Lawrence Berkeley National Laboratory
Recent Work

Title
PHOSPHINE- AND METAL HYDRIDE-INDUCED MIGRATORY INSERTION IN MOLYBDENUM
CARBONYL ALKYLS

Permalink

https://escholarship.org/uc/item/0s74p4v9

Author
Wax, M.J.

Publication Date
1983-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0s74p4v9
https://escholarship.org
http://www.cdlib.org/

§ e W |

LBL-16586
c.

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA RECEIvep
m N .AD'“:AT‘Q

Materials & Molecular SEP 26 1955

Research Division LIBRARY A
DOCUMENTS secrion

PHOSPHINE- AND METAL HYDRIDE-INDUCED MIGRATORY
INSERTION IN MOLYBDENUM CARBONYL ALKYLS

M.J. Wax
(Ph.D. Thesis)

August 1983

e

.

TWO-WEEK LOAN COPY
This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call
Tech. Info. Division, Ext. 6782.

\

/

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

N

HS9 | — 1947

-2



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Phosphine— and Metal Hydride~induced Migratory Insertion

in Molybdenum Carbonyl Alkyls

By

Michael Jay Wax

PH.D. THESIS

AUGUST 1983

MATERTALS & MOLECULAR
RESEARCH DIVISION

Lawrence Berkeley Laboratory
University of California
Berkeley, Calfornia 94720

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division of the
U. S. Department of Energy under Contract No. DE~AC03-76SF00098.



Contents

Chapter 1. The Role of Solvent in Phosphine-induced
Migratory CO Insertion

Summary of Previous Work
Results

Mechanistic Analysis
Generality

Experimental Section
Notes and References

Tables, Figures, and Schemes

Chapter 2. Mechanism of the Reaction of Molybdenum
Carbonyl Alkyls with Molybdenum Hydrides: A Model for
the Aldehyde-producing Step of the Oxo Process

Results
Kineticslof Phosphine~induced Migratory Insertion
Kinetics of the Aldehyde-forming Reaction
Kinetic Isotope and Metal Substitution Effects
Reaction with CpMo(CO),(PMes)H

Discussion

Experimental Section

Notes and References

Tables, Figures, and Schemes

page

10

11

14

16

26

28

28

30

32

33

33

41

47

50

iii



PHOSPHINE—~ AND METAL HYDRIDE-INDUCED MIGRATORY INSERTION
IN MOLYBDENUM CARBONYL ALKYLS

Michael Jay Wax

Abstract: The acyl-forming reaction of PMePh, with CpMo(CO)3CH3 (Cp =
VS_CSHS) has been examined in a series of substituted tetrahydrofurans,
differing in coordinating ability but not in polarity, so that the role
of solvent in migratory carbonyl insertion might be determined. Kinetic
studies reveal the existence of two competing pathways 1in
tetrahydrofuran (THF). Alkyl complex either may react with phosphine
(k3) to give product directly, or may undergo reversible alkyl migration
with concomitant coordination of solvent to molybdenum (kl), followed by
attack of phoshine on the intermediate thus formed. In accord with this
conclusion, kq is diminished in substituted THF solvents in which the
oxygen of the THF is shielded by one or ﬁore methyl groups; while kg is
independent of medium. Further, kl demonstrates a first—order depen-
dence upon the THF concentratidn when various amounts of that solvent
are diluted with 2,5-dimethyltetrahydrofuran. Brief investigations of
reactions with PEt, and P(OPh)3 indicate operation according to similar
mechanisms, with some alteration in rate constants.

The reaction of CpMo(CO);R (1; R = CH3, C,Hg) with CpMo(CO);H (2),
which produces RCHO, [CpMo(CO),],, and [CpMo(CO)3],, occurs by way of
two competing pathways. One involves reversible solvent—assisted migra-
tory insertion (kl) to form CpMo(CO),(solvent)COR (7), followed by
attack of metal hydride on this intermediate (k4). The other route
involves the direct reaction of 1 with 2 (kg). No hydrogen-deuterium
kinetic isotope effect is observed on either k, or kg when CpMo(CO)3D is

substituted for 2. Enhancing the Lewis basicity of the hydride by



replacement of a cafbonyl ligand Qith a phosphine to produce
CpMo(C0),(PMes)H increases kg, while the larger metal-hydrogen bond
strength of CpW(CO)3H is reflected in a decrease in k4. Qualitative
experiments further indicate that iomic intermediates or free radicals

are present in neither pathway, and that a metal-metal bond is created

vi

prior to or' concomitant with aldehyde release. These results suggest .

the»presehce of af iéast_some metai-hydrogen bopd breaking in the rate-
v limiﬁi;g'transition state of thévreaction of CpMo(CO)3H‘with
CpMo(CO)z(solvent)COR;(k4). In‘cohtrast with this, rate-determining
formation of some dinuclear complex containing an»intapt Mo-H bond
characterizes the direct reaction of Z;Qith CpMo(CO)3R (ks). jThe struc-
.ture éf this intermediate.cannot be determined unambigﬁously, but may be

" the datively bound species Cp(CO)3HMo-Mo(COR)(CO),Cp.
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Chapter 1

THE ROLE OF SOLVENT IR PHOSPHINE-INDUCED MIGRATORY CO INSERTION



1

Migratory carbonyl insertion® is a component reaction in many

commercially important catalytic processes. These include hydrofor-

2, acetic acid synthesis3

mylation » and perhaps the Fischer-Tropsch syn-
thesis.4 CO insertion also occurs in many laboratory-scale procedures,
and in fact appears to be a fundamental step.in organotransitionvmetal
chemistry_.5

The obvious prac;ical and theoretical significance which thus may
be attributed to migratory insertion has not, however, engendered a
full undgrstanding of.its mechanism. No generalized reaction coordinate
for.this ptécess has been deScribed,6 nor h&s even the existence thereof
been demonstrated. These deficiencies reflect the 1ack of a complete
and self-consistent phenomenalistic characterization of insertion.

Reported herein is a study of the role 6f solvgnt in migratory
insertioﬁ; Numerous worké on this.topicbhave failed to differentiate
adéqﬁateiy betwéen‘generaliéed solvation‘and solvent coordination, ;hich_
haé-been the precise goal of this study. The specific system which has
been examined (S;heme 1, R=CHy, L = PMePhZ) was chosen because of its
7-10

similarity to reactions studied by others and because of our

11

interest in related reactions. A portion of this work has been

published.'12
Summary of Previous Work .

