(8.8, CH3CN or THFll). Control experiments would have to demonstrate
that la is photo-inert with respect to scrambling.

Should OS(CO)4 be present one would expect it to be trapped by a
13

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

The substituted products could easily be prepared and characterized
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separately from Os(CO)S. The ligands would also have the effect of
inhibiting the scrambling of methyl groups in lb and lc. The rate
of reaction should be independent of the concentration and nature of
the incoming ligand.

If scrambling occurs prior to reductive elimination of methane,
then an analysis of a wmixture of 1b and lc after 507 reaction should
show the presence of D(CD3)OS(CO)4 and H(CH3)OS(CO)4. The former
compound should be easily seen by mass spectrometry (the compound is a
volatile liquid) and possibly by gas phase IR.13 The NMR of the latter
compound shows a quartet at 17.94 T and a doublet at 10.00 T in THFIS,
and should be readily distinguishable from the NMR signals of 1b and
lc (deuterium decoupling simplifies interpretation).

It might be possible to scavenge any metal radical species using

11

Mn(CO)5 generated from Mn2(CO)lO. Other metal radicals might also

be used as trapping agents, such as ReZ(CO)IO'
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Proposition II

Hydrolysis of Cl(PPh3)2Pt(COOR)
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Hydrolysis of Cl(P¢3qut(COOR)
[4

The activation of CO by cationic transition metal complexes has
been studied for many systems.1 Some of these compounds react with

water (hydroxide) directly to give CO, and the corresponding metal

2

hydride, whereas some react with alcohols to form alkoxycarbonyl compounds.2

= 3 ’
[PtCl(PﬁB)z(CO)]+{ BF4] has been shown to react with alcohols to form

PtCl(P¢3)2(COOR) which then forms co, and PtCl(P¢3)2H upon treatment with
water.4 A reasonable mechanism for this process has been suggested by
Clark, Dixon, and Jacobs,4 but other observations on CO activation in
cationic metal carbonyls hint that another mechanism may be operative.
The mechanism of Clark, Dixon, and Jacobs4 is shown in Stheme I.
Alkoxide ion can reversibly dissociate from and attack the carbonyl
carbon.5 Added water (hydroxide) can then attack the carbonyl carbon

to form the observed products, CO, and PtCl(P03)2H.

2
Scheme T:

PtC1(P@ I

(COOR) + H,0 —————)—[PtCl(PﬁB)z(CO)

+ ROH

+ OH" — PtC1(P@,) ,(COOH)

309 2

PtC1l(Pd,),(COOH) ————>= CO, + Ptc1(P¢3)2H

302 2

These suppositions are supported by the observations that:

1) [PtCl(PQ)B)z(CO)]+ reacts with alcohols in a straightforward associative

mechanism to form the alkoxycarbonyl, as shown by Byrd and Halpern,3

and 2) [PtCl(P¢3)2(CO)]+ reacts with refluxing water to give CO, and

2
PtCl(P¢3)2H.

However, other cationic transition metal carbonyl complexes have

18, 6,7,8

been shown to exchange oxygen with added H, ¢ A reversible
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18 .-
attack by OH wupon the carbonyl carbon 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 TII).

Scheme IT:

18 . = O0=H
+ OH / + 18 - no
M-CO M CQ§O H=C0 + GOR scrambling
M =Ma(CO}5, Re(CO)s, )(OH-
LMn(C0), , LRe(CO), e 5 18 -
L =pyridine, CHyCN M_C%é * BOE - MRG0T RCH BERtling

This suggests the possibility that the reaction of OH with

PtC1(P@,) ,(COOR) could proceed by an associative Sn2 attack upon the

302

alkyl group. The carboxylate anion which formed could react with water

and decarboxylate to form co, and PtCl(P®3)2H (Scheme ITII).
Scheme III:
OH_ A Hal
PtCl(P(Z)B)(COOR) Cl(P(Z33)2Pt—C\{ - H —_— Ptcl(Pe§3)_2(COOH)
'0—C— OH -
£y +/CH30H + OH
Ptcl(P(z)3)2H + Co,

There are several methods for testing this possibility. The best

g : . 9 g ;
way is to use an optically active alcohol. The mechanism shown in
Scheme I would result in retention of configuration whereas the mechanism

shown in Scheme III predicts an inversion of configuration.

Another method involves reacting PtCl(PﬁB)Z(COOR) with H218O.
If the mechanism shown in Scheme III is operative, then all of the label
11

should be found in the alcohol, with none in the CO If the mechanism

9°
in Scheme I is occurring, then all of the label should be found in the

co, and not in the alcohol.
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Another way to do this experiment would be to prepare PtCl(P¢3)2-C-}80R

]+ 18

from [PtCl(Po (co) and R— 0OH . This alkoxycarbonyl when reacted

3)2

with H20 should show complementary results to the above experiment:

labeled CO, implies Scheme ITII is operative; labeled ROH implies Scheme I

2

is operative.
The above observations may be complicated if the mechanism in
Scheme I 1s an associative process. The 1ntermediate formed could undergo

proton transferlzfand scramble the labeled oxygen in the reaction of

18

PtCl(P®,),(COOR) with H, "0, resulting in doubly labeled and unlabeled

302

(6]0) However, this proton transfer would not scramble the oxygen of

9
the alcohol, so that examination of its label incorporation would be

meaningful (Scheme IV).

Scheme IV:

9 ISOH- 9 OH
(P¢3)201Pt-—c—0R e (P03)201Pt—(f—0R G (P¢3)201Pt—- - OR
18 181-
OH 0]
-0R
18
18 18 0
V/
0C™ "0, C""0,, CO,, < (P%)zpt_c\/
but only ROH ’ Ci OH
0}
The re€action of (P¢3)2C1Pt-8-}80R with H20 avoids the oxygen
scrambling problem. Proton transfer does not change the labeling
18 18

of the starting material, so that only OC™ O or R™ OH should be
observad (Scheme V).

Scheme V:

0
(P¢3)201Pt-—5——180R s (P¢3)201Pt—8—180R —— (PO

OH

OH, o
;o
3),ClPt— g_ OR

co,, only, R'20H only

2
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Proposition III

Vibrationally Nonrandomized Decomposition of

d2—hexafluorobicyclopropane
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Vibrationally Nonrandomized Decomposition

of d2-hexafluorobicyclopropane

The generation of vibrationally '"hot" molecules in the gas phase
in excergic chemical reactions has been a topic of concern recently.
The randomization of energy in the various vibrational modes prior

. - . 1,2
to unimolecular decomposition was predicted by RRKM theory. Several
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

3 :

shock-tube decomposition of SF, to SF. and F by Bott and Jacobs.

6 5

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 that hot

methylcyclopropane formed from two independent routes in the gas phase

decomposed to give the same distribution of butenes (Scheme I). The

distribution was also independent of the source of methylene (ketene

Scheme T: %

/N — . \_/+\=/+/=/+%

~ D>
:CH2+/\_—>_D-—__>_\_/\=//—_—/:<

or diazomethane) and of the pressure over a 100-fold range. ik

observation supports the rapid randomization of vibrational energy
in this molecule, as at higher pressures non-randomized processes are
predicted to become more important.

A similar observation was found in the similar rate of decomposition

of sec-butyl radicals prepared from two different sources(Scheme II).
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Scheme IT: D ¥

D ;

/S \ + D —— [/_\} —— i "6,
D . ¥

J\ ¢+ o 2 o [/_\J — 5> P ¢ “GH,

D

N

The value of the rate constant k was also independent of the pressure
between 0.036 and 200 atm.6 At the highest pressure collisions occur
every 2 x 10“13 sec,, demonstrating the alacrity of randomization.

Frey has reported7 a non-randomized decomposition in the addition
of methylene to isobutylene, forming hot 1,l-dimethylcyclopropane 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,
but recent reports by Rabinovitch, et.al., show a failure of intramolecular

g1l The system

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

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

2
hexafluorevinylcyclopropane (HVC) or dz-HVC, respectively. The

*
vibrationally excited HBC formed initially decomposes to dz-tetrafluoro-
vinylcyclopropane or is collisionally deactivated (SchemeIII).