Investigations of the effect of solvent on migratory carbonyl
insertion in several systems have been published.7-lo’l3'16 Because
different mechanisms may be operatiﬁg in different complexes, and
because the work described herein is concerned with a specific case,

only results dealing with cyclopentadienyltricarbonyl(alkyl)molybdenum

species are summarized here. The question of generality is dealt with



in more detail below.

17 7-10 8-10

Carbon monoxide, phosphines, and phosphites all induce

migratory carbonyl insertion in CpMo(CO)3R complexes (Scheme 1). Almost
since the discovery of these reactiomns, it has been known that solvent
has an effect on their velocities. Migra;ion is rapid in polar, dona-
ting media such as dimethylsulfoxide (DMSO),8 and slow in non-polar

8 and hexane.9 This trend has been ascribed

9

media, including toluene

alternately to generalized solvation effects’ and to solvent coordina-

tion./ 28,10

Changes in medium, in addition to changing rates, also may have an
effect upon kinetic order. For example, CpMo(CO)3CH3 (1) reacts with
PPhy at a rate which is independent of phosphine concentration in tetra-

hydrofuran (tar)8 and acetonitrile? (eq. 1), but which increases linear-

ly with the amount of phosphine present in toluene (eq. 2L8 The

d[1]

-—=— = k [1] (1
dt
d[1]

- —— = k' [1] [L] (2)
dt

reactions of this complex with PBuj obey eq. 1 in acetonitrile,9 but
exhibits mixed first- and second-order behavior (eq. 3) in the other two
solvents mentioned.® Possibly this variety of rate laws would be mani-
fest in the reaction of molybdenum compounds containing other akyl

groups, but these generally have been studied in one solvent only.



d(1] .
- ——= = k"' [1] + k''' [1] [L] (3)
dt .

Most frequently cited as the mechanism of reaction of phosphines
and phosphites with CpMo(CO)3R is reversible migration to form either an
unsaturated or a solvated acyl'prior to coordination of, Orbdisplacemént
of solQent by, the external nucleophile (Séhéme 2%8'10 The full rate
law associated with this mechanism (eq. 4) has beén observed only upon
the treatment of CpMo(C0)3dH2Ph with triphenylphosphine in aceto-
nitrile.0 The type of behavior most expected thus is 1eastbobserved,
although simplified rate laws consistent with equilibrium acyl fdrmation

have been uncovered.s’9

d[MoCH,Ph] kyk, [MoCH,Ph] [L] -
S-S : (4)
dt : k_l + kz [L] .

It may be concluded from the foregoing discussiqn that solvent can
affect both the rate and the course of migratory carbonyl‘insertion.
Because of the relatively high nucleophilicity which often is exhibited
by polar solvents, it has not been possible to distinguish between
generalized solvation and formation of solvent complexes as the source
of the observed changes. In order to do so, we haye confined our
s;udies to a series of methyl-substituted tetrahydrofurans (Scheme 3)
thch‘would be expected to vary widely in donicity18 but not 1in
‘dielectric constant.}9720
Results

Treatment of-CpMo(C0)3CH3 with PMePh, in a variety of solvents at

60 °C results in clean and quantitative production of



CpMo(CO)z(PMePhZ)COCH3 (2a) without the interventioﬁ of spectroscopical-
ly detectable intermediates. The relative intensities of its symmetric
and asymmetric CO stretching absorptions and the observation of a
phosphorus—-coupled cyclopentadienyl signal in its 1y MR spectrum21
establish the trans geometry of the acyl. Pseudo-first-order depletion
of methyl complex over more than three half-lives occurs in the presence
of at least five~fold molar excess éoncentrations of phosphine (eq. 5).
ditl
-—dt—-— = kgpe [1] (5)
Examination of the observed rate constant as a function of
nucleophile concentration in tetrahydrofuran (THF; Figure 1) reveals the
existence of two superimposed rate laws.. CpMo(CO)3CH3 may be consumed
in either a pathway which is first-order in, or one which is saturating
in, methyldiphenylphosphine (eq. 6). Identical behavior is found in 3-
methyltetrahydrofuran (3-MeTHF), albeit with slightly modified rate
constants (Figure 1, Table 1).
kyky [PMePh,]

Kopg = miesssasssstiaos 4 kg [PMePhy] (6)

Less complex rate laws are applicable in 2-methyl- and 2,5-
dimethyltetrahydrofuran (2-MeTHF and 2,5-Me,THF). Parallel first- and
second-order pathways are detected in both of these media (Figure 1, eq.
7). In media of lower donicity, ky/k_} thus is sufficiently large to
prevent the saturation route from entering a second-order regime even at

the lowest phosphine concentrations attained. Within experimental



error, however, the second—-order rate constant k3 is the same in all

four solvents (Table 1).

kKops = K; + kg [PMePh,] ¢

Competing first- and second-order routes also are observed in
toluene. A solvent lesé:polarvthan THF was used to probe the generality
of ;he‘kinetic béhavibfnso far un;overéd;,"An attempt to extena.tﬁe
study.tb hexane ﬁas'thwarted by the low solubility of CpMo(CO)3CH3 in
that medium. | |
Furfher extéﬁsion of the scope of this work involved the use of
different phosphorus donor ligands. _Superimposed first- and second-
‘ bfdef kinetics-(eq. 7)‘chafacterizé.£h¢ réacfiQn_of CpMo(CO)jCH3 with
tfiethylphosphiné in THF (Figufe.Z, Table 2), in“¢o§£rast.§ith the moré
cémplex.behavidr associated with PMéthiin that soiveﬁt. A.preliminary
'éxaminﬁtibn.of the dependence 6f ragekon the concentration of
tripheny}phosphite indiéates operation aécofdihg to saturation kinetics
only (éq.“8, Fig#géVZ),Ain spite of a previoué report to'the‘coﬁtrar§.8
kjky [P(OPh)4]

Kops = — | (8)
obs ky + ky [P(OPh);]

Mechanistic Analysis

Outlined here and.illustrated in Scheme & is a mechanism which 1is
consistent with the data thus far presented, CpMo(CO)3CH3 may undergo
solvent-assisted migratory insertion to form the solvated acyl
CpMo(C0),(S)COCH3 (3), which then would be subject to attack by external
nuclepphiies. Alternatively, product also may be formed in a direct

reaction of the methyl complex with phosphine. Several lines of



- evidence support this formulation.