Scheme TII:

F
F

A)  :cD, + M -
WK P

F
F
F ¥ H D
B) :CH, + e o H D ny ;
) ~.
D F f \\<§\ FF ) R
P4
D
5 F
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Rabinovitch observed an excess of the d,-vinylic over h

2 -vinylic

2

product upon addition of :CD, to HVC and the reverse ratio upon

2
addition of :CH2 to d2-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 a source of
error on two counts: 1) the deuterated ring should show a slower
decomposition rate due to secondary isotope effects, and 2) the :CH2

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

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:
St

A) *
[ 1
F D
f D
B) A
—> products
F
F H
C) F H

D)
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azo compounds can be decomposed by irradiation in the gas phase,

2) the diradicals produced should give the desired bicyclopropanes

12,14

as major products, 3) the absence of ketene precludes polymeriza-

tion, and 4) the isotope effects should be reduced.
Routes B) and D) to the vibrationally excited species may be
complicated by a secondary reaction. The biradical intermediate

may lose :CF, directly and form d,-HVC without going through the

2 2

bicyclopropane intermediate. This side reaction would have the effect

of indicating an even greater amount of non-randomization, and suggests

1.

that routes B) and D) are not suitable for preparation of dZ-HBC%.
A possible problem with the azo route to HBC 1is that the product

may not be highly excited enough to lose :CFZ. If 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 :CF2.

*
Should the dz-HBC formed by the azo route decompose as Rabinovitch

observed, the same experiments could be performed; i.e., a study of the
pressure dependence of the amount of non-randomized vs. randomized
d,-HVC. Similar dependances would offer direct support to the

2

incomplete intramolecular energy relaxation as proposed by Rabinovitch.
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Isocyanide Insertion into Activated

Aryl-Hydrogen Bonds
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TIsocyanide Insertion into'Activated'ArX;—ngrogen Bonds

The activation of carbon~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 to
activation of an attacking reagenth) are not used on an
industrial scale, although such a process would be quite
desirable.

Interception of an intermediate transition metal aryl
(or alkyl) hydride by CO or some other insertion group also

has the possibility of being catalytic in metal (eqn.1).

RHE + CO L] o R—cggI (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 insertion of CO into an aryl~hydrogen
bond, perhaps because none of the compounds known to insert
into aryl-hydrogen bonds possess CO as a ligand% or due tg

the reluctance of CO to insert into metal-aryl bonds,
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The functionally equivalent isocyanide ligand, :C=N-R,
has also been reported to insert rapidly into metal-carbon
bonds in the compounds CpMo(CO)3R,6 CpFe(CO)gR (with CO pres-

sure)T, and cpNi(PPh3)R,8 as well as in Pd’

and Ptlo ~alkyl
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

nucleophilic character towards arene C-H insertion ( a

requirement suggested by Parshall;a).

Bl e B N=0=M (2)

The products of a reaction involving arene C-H activa-
tion followed by isonitrile insertion and reductive elimina-
tion are an imine and a coordinatively unsaturated metal
complex. A catalytic cycle for this process is shown in
Scheme I. The first two steps of the cycle are known,2°6'll
whereas the reductive elimination of imine from the imino-
acyl hydride complex has not been observed, but is not
expected to be an unlikely process.

The feasibility of the iminoacyl hydride reductive
elimination step could be investigated by protonating the
cooH 13

knong%ompound (e )Mo(CO)E(CHé-C=NCH3) with CF

585 3
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Scheme T @
M=CaN~R

CaN~R

H
|

M=C=N~R
H ‘§\§—~’/E;§//
R=N=C

generating an iminoacyl hydride. The related compound

:C=N~R

(CSHS)MO(CO)3(CH3) protonates to give me‘l:hza.ne%,4 Similarly,
hydridic reductilion of.PdBr(PPh3XCR=NCH3)9might produce an
iminoacyl hydride that could demonstrate thils process.