Production of the intermediate which lies on the saturation pathway
occurs at a rate related to solvent nucleophilicity: in more hindered
tetrahydrofurans, smaller values for the rate constant k; are measured
(Table 1). Similar velocities in THF and 3-MeTHF as well as the near
equality in dielectric constant of.all these ethereal solvents suggest
the absence of any marked electronic effect of added methyl groups upon
this process. A reasonable interpretatioﬁ of these results is that
solvent is coordinated to molybdenum in the step associated with k;.

One consequence of this conclusion is amenable to further
examination: the rate of the solvent coordination pathway should be
first-order in solvent (i.e., k) actually is the product of a second-
order rate comstant, klﬂ and the solvent concentratiom). The similar
polarities of THF and 2,5-Me,THF allow this prediction to be tested.
From studies of the reaction of 0.01 M CpMo(CO)3CH3 with varying concen-
trations of PMePh, in THF/2,5-Me,THF mixtures, the values of k; have
been obtained, and are plotted in Figure 3. These data demonstrate that
k) is a linear function of [THF] over the entire mole fraction range (0-
1.0), with k;' = (6.21£0.50) x 1072 ¥l §71,

Formed in the saturation pathway is an intermediate which thus
appears to comprise solvent and the components of CpMo(CO),CHj.
Reaction of this intermediate with phosphine produces
CpMo(C0),(PMePh,)COCHy with concomitant release of the coordinated
solvent molecule. These results strongly suggest that a solvated acyl,
CpMo(C0),(S)COCH3 (3, S = solvent), is generated in the step governed by
kj. Support for this hypothesis lies in the observation of an analogous

species formed in the reacton of CpFe(CO)zR with DMs0,14bsc Perhaps



more pertinent, if still indirect, evidence fqr the intermediacy of
CpMo(CO)Z(S)COCH3 is the productioﬁ of phosphine acyls 2: isolaﬁion of
‘adducts of goodvnuclebphiles lends credence to the conclusion ghat
siﬁilar adducts of poor ones (i.e., tetrahydrofurans) could be préséﬁt
in low cohcentrations.} |

Kiﬁetic evidence requires direct displécement of solvent ffom
CpMo(CO)z(S)COCH3 by phosphine. Iniﬁigl dissociation of solvent to
produce a caogdinatively unsaturated iniermediate cannot be occurring.

Such a species would be sufficieﬁtly high in energy22

that its formation
»quld be ﬁhe:S10west step on the saturation pathway. Soivent loss then
wdgid be raté-limifipé, and Qould be faster for MeZTHE than for the more
tightiy Boundqfﬁf, which ig bpposite to the observed‘order of
;éactivity.z4 v | | | | |

Iﬁ furthef.séems.likely that k3 goverhs’a’ohe step bimolecular
reéction‘bf'PMeth with C§M0(60)3CH3.- That this érocess is strictly
second-order is.suppbrtive of ;his Conclusion,ﬁut is notkdefinitive,‘as
satufation'migﬁt bé attainable only at inaccessibly high ?hdsphiné
'concentratipns.‘ Both kg and kj conceivably could be associated with
trappipg of a coordinatively unsaturated acyl by a nucleophiiic séecies,
but fhis possibility addé one step mofé ﬁhan is nécessary to justify the
kihetic.aata; .. |

The mechanism uncoverea for fhe reaction of bpMo(CO)3CH3 with
PMePh, in tgtraﬁyérofuran appears to héve some generality. As in 2-
MeTHFband 2,5-Me, THF, kz/kl is large enough in toluene to prevent obser- -

vation of saturation behavior, but two distinct pathways toward acyl

formation are detected. Production of what in this solvent may be a



coordinatively unsaturated or'ﬂz-arene stabilized acyl occurs with a
smaller rate constant kj (Table 2) than production of the analogous
intermediate in the ethereal media. No change in the velocity of the
direct reaction of phosphine with alkyl is measured, however, indicating
that this process, in addition to not involving solvent coordination,
also is not strongly affected by solvent polarity.

Other domor ligands react with CpMo(CO)4CH3 in a fashion similar to
that of PMePh,. Triethylphosphine thus exhibits a dual route mechanism,
with a measured k1 indistinguishable from those discussed above (Table
2), indicative of a common intermediate in the reactions of both
. nucleophiles, viz., CpMo(CO)z(S)COCH3. Even in THF, however, this
species 1is trapped efficiently enough by PEty that the k; path is
irreversible (kz >> k-l)’ perhaps a consequence of the enhanced nucleo-

26 In contrast to this result, acyl

philicities of trialkylphosphines.
formation on the k; pathway is less rapid for PEt; than for PMePh,.
This difference in_relative reactivities with different complexes is
difficult to explain.

Triphenylphosphite is unique among the nucleophiles examined in
that it does not react directly with CpMo(CO)3CH3, but only with the
intermediate, CpMo(CO),(THF)COCH3. Even its reactivity with this
adduct is diminished from that of methyldiphenylphosphine (Table 2).
Because the phosphite has the smallest cone angle of the ligands
studied, but is the least electron rich,27 the latter factor must be
more important in determining the rapidity of reactions with molybdenum
complexes.

An interesting comparison of the reactivities of various donor

molecules toward CpMo(CO)3CH3 thus may be made based upon the data which



have been collected (Table 3). Tetrahydrofuran is surprisingly nucleo-

philic, possibly reflecting it$ small size and the high oxygen affinity..

of tno-lybdenum.z.8 Triethylphosphine is8 much less reactive than would
have been anticipated.26’27 These results suggest that commonly
acceptéd nﬁcleophilicities toward organic substrates are not readily
transferable to reactions with orgaﬁometallic spécies.

Generality. No studies have been performed on acyl-forming

reactions of other than CpMo(CO)3CH3 in which solvent nucleophilicity

" has been varied independeﬁt of polarity. Evidence has been presented,

however, which supports solvent coordination in several other systems.

,Mdst'conclusive is azreport on the interaction of CH3Mn(CO)5 with

phosphorus and nitrogen donor ligands in which parallel solvent-assisted

13b

and direct pathways'are revealed. Other alkyls examined have

inclﬁdéd CpFe(CO)zR, regarding which several investigators have come to

opposing corilusioné,l4 and OOS-C§H7)M0(CO)3CH3, in which solvent binding

occurs ét the expense of five—-fold coordination by the indenyl frag-

16

ment. A general statement on the role of solvent in migratory

carbonyl insertion must await more extensive studies.

10



Experimental

General. Unless otherwise inAicated, reactions and manipulations
were carried out at 20 °C under a dinitrogen atmosphere in a Vacuum
Atmospheres 553-2 Dri-Lab with attached M60-40-1H Dri-Train. Removal of
solvents from reaction mixtures was accomplished using conventional
vacuum line techniques, |

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on
a Varian EM-390 spectrometer, or at 200 MHz on a spectrometer built by
Mr. Rudi Nunlist of the U. C. Berkeley NMR laboratory, and are reported
in parts per million downfield from tetramethylsilane. Infrared (IR)
spectra were recorded on a Perkin-Elmer 283 spectrometer using 0.10 mm
NaCl solution cells. Melting points were obtained on a Thomas-Hoover
capillary apparatus and are uncorrected. Elemental analyses were
performed by the U. C. Berkeley College of Chemistry microanalytical
laboratory.

With the following exceptions, reagents were obtained from
commercial sources and ﬁsed as received. Tetrahydrofuran, ether, and
toluene were distilled from sodium and benzophenone under dinitrogen.
Benzene-dg, 2-methyltetrahydrofuran, 3-methyltetrahydrofuran, and 2,5-
dimethyltetrahydrofuran (eqimolar cis and trans) were vacuum distilled
from Na/Ph,C0. Pentane (spectral grade) was vacuum distilled from
sodium, CpMo(CO)3CH3 was synthesized accbrding tp the procedure of
Wilkinson.2? CpMo(C0),(P(OPh)3)COCH; was identified by comparison of
its spectral properties with those in the 1iterature.8
Measurement of Reaction Rates. Phosphine-induced migratory CO

insertion reactions were followed by monitoring the disappearance of the

11



~

symmetric CO stretch of CpMo(CO)3CH5 (2020 cn™1). 1In a typical runm,
0.150 mL of a 2.00 M stock solution of PMePh,, 0.120 mL of an 0.25 M
stock soluti_.‘on_of '1’ and 2.730 mL of THF were mixed in a 16 X 75 mm tést
tube to prepare a solution 0.100 M in phosphine and 0.010 M in alkyl.
After capping the tube with a septum, it wais _placed ivn a water bath at
59.9+0.1 °C under a pos»i‘tive"dinitrogen pressure. At regular intervals,
a por'tion of the solui:.ion was forced into an IR cell through a syringe

- needle, and a spectrum recorded.

" Synthesis of CpHo(CO)_z(PHeth)COCHs (2a). A 25 mL round-bottomed

flask fitted with a magnetic stirriﬁg bar was charged with CpMo(C0)3CHj

(0.260 g, 1.00 mmol), THF (5 mL), and methyldiphenylphosphine (0.200 gs

1.00 mmol). After being capped with a vacuum stopcock, the flavé_k was
heated at 60 °C for 3 h with stirring. Solirén_t;_then was removed under

vacuum, leaving an orange oil, which was recrystallized from

12

toluene/pentane (-40 °C). The yellow. needles which formed were pure

CpMo(CO)Z(PMeth)COCH3, yield 0.346 g (75.2 Z), mp 112- 113 °c, IR (THF)
1938s, 1851vs, 1627m cm"l NMR (C6D6) d 7.47-6.89 (m, 10H), 4.57 (d J =
1.9 Hz, SH), 2.90 (s, 3H), 1.7 (d, J = 8.5 Hz, 3H). Anal. Calcd for
CpqHy  MoO4P: C, 57.40; H, 4.60. Found: C, 57.23; H, 4.62.

Synthesis of CpMo(CO0),(PEt3)COCH3 (2b). To a 25 mL round-bottomed
flask with a stirring bar and containing C'vao(CO)aCH:;-(O.SZO g, 2.00
mmél) was badded a solution of triethflphosphine .(0.236 g, 2.00 mmol) in
THf‘ (5 mL). The resulting solution was stirred at 60 °C for 3 h.
Removal of éolvent ﬁnder vacuum was followed by récrysta_llization
(toluene/pentane, =40 6C) of the y_ellow solid which remained.
CpMo(C0),(PEt3)COCHy (0.62 g, 82 Z) cbrystallized as orange-yellow

blocks, which were collected by vacuum filtration and washed with a



small amount of pentane: NMR.(C6D6) § 4.86 (d, J = 0.92 Hz, 5H), 2.92
(s, 3H), 1.24 (quintet, J = 7.74 Hz, 6H), 0.72 (dt, J = 15.56, 7.78 Hz,
9H), IR (THF) 1929s, 1847vs, 1619m cm_l, mp 99-101.5 °C. Anal. Caled

for Cy5Hy3Mo003P: C, 47.63; H, 6.13. Found: C, 47.59; H, 6.29.

13
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Table 1. Rate Constants?'® for the Reaction of C
at 59.9+0.1 °c.

pMo(€0) 3CH3 with PMePh,

solvent 104k1 (s~1) ko/k_y w1 l04k3 wls—1y
THF 7.78+0.14 9%+ 8 1.73+0.16
3~MeTHF' 6.4620.10 122414 1.86+0.16
2-MeTHF . 1.48%0.10 >500 - 1.95£0.24
2,5-Me, THF 0.23+0.06 >500 1.67+0.14
toluene >500 1.58+0.05

0.13x0.03

a
b

Defined as shown in Scheme:S.
Errors shown are 95 % confidepce limits.
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Table 2. Rate Constants for the Reaction of CpMo(C0);CHy with
Phosphorus Donor Ligands in THF at 59.9+0.1 °cC.

ligand 104k1 (s~ ko/k_y ) 104k3 (m~1s71)
PMePh, 7.78+0.14 96.2+7 .6 1.73+0.16
PEt, 7.75%0.13 >500.0 0.80£0.38