The types of acyl C~H bonds activated include intra-
molecular reactions with the ligands 1:"’Ph3(orthomete.le.tion)]'5
and R2N0H206H5 (orthometalation),l6 and intermolecular
reactions with benzene, toluene, and anthracene.2 Metal
complexes that intermolecularly activate arenes include

28 p 2b
(CSHS)Rh(CQHh)E, (CHBPCH20H2P0H3)2M(ClOH7)H (M=Ru,0s8),

(CoHg ) MH, (M=Nb,2¢ 1a?T), ReHY(PEt206H5)23dIIT@(CH

5 PCHQ—

3
2 of
CH,PCH,), € and HIrEP(CH3)3]2.

Of these compounds, (CSHS)Rh(CQHh)z, (CSHS)NbH and

37
(CSHS)TB.H3 are the most likely candldates to carry out
the processes 1n Scheme T as they are more similar to the
complexes known to insert isonitriles than the phosphine

substituted com’pounds%7 Of these three CSHS compounds,
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(CSHS)NbHB 1s the mogt active towards Cgg = D, exchange
and might be the best cholce. (CgH )RR(C,H)), has the
advantage that no hydride ligands are present that could
regct with the starting isonitrile or the imine product.
The alkyl group of the isonitrile might also be
"fine tuned" to increase insertion rates, Just as the
alkyl groups on phosphine lligands can be varied to affect
regetion rates. Most literature reportsllindicate that a
bulky isonitrile Increases isonitrile insertion products
(with respect to CO insertion products). Hydrolysis of the
imine product removes the isocyanide alkyl group, yet leaves

a substituted benzene derivative, benzaldehyde (_eqn.’-l).18

0
H.0, H o s

@\C=N-R 2 > ©\H +  H,NR ()

Insertion of isonitrile into the M~H bond instead of the

M-gcyl bond has also been observed{gbut requires more
severe reaction conditions (eqn.5). Consequently, this
insertlion 1s not expected to interfere with the catalytic

cycle, o
’ A Soei-n)

P |
M=R - M_ (5)
Mg R

I% should be noted that seversgl transition metal
compounds are known to effect Just the opposite of equation 1,

stolchiometric decarbonyletion of sldehydes to produce arene
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and s metgl carbonyl (éQn.6)?o Since the thermodynamics of
equation 1 favors aldehyde formation, the reason for this
reversal must bé attributablé to the hilgh stabllity of the
metal carbonyl product. Isonitriles, being weaker TM-acceptor
ligands than CO with respect to transition metals%l should
not suffer from de-~insertion reactions analogous to equation
4 as the thermodynamics are probably unfavorable.

£

M + R H === RH + M-CO (6)
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Proposition V

The Mechanism of ®-elimination in Ta(alkyl)5
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The Mechanism of €¢-elimination in Ta(alkyl)

;-

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 B-elimination, forming a metal
hydride and an olefin.l Another process, metal-carbon bond
homolysis, has also been shown to occur.l’2 More recently,
a new method of decomposition for metal-aikyl compounds
containing no B-hydrogen atoms has been suggested by Green
and Coopers, involving the elimination of an d-hydrogen
atom forming a metal carbene hydride that was trapped as the
PR3 adduct (eqn.1l).

+ +
/CH_-FR

CH H
/3 —_ .t/ PR g5y
chvk/ —> | opfi-cH, == Cpe"ﬁ\\ 3> Cp (1)

CH2 A H

Since this report,‘Schrock has found several examples
of the &—elimination process in his study of the M(CH )5,h

L,5

3
M(CHzPh)S, and M(CH2CMe3)56 (M=Nb,Ta) systems. The
decomposition of Ta(CD3)5 in diethyl ether solution at 2500
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 a non-radical process.5 Actually, a 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(CH2C6H and Ta(CD206H5)5 provided both

5)5
C6HSCH3 and C6HBCH2D' Schrock explained this observation in

terms of an independent ligand exchange reaction as opposed

to reversible M-C cleavage.

The decomposition of Ta(CHQCMe3)5 formed in situ
by the reaction of Ta(CHQCMe3)uCl with LiCHQCMe3 proceeded
similarly, providing neopentane and (Me_,CCH3=Ta(CH.CMe.,)

3 2 3°5%

Labeling studies demonstrated the intramolecularity of the
reaction. Three possible mechanisms for the formation of the
neopentylidene were considered by Schrock:6 1) «-elimination
(transfer of an (C-hydrogen atom(hydride) to Ta), 2) &C-abstrac-
tion (M-C bond cleavage followed by rapid abstraction of an
&—hydrégen from an adjacent alkyl group), and 3) deprotona-
tion (loss of CH3CCH2- followed by rapid «-deprotonation of

an adjacent alkyl group) (Scheme II). All three of these
mechanisms accomplish the same transformation in the poly-

alkyl systems.

Scheme I

RCHp + Ta(CHzPh)5 S RCH3 + Ta(CHzPh)h(CHPh)

° R _ =
Ta(CHgPh)h(CHPh) > RHC—Ta(CH2Ph)3 + RCHy
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Scheme II

= (MeBCCH2)hT5<H
i CHCMe,
+
[ CH,CMe,, - (Me,CCH, ) ,Ta=CH-(Me
Ta(CH.CMe.) —2%|(Me_CCH.) T8 @ 2 3 37273 3
273’5 gl gt +
CH,.CMe
L 2 3
i “CH,CMe
3 (Me3ccn2)3T£ 2= 3 CMe,),
i \CHQCMe3

Schrock discounts the first mechanism on the basis
that Ta(V) would prefer not to bevformally negatively
charged relative to a carbon ligand, so that this «£-elimina-
tion process (1) is not occurring in these systems. However,
L,6a,6Db

both mechanisms 2 and 3 are plausible, and cannot

be distinguished between by his experiments. Mechanism 3

is preferred as it is known that szM(CH3)Z 9 (M=Mo ,W)
CpTa(CHCMe3)C12(PMe3) +0 may be deprotonated with Ph3P=CH2.

to give Cp2M=CH2(CH ) and CpTaEECCMe3)Cl(PMe3) respectively.

3 2°

No tests have been employed in this system to specifi-
cally dgtect short-lived radicals, thereby distinguishing
between mechanisms 2 and 3 above. With the large number of
radical rearrangements known, it ought to be possible to
find one that rearranges quickly enough to demonstrate thg
presence of short-lived radicals, either caged or in solution
(Schem= III).

The known rearrangement of the l-hexenyl radical could
be employed if the o-positions were blocked with methyi

groups (egqn.2). However, the rearrangement rate of this
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radical is probably slow (kasl.OxlOSs-l)ll compared with
the expected lifetimes of the radicals in this system. The
allyloxyethyl radical (™SN0"\¢) cyclizes about 20 times
faster12 but still may not be fast enough.

Scheme ITIT

TaRS ——— TIaRh + *R —————k—r-——>- T'aRh + oR'
kH kH
R3Ta=R(-H) + RH R3Ta=R(—H) + R'H

Ta<>W>5—+(WQTa=c%W A Q {2>

The most optimal compound for this study is perhaps the
methylcyclopropylcarbinyl derivative, A (eqn.3). The

framework of the methylcyclopropylcarbinyl ligand is identi-

A ? | ><1 >—J ‘ ):/
cal to that of the neopentyl ligand so that steric differences
would be minimized. The cyclopropyl carbinyl radical

ring opens very rapidly ( ::2x108s_l)l3

and would probably
be fast enough for this experiment. The formation of
2-methyl-l-butene would indicate the intermediacy of raedicals.

An even faster rearrangementlu could be detected with
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the mixed compound 3;15 Mechanism 3 would produce only'g

as cyclopropyl anions have been demonstrated to be

configurationally s‘ta.ble,lh’:LS

whereeas mechanism 2 would
produce a mixture of £ and R’due to the rapid interconver-

sion of the cyclopropyl radical.