P(0Ph) 4 9.30+0.60 7.240.6 0.00
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Table 3. Second-order Rate Constants for the Bimolecular Reaction of
CpMo(C0)5CHy with Various Nucleophiles in THF at 59.9+0.1 °C.

nucleophile - loskbimoiecular (M_ls_l)
PMePh, “ v o 17.31.6




Figure 1. Dependence of the pseudo-first-order rate constant, kobs’ for
the coanversion of 1 to 2a with excess PMePh,, upon phosphine
concentration in THF (®), 3-MeTHF (w), 2-MeTHF (4), and 2,5-Me, THF (4).
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20
Figure 2. Dependence of k,ps for the reaction of 1 upon PEt4 (O) and
P(OPh); (®) concentration in THF.
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Figure 3. Dependence of k; upon THF concentration for the reaction of 1
with PMePh,, determined using 0.01 M 1 and various excess concentrations
of phosphine in THF/2,5-Me,THF mixtures.
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Chapter 2

MECHANISM OF THE REACTION OF MOLYBDENUM CARBONYL ALKYLS
" WITH MOLYBDENUM HYDRIDES:

A MODEL FOR‘THB»ALDEHYDE—PRODUCIRG STEP OF THE 0X0O PROCESS
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- That aldehyde is produced in the reaction of CpMo(CO)qH with
CpMo(CO)3R1’2 (écheme 1; Cp =‘ﬂ5—C5H5; R = CHj, CZHS) is noteworthy for
several reasons. First, both carbon-carbon and carbon-hydrogen bonds
are created under quite mild conditions. Generalization of this process
would allow facile homologation of alkyl fragments through addition of a
fofmyl unit.

Second, this transformation is similar to one proposed as the
aldehyde-releasing step in cobalt-catalyzed hydroformylation. Although
the suggestion of reductive elimination from a dihydridoacyl in the

3,4 evidence for attack

latter case has achieved widespread acceptance,
of hydridotetracarbonylcobalt(I) on an unsaturated intermediate has been
presented (Scheme ZLS Study of the oxo process is complicated by the
low stability of this cobalt hydride6 and by the required high pressures
of carbon monoxide and dihydrogen. More convenient examination of the
related molybdenum system is enabled by its freedom from these difficul-
ties.

A growing interest in the mechanism of dinuclear reductive elimina-
tion has provided greatest impetus for investigation of the interaction
of CpMo(CO)3R and CpMo(CO);H. Several members of this class of reaction
have been described,7 and have displayed 5 wide variety of mechanisms.
Among these have been proton t:ransfer7i and M-C bond homolysis followed
by hydrogen atom abstraction’D? (Scheme 3). Reductive elimination of
methane from H(CH5)0s(CO), has been postulated to require the inter-
mediacy of a dinuclear hydridoacyl (Scheme 3),7e but in this case, as in
others where similar proposals have been made, direct study of the

hydrocarbon releasing step is not possible. The question thus arises

whether reductive elimination can occur in a bimolecular step without
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prior group transfer (to form an RMH épeeies), or, if not, whether it
can occur from a bound H-M-M-R system without an initial 1,2 shift. The
resﬁlts which are presented here'sﬁggeé; the necessity of forming a
dinuclear species, but do not establish the ébupling of ligands on

adjacent metal centers.

Results -
Clean and quantitative production of aldehyde, Cp,Mo,(C0),, and
vcpzMoz(Co)é;occurs when solutions of CpMo(CO)3H (2) and CpMo(CO)3R (1)

are subjected to mild heating. In the presence of at least an eight-

fold molar ekcéss of hydride, metal alkyl is consumed, and aldehyde

produced, accordingbto pseudo-first-order kinetics (eq. 1) over more

than four half-lives.

~d[1]

- — = ) kobs- [1] (1) :

~dt

Kineticsvof Phospﬁine—induced‘Higratory Inse?tion. A discussion of
migratory carbon monoxide insertion-is-appfdpriate at this point in view
of its presumed role in the fofmation of aidehyde from a metal carbonyl
alkyl. Because éeveral other pertinent studies have yielded contra-

dictory cdnclusions,8

methyldiphenylphosphine (Scheme 4) has been examined under carefully.

éontrolled conditions. Results of this work, which have been communi-
cated previbuslyl,-9 are consistent with the mechanism illustrated in
Scheme 5, and are summarized briefly here.

Separation of solvent polarity and donicity effects on migratory

insertion has been achieved through the utilization of a series of

the acyl-producing reaction of CpMo(CO)3R with:
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methyl-substituted tetrahydrofuran media. These compounds allow
independent variation of solvent nucleophilicity by virtue of their
nearly identical dielectric constants.?) Results obtained with this
technique argue against rate enhancement caused by a generalized solva-
tion effect in the system studied, and instead indicate the importance
of solvent coordination.

In the presence of excess phosphine in tetrahydrofuran (THF) at 60
°C, a pseudo-first—~order rate expression describes the disappearance of
methyl complex la (Eq. 1). Variation of the ligand concentration
results in changes in the observed rate constant (Fig. 1, Eq. 2) which
are consistent with the existence of two routes for the transformation
of CpMo(C0)4CH4 and

kg [MePh,]

Kopg = - eommziozzzs 4+ kg[PMePh,] (2)
k_y + ky [PMePh,]

methyldiphenylphosphine into CpMo(CO),(PMePh,)COCH3. Coordination of
phosphine and migratory insertion may occur simultaneously, in é step
which is independent of solvent donicity. In an alternative pathway,
reaction with phosphine is preceded by reversible formation of a
solvated acyl, 7a. Alkyl migration in this case occurs at a rate which
is a linear function of solvent nucleophilicity.g’lo

Observation of competing saturation and second-order pathways (Fig.
1) is possible only in a restricted range of values of the ratio k2/k-1‘
Any perturbation which affects the partitioning of the intermediate acyl

between reaction with phosphine and reversion to starting material thus

may alter the measured kinetic order. A change in solvent may be
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sufficient to do so: the reaction of CpMo(C0)3CH3 with PMePh, in 2,5-
diméthylﬁetrahydrofuran (MeZIHF), for example, is governed by super-
imposéd first- and second-order kinetics (Fig. 1, Eq. 3). Replacement
of THF with this weakly nucleophilic mediuﬁ s§ greatly increéses the
magnitude - of ky) relative to that of k_; that solvent-assisted migraﬁory

insertion becomes irreversible.