H D
Ta B— \H D
/ . * ~
D’ 3 2

B C D

v e w
Although these experiments are rather difficult to

perform, they would distinguish between two of the pathways

of the ®«-elimination process. The increased ﬁnderstanding

of the detailed mechanism, while not important in terms of

the observed products, would add insight into one of the

basic processes available to transition metal poly-alkyls.
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Figure 9. ORTEP drawing of tq? asymmetric units, rclated

by a twofold axis, in [(PhBP)21_\ﬂ&p2Rh3(CO)h] THF.
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~~~~~~~~

Metal to Metal Bonds Carbon to Carbon Bonds (con'd)
Rh1-Rh2 2.590 C9-C5s 1.432
Rh2-Rh2 2.661 Cl1-C12 1.380

C12-C13 1.393

Metal To Carbon Bonds C13-C14 1.380
Rh1-C1 1.843 C14-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-C9 2.258 C25-C26 1.387
Rh2'-C2 2.010 €26-C21 1.395

Carbon to Oxygen Bonds - C31-C32 1.376
C1-01 1.147 C32-C33 1.377
C2-02 1.163 C33-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-C4 1.355
C21-P1 1.829 C4-C4 1.401
C31-P1 1.815

Metal Cluster Bond Angles

Nitnﬁgen 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-C2-02 138.4
C5-C6 1.357 Rh2'-C2-02 136.8
C6-C7 1.316 CEN-C2-02%* 170.7
C7-C8 1.288 C5-C6-C7. 111.5
Cc8-C9 1.342 C6-C7-C8 107.9

C7-C8-C9 111:7
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Table 1.. Continued

~ e e

Metal Cluster Bond Angles (con'd) Triphenylphosphiniminium Cation
€8-C9-CS 105.5 SPIe. angles (sento)
€9-C5-C6 103.3 €26-C21-C22 122.4

P1-C31-C32 120.1

Triphenylphosphiniminium Cation P1-C31-C36 118.4

Zong Ankles C31-C32-C33 119.4
FLNL-EL L33 C32-C33-C34 119.6
P1-C11-C12 Ehin C33-C34-C35 121.2
P1-C11-C16 - C34-C35-C36 5
C11-C12-C13 Ll s C35-C36-C31 117.4
€12-£15-C14 o C36-C31-C32 121.4
C13-C14-C15 120.7
C14-C15-C16 120.8 Tetrahydrofuran Bond Angles
C15-C16-C11 118.6 C3-03-C3 1187
€16-C11-C12 1212 e 105.2
P1-C21-C22 118.3 C3-Cd-Ca “ 107.5
P1-C21-C26 119.1
C21-C22-C23 117.6
C22-C23-C24 121.2
C23-C24-C25 120.3
C24-C25-C26 121.0
C25-C26-C21 117.4

o
Average estimated error in bond lengths ca. % 0.008 A.

. .
Semi-bonding interaction

‘*Center of Rh2-Rh2 bond
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Fractional Coordinates

BIS~CYCLOPENTADIENYL TRIRHUDIUMTETRACARBONVL ANION
DIRECT CELL PARAMETERS

A 8 (4 ALPHA BETA GANMA
12.134100 29503220800 15.706900 $0.000 91.218 90,000
COSINE 0.00000127 =0,02125357 0.00000127
X Y 13 (1§} vaz us3 uie U1l vas
ot o) 14023( 3) 2%000t O) 7T a8l 380¢ 990 3910 5 o 0 202( %) ot 0
ot o 437130 29) 25000t O} 271¢ 540 332( 406) 4841 52) ot o) ~46( 42) ot o)
$0000( 0) 25%15( 63) 25000( 0O) 23311273) 625(119) 237812541 ol ol 26746204) of 0
356901 72) 9%79( 29) 17045( 49) 64l( 62) 430( 45) 479¢( 48) 221 4T 1iar 49 724 o4)
195841102) 22733( 700 9321( 82) 93L( 90) 27630162) 106811040 11971118) 7261 62) L1376( 0L
_10551(193) .. 215250 .44) 44680 69). . 3122(219) ..._700( 84) .. 823( 86} 63atlon 13230120) 3164 64)
3663(118) 25532( S6) 39221 62) 1820(143) 1208(107) seLt 7L -6641(104) 1904 79) 125¢ 10
79271100} 29411( 39) 8131 68) 9281 94) T66¢ 67) 849¢ 82) 791 o8) 290¢ 1) 394( 50}
1774801120 28123( 61} 11655( 66) 902(10% 1622(164) a1s5t 76) -43¢(102) 4Ll T6) 2004 92)
39479¢ 5T) 30291 26! 181461 41) 397L 460 280t 429 382¢ 39) 19( 36) ~102¢ 3 3 3N
368621 62) 7153t 26) 22567 43) 46681 53) 204( 39) $30t 3S0) =111 38) =51t 41) 490 36!
- 36697( 68) . 12301( 32) ._19805( 49)._.. 550t %8) . 603¢ 56) . 496l 50) 471 46) 60( 43) T8¢ 42)
43195¢( 73) 13195¢ 3 12843( 53) 699¢( 68) 462( S51) 655( 99) ot 48) -15¢ 52) 33¢ 64)
47942¢( T1) 90761 31) 8€40( 49) 6250 63) 463 8503 8341 222 =58( AT} -921 47) 2311 s2)
461641 63) 3951¢ 31) 111290 42) 441( 51) 670( 57) 262( 40) =721 %) -3¢ 3N 77¢ 38)
17228¢ 61) 422601 28) 3695k 44) 4211 49) 3951 46) 4661 63) 60¢ 39) 93¢ 38) T8¢ 36)
16265¢ 67) 368621 31) 365440 49) 5541 59) 406¢ %3) 354( 51) 1514 45) ~24( 44) 1671 42)
21497¢ 75) 33923( 33) .42908( 54) . .._697( &7) .. 600¢ 58) 5921 se) =361 320 ~95( 51 AT( 481
273760 T6) 36311¢ 33 49330t 56) 708( 710 a34¢ 390 7071 61) 147¢ Se¢) 891 53) 167( 49)
28197( 75) 416651 36) 496401 51) 672¢ 69) 8301 69) 4681 51) 129¢ %60 -1021 48) 132¢ 48)
231770 66) 44805( 22) 434501 49) 4620 39) 7291 56) ALT7( 40) 21¢ 470 ~2150 &2) =89( 46)
21622( 38) 45760( 26) 199371 &) 2621 49) 4111 4l el 400 234 N -16¢ 34) =64( 33)
32308¢ 63) 473260 33) 216144 43) 208( 48) 9294 o7} 361( 43) =-39( 47) 105¢ 31 =1350 631
.. 40146¢ 68) 466030 .36) __. 155151 50) ... 428( 56) ... 1034( 74) 493¢ 50) =-38¢ 93} -92( 46) =136( 49)
37176¢ 68) 44335( 350 7007¢ 51) 386( %4) g8t 67) 4%0( 93) e2l %0) 27¢ 4s) * 270 48)