| kgps = Kk +  ky[PMePh,] (3)

Acyi production also occurs when CpMo(CO)3CZH5 is treated with
methyldiphenylphosphine (Scheme 4); While the reacfion of 1b with
phosphine is too fast to be measured in THf, solvent-assiste& alkyl

migration is found to be irreversible in Me,THF (i.e., Eq. 3 is satis-

fied; see Table 1). Lérger rate constants for acyl formation (kj and

“k3) in comparison with those associated with la reflect the steric

effect imposed by homoldgatibn;ll

Kinétics of the Aldehyde—forming Keaction# An empirical approach
“to meéhanism would suggest that the aldehyde-forming reaction 6f 1 and
| CpMo(CO)3H also occur by two paths.(Scheme 6). In both THF and toluene,
- however, CpMo(C0)3CH3 is subject to pure second-order disappearance in
the presénce of hydride. These observations suggest an unfavorable
balance between the rates of the forwardband reverse processes available
_to the solvated acyl 7 (i.e., deinsertion (k_l) is much faster than
trappiﬁg by 2 (k,)). Consistent with this possibility, the overall
velocities of these reactions are diminished relative to those with
phosphine in the same solvents. |

It seemed ﬁossible that more informative kinetic behavior might be

- obtained by retarding deinsertion from the intermediate acyl, perhaps by
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substitution of ethyl for methyl. Support for this analysis is provided
by a study of the observed rate of reaction of CpMo(CO)3CZH5 as a
function of hydride concentration in Me,THF (Fié.Z, Eq. 4, with rate
constants indicated in Table 2). Saturation behavior indeed is observed
in this case. CpMo(CO)3H may act directly upon 1b, or, alternatively,
upon some intermediate derived

g (2]

k = s—=fammasaaa 4 kg [2] (4)
b 5
one koy + kg, [2]

from 1b. The rate constant ratio, k4/k_1, which governs consumption of
the propionyl intermediate 7b is very sensitive to the choice of medium.
A pathway thch is saturating in hydride operates only in MeTHF and
Me,THF, being supplanted by first- and second-order pathways in toluene
and THF, respectively (Eq. 5,6; Eig.Z, Table 2)._Thus, k4/k_l appears

to decrease with increasing solvent nucleophilicity.

gipluene =y 4+ kg (2] (5)
kyk
1%4

K IiE = —-—'k““ + kg | [2] (6)
-1

Implicit in the preceding reasoning and in the arguments which
follow is the idea that reaction of CpMo(C0)3C,Hs with both hydride and
phosphine proceeds in part through the intermediacy of the solvated acyl
7b. Several pieces of evidence justify this conclusion. Similar rate
constants for entry into the saturation pathway in MeéTHF suggest forma-
tion of the same species in both cases. Thus, aldehyde is produced more

rapidly in solvents which induce migratory insertion more efficiently.9
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Further, CpW(C0)3C,Hs (8b), which undergoesvalkyl'ﬁigration much less
rapidly than lb,12 does not react with hydride.’ Fiﬁally; CpMO(13CO)3H

reacts with 1b to form unlabelled propanal only,!3

implying the occur-—
rence of migratory insertion in both the k, and kg pathways.

Kinetic Isotope and Metal Substitution Effects. CpMo(C0)3D (2b)
reacts with 1b to produée propanal—l—g; and the dimers 4 and 5.
Sufficiént prapanal—go is produced only to account for the isotopic
impﬁrity of 2b; no scrambling (< 5%) of deuterium into cyclopentadienyl
groupsvoccurs (quantitative formation of perprotiopropanal from 2a and
l1b in deutera:ed media'éiiminateé the possibility of exchange with
solvent). Alkyl c0mp1éx‘is depleted a¢co£ding'to the same rate law a@d
rate constants (Eq. 4, Table 3) which govern reaction with CpMo(CO)3H in
Me,THF, i.e., _there.is.no hydrogen-qeuterium kinetic isotope effect.

Two group VI hydrides isostrucétural to_Zéfaré kaown, CpCr(CO)3H and
- Cpw(Co)4H (9a). While the former does not undergo the anticipate&
rea;tion with molybdenum alkyls 1,14‘the latter does,_léading to quanti-
téti&é, élbeitvslower, formation of aldehyde and of six dimers, four of
them produced by disproportionation of the ﬁixed metal species 10 and 11
(Scheme 7). First-order disappearance of CpMo(CO)3CZH5 is observed when
lérge excesses of the tungsten hydride are present (Eg. 1). The
variation of the observed rate cbnstant with hydride ;oncentration is
indicative of competing second-order and saturation pathways (Fig. 3,
qu 7, Tabie.3; see Scheme 5 for definition of analogous rate con-
stants). A molybdenum-tungsten rate ratio of

kg [9]

k o= < BEEREy + ke [9] | (7)
b
obs ki + kg [9] ? .
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5.7 is reflected in k4/k_1. Because the rate constant, kj, for forma-
tion of the intermediate in the saturation route is so similar to those
obtained for reaction with PMePh, or 1, it too must be associated with
solvent—~assisted CO insertion. A consequence of this conclusion is that
any isotope effect observed on k4/k_l must arise in ky, alone. Metal
substitution causes no change in the rate of direct reaction of hydride
with alkyl (ks).
| Production of isotépically pure propanal-l-d results from treatment
of 1b with CpW(CO)3D (9b) in Me,THF. Equation 7 also is obeyed by this
reaction, which occurs without a noticeable hydrogen-deuterium kinetic
isotope effect (Table 3).
Reaction with CpMo(CO),(PMe3)H (14). Phosphine substitution has
been recognized as avmeans of perturbing-the reactivity of metal
carbonyl complexes.15 CpMo(C0),(PMe3)H, for example, should be less

16 7h

acidic than 2a and should have a stronger metal-hydrogen bond.

Aldehyde is produced in the reaction of phospine-substituted hydride2
with 1b in parallel saturation and second-order pathways (Eq. 8). Rate

constants for both these routes are increased relative to those recorded

for CpMo(CO)3H (Table 3).

kObS = — + ks [14] (8)
Discussion
An examination of the kinetics of the reaction of CpMo(CO)3R with
CpMo(CO)3H leads to a simple empirical description of this process (Eq.

4). Complete mechanistic understanding, however, requires assignment of

33



microscopic reaction steps to each of the macroscopic rate constants
which has been defined. Two of these, k;y and k_;, most likely are
associated with solvent-assisted migrétory insertion and its reverse
(Scheme 6), based upon comparisons with the écyl—forming reaction of 1
with methyldiphenylphosphine. Follo&ing is a discussion of the nature
of the steps which are governed by the remaining rate constants.
,Assoéiated &itﬁ both k4 and ks are product-forming.sfeps,bwhich of
‘necessity include hydrogen transfer from 2a to the acyl carbon of the

incipient aldehyde. Several general mechanisms for this process are

shown in rough form in Scheme 8, with ancilliéry ligands omitted. Most

of these may be ruled out on the basis of qualitative experiments; more

exact descripﬁions of the cbordination spheres of those that remain will
be pfesented.

Least complex of the routes to aldehyde is metal-carbon and metai-
hydrogen.bond breaking in concert with metal-metal and cafbon;hydrogen
bond formation. Transfer of_hydrogen (in opevof éeverél oxidation
states) may péecede reductive”eiimination from a hydridoacyl (15, 16, or
17) thus formed. Sequential Mo-C bond homélysis, yielding é radical
pair, and abstraction of hydrogen from 2a by an acyl radical also would
préduce aldehyde,'as would electron transfer followed by further reacfon
of the newly-created 'ion pair, 21 and 22. Finally, ligature of the two
interécting transition metal centers may yield some neutral, diamagnetic
species (e.g., 18, 19, or 20) which lies on the reaction coordinate.

Of these alternatives, two may be excluded on the basis of previous
results. When heated with or without hydride, mixtures of CpMokCO)3CH3

and (ﬁP-CSH4CH3)Mo(CO)3CD3 form no CpMo(CO)3CD3} Such behavior indi-
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cates thatireversible metal~carbon bond homolysis, leading to acetyl and
molybdenum-centered fadicals, is not important under the reaction
conditions.

Because CpMo(CO)3H is an acid of moderate strength (pK, = 13.9 in
acetonitri1e17), it seemed possible that aldehyde was formed as the
result of a proton transfer step. However, treatment of la with acids
weaker, of the same strength, and stronger than 2a (acetic acid,2 2,4-
dinitrophenol, and trifluoroacetic acid,2 respectively) in no case
resulted in production of ethanal. That the less acidic hydride,
CpMo(CO),(PMe3)H, reacts more rapidly than does its unsubstituted parent
confirms the absence of a proton transfer in the mechanism under study.

Further results argue against the formation of any ionic.interme-
diates in the reaction of 1 with 2. Proton, hydride; or outer sphere
electron transfer proﬁesses should produce CpMo(CO),~ (n = 2 or 3)
either directly or after reductive elimination of aldehyde from some
previous intermediate. This anionic moiety should be capable of being
trapped by some electrophile.18 In fact, when CpMo(C0)3C,Hs and 2a are
heated in neat methyl iodide-dy (with which CpMo(CO)3~ should react at >
1 M7 57, 0o CpMo(C0)4CD3 is observed by NMR spectroscopy.

The dependence of rates upon reaction medium supports this inter-
pretation. Different solvents favor different partitionings of the acyl
intermediate 7b between reaction with hydride and reversion to starting
material. As k, and k_; (Scheme 6) both vary simultaneously and kinet-
ically are inseparable, it is impossible to associate changes in the
formér with solvent properties. This is not true of the rate constant
for direct reaction between alkyl and hydride, kg. Variation of the

solvent from MeTHF to toluene, which produces a large change in the
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ability ofzthe‘medium.to support ion pairs,lgvcanses only a five-fold
change in kg (fable 2). - Such a low sensitivity to solvent is inconsis-
tent with an ionic mechanism.

(The origin{of the small solvent effect which ie observed on kg is

not obvxous. Within experimental error, the analogous rate constant,

kg, for dlrect attack of PMePh2 on CpMo(CO)3CH3 is. the same in THF and

toluene. Thus, in contrast.to acyl formatlon, the bimolecular pathway

leadlng to aldehyde productlon may 1nvolve elther some charge separation
or solvent reorganization. Because the"perturbations are sovsmall,
further interpretation is difficult.)

ITQB experiments provide evidence-thatia hond is formed between
hydrlde and solvated acyl 1ntermed1ate durlng or before aldehyde re=
lease. Only the mixed d1mers(7 CSHSN? -C5H40H3)M02(C0) ( =4, 6)

are observed at short reaction tlmes2 20 when (7 -C5H4CH3)M0(CO)3H and
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'lb are heated together (Scheme 9) Sxmllarly, treatment of

CpMo(CO)3CZH5 with CpW(CO)3H 1n1t1a11y leads to exc1u81ve productlon of
the bimetallic dimers szMoW(CO) If the premise of cage escape com-

"pet1t1ve w1th cage recombination is accepted,22

these findings, together
with the results already mentioned, militate against the operation of
pathways which produce unbound metal fragments.

Qualitative experiments thus are inconsistent with the operation of

pathways containing proton, hydrogen, or electron transfer or homolytic

steps. Elimination of these possibilities implicates either a reaction
coordinate in which there is no local minimum other than that occupied

" by the solvated acyl 7, or formation of one or more intermediates in

which both metal centers are joined by a non-electrostatic interaction.



These intermediates might arise either through displacement of solvent
from CpMo(C0),(S)COR (k,) or induction of CO insertion in CpMo(CO)4R
(kg) by hydride.