266421 12) 42809( 22) 6LLTL 48) S66( o1) TiL0 39) 408¢ 40) oLl 500 781 43) =700 43)
18521 66) 436420 28) 12078( &2) 6100 se) 470( 48} 271¢ 40) 13( 420 -60( 40) -100¢ 35)
92641 %6) 65341 23) _ 122081 335) 11841 39) T42¢ 4510 s34l 30) 199( 42) 2721 38) =144¢ 33)
si112¢ 6} 22800 ) 17590( &) 7251 5) a6il o) 4061 &) T2( 4 267( 3 [ IO 1]
R1398( 16) . 4618S5( T) .. 20079¢ 11) .. .339( 12) _ 347( .11 2650 10} 17t 100 -61 S) =200 )
10692¢( 79) 21519¢ 31} 295321 481 7950 73) se8( 501 445( 50) 20¢ 530 244( 50) 116¢ 42)
19211t s1? 212610 23) 33057¢ 37 596( 451 10731 56) 64L( 41) =90( 412 401 35) 111 38)
442031151 28386( 60) 30605( 91) 2865(239) 1747(148) 1907¢152) -40(172) 1126(149) -504131)
45530(150) 334721 30) 28099(115)  2888(234) 113%1109) 322412440 ~188(140) 15871167} =35904370)
reln o s sae s i Wi amarssiei iz vavi sasmmsiwa s B 8
2687 ¢ O L2217 € 0) . 1208 ( 0). . 3.4% ( Q.0 ) _ .
1326 ( 0) 1797 ( 0} 343 ( 0) 3,43 ( 0.0 )
-160 ( 0) 2349 ( 0) . 43 ( 0) 3,45 ( 0,0 ) &
139 ( O) 3tel ¢ O 68% ( 0) 3045 ( 0.0
1930 ¢ 00. .. 3153.0..0). . 1437 (. 0).._. 343 ( 0.0 ) ... .
4182 ( 0) -62 ( 0) 1612 ¢ 0) 3443 ( 0,0 )
.3266 1 O) ..393 0 0) .. 25711 ( O 3,45 ( 0.0 ) .. .
3181 ¢ 0) 1266 ¢ 00 2483 ( 0) 3.4% ( 0.0 )
4069 ( 0) 1673 ( C) 1479 ( 0) .. 3443 ( 0.0 )
5069 ( 0) 1234 ¢ 0) 564 ¢ O) 3.63 ( 0.0 )
~—-5002_ 0 0) . ... 359 ¢ .00 .._613 (. 0) _—_3.45 ( 0e0 ). e — .
1661t 0) 4622 ( O) 35713 ( 0) 3.45 (0.0 )
184 ( 0 3808 ( O} 3160 ( O) 3.45 ¢ 0.0
1778 ( O) 310 ( O 3908  O) 3.45 ( 0.0 )
2797 ( 0) 3262 ¢ 0} SesL ( O} 3,45 ( 0.0 )
3250 ( 0) 4033 ( 0) $470 ( 0) 3.45 ( 0.0
2685 ( O) ..4739.0.0) ——. 4729 ( 00385 . 0600 ) o e e
1336 ( 0) 4498 ( C) 2029 ( 0O) 3,45 ( 0.0
-.2026 ( 0) . 4R22 ( 0O) 2691 ( 0) . 3,43 ( 0.0)
44146 ¢ O 4833 ( Q) 20350 ( O) 3,45 ( 0,0 )
4527 ¢ 0V 4313 ( Q) 793 { 0) 3.4% ( 0.0 -
3077 ( O) 4190 ( 0O) 87 t 0} 3.4%5 ( 0.0}
1661 ( O) 4180 1 0) 720 (.00 3.4% ( 0.0 )
3698 ( 0) 2737 « 0} 3001 ( O) 10.00 { 0.0 )
4650 ( 0) 2760 ( 0) 3649 ( 0} 10,00 ( 0.0 ) *
4850 ( 0) 3552 ( 0) 1322 ( 0) 10.00 ( 0.0 )
3899 ( 0) 3508 ( 0) 2597 ( 0) 10,00 ( 0.0 )
4468 ( 0) 2315 ¢ 0) 2167 { 0 10,00 ¢ 0.0 )
..5%12.0 00 ..2315 ( 0) ... 2833 { O) 10,00 ¢ 0.0 ) . ...

X, Y, AND Z COORDINATES OF ALL NON-HYDROGEN ATOMS HAVE BEEN MULTTPLIED BY 10%%5,

COORDINATES OF HYDROGEN ATOMS MAVE BEEN MULTIPLIED BY 10%%y,

UIJ HAS BEEN MULTIPLIED BY 10%#4. THE CONVERSION OF BIJ TO UIJ FOR I.NE.J INCLUDES MULTIPLICATION BY 1/2