Cleavage of a metal-hydrogen bond is required for the formation of
propanal from CpMo(CO)3H and CpMo(CO)3C,Hs. Increasing the strength of

23 would be

this bond, e.g., by substituting tungsten for molybdenum,
expected to result in a decrease in reaction rate if the metal-hydrogen
bond order is lowered in or prior to a ?ate—determining step. Aldehyde
release or generation of the hydride-bridged intermediate 23 in a one
step process should cause this retardation to occur; creation of some
other intermediate followed by fast reductive elimination should not.
Alkyl complex is consumed more slowly in the presence of CpW(CO)3H
than that of CpMo(C0)3H. Careful kinetic analysis, however, reveals
that both hydrides display the same bimolecular rate constant, ks; for
direct reaction with CpMo(C0)3C,Hs (Table 3). This result is unexpected
in view of the higher metal-hydrogen bond energy of the tungsten com-
plex.23 A plausible explanation for this seeming anomaly is rapid
formation of aldehyde subsequent to some slow step. In this case, kg
would be defined as the rate of production of an intermediate through a
transition state in which the metal-hydrogen bond still is intact.
Whereas the rate of bimolecular reaction of CpMo(CO)3C,Hg with
hydrides (k5) is insensitive to metal-hydrogen bond dissociation energy,
that of the postulated intermediate CpMo(CO),(Me, THF)(COC,Hsg) (k,) is
not. In this step aldehyde is produced more rapidly in the presence of
CpMo(CO)3H than of CpW(CO)4H (k4M°H/k4WH'= 5.7). Other properties of
the tungsten hydride, for example, its size and basicity (expected to be

the same as and greater than those of the molybdenum complex, respec-
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tiﬁe1y25’17), will not account easily for the observed difference in
reactivity. A rate limiting transition state in which the tungsten-
hydrogen bond order is less than one clearly is implicated.

Two descriptions of the route govefned by k, are consistent with
;hé d#ta thus far presented. Metal-hydrogen bond breaking ﬁay succéed

some bimolecular reaction of CpMo(CO)Z(MeZTHF)COCZHS and CpMo(CO)3H, or

may occur without the intervention of some other step. Use of a hydride

I

with altered'teactivity allows for further examination of these even-
‘tualities.

Alkyl complex is consumed more rapidly in the presencé of

CpHo(CO)Z(PMe3)HVthan that of its unsubstituted pafent. Onlyvthe kg

pathway is accelerated by ethange of a phdSphing for a.carbonyl, how—
ever; k4vié left unchéngéd'within exberiméﬁtal error (Table 3). If this
feaction were to involve only metal-hydrdgen bond breaking, a ret;rda-
tion of rate relative to that CpMo(CO)3H should occur, based upon the
‘différence in hydride M-H bond stréngths.7h Significant metal-metal
bond character might be cfeated at the saﬁe time a$ or prior to metal-
hydrogen bond scission in order to explain the lack of effect of
phosphine substitution.

Because there is a large differencé between Mo-ﬁ and Mo-D zero

point vibrational energies,26

a kinetic isotope effect on metal—hydfogen
bond breaking might be anticipated. 1In fact, no difference in rate
conétants is obsefved. Few coﬁparisons of metal hydride and deuteride
activity have been communicated, and hence there is little information

against which this result might be jhdged. Dinuclear reductive elimina-

tion of methane from H(CH3)0s(C0), proceeds with a small primary kinetic
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isotope effect: kH/kD = 1.5.29 The lack of any effect in the reaction
of CpMo(CO)3H with CpMo(CO)3C,Hs most likely is a conmsequence of trans-
fer of hydrogen after a rate determining step or in a transition state
of low symmetry.30

No completely satisfactory mechanism may be conmstructed based upon
the results outlined above. One which is consistent with the data
obtained assumes release of aldehyde from two distinct intermediates
(Scheme 10). Rate~limiting formation of a metal-metal bond concomitant
with alkyl migration to produce the dinuclear species 24 reasonably may
be associated with kg. Mo-Mo and Mo-W bonds are of equal strength,21
and according to the Hammond postulate31 should be formed at the same
rate in an endothermic reaction. Any disparity in the Lewis basicities
of CpMo(CO)3H and CpW(CO)3H in this way could be masked by the energetic
requireménts of CO insertion.

Rate~limiting creation of the hydride-bridged complex 23 through
displacement of solvént from CpMo(CO),(solvent)COR constitutes the
alternative pathway (k4). Because the original metal-hydrogen bond
would be weakened in the formation of this adduct, replacement of
CpMo(CO);H with CpW(CO)3H would be expected to retard the rate of reac-
tion, as it does. No hydrogen-deuterium kinetic isotope effect 1is
observed, however, possibly as a consequence of the low symmetry of 23.

Several objections to this proposed mechanism can be raised. It
requires two additional intermediates and two transition states for
~aldehyde production. Further, it is unclear why displacement of solvent
from CpMo(Cb)z(solvent)COR should entail formation of a hydrogen bridée

(23), while induction of migratory insertion in CpMo(CO)3R occurs

through formation of a metal-metal bond. However, no obvious means of
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- avoiding these objectioné or similar ones is suggested by the da;a.

Two distinct modes of dinuclear reductive eliminatidn involving
CpMo(CO)3H now have been uncovered. This hydride may act merely as a
‘protic acid, yielding a mononuclear complex from which alkane release

may occur (Scheme 3

)J1 ‘Alternatively, formation of some species in

which hydrogen and aéyl donor metals are linked may be a prerequisite to
7

aldehyde produétion; The diversity of dinuclear elimination mechanisms

thus is mirrored in the reactions of one transition metal hydride.
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Experimental

General. Unless otherwise indicated, reactions and manipulations
were carried out at 20 °C under a dinitrogen atmosphere in a Vacuum
Atmospheres 553-2 Dri-Lab with attached M60-40—1H Dri-Train. Removal of
solvents from reaction mixtures and the preparation of sealed tubes were
acéomplished using conventional vacuum line techniques.

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on
a Varian EM-390 spectrometer, or at.200 or 250 MHz on spectrometers
built by Mr. Rudi Nunlist of the U.C. Berkeley NMR laboratory, and are
reported in parts per million downfield from tetramethylsilane.
Infrared (IR) spectra were recorded on a Perkin-Elmer 283 spectrometer
using 0.10 mm NaCl solution cells. Melting points were obtained using a
Thomas-Hoover capillary apparatus and are uncorrected.

High pressure liquid chromatography (HPLC) was performed on a
Beckman 324 gradient chromatograph, which included two computer-con-
trolled two piston pumps, a dual chamber mixer, and a high pressure
rotary valve injector with a 10 uL sample loop. Detection of eluted
compounds was accomplished using a Hitachi 100-10 UV/Vis spectrophotom—
eter with attached Altex 155-00 flow cell. Peaks were quantified with a
Hewlett~Packard 3390A integrator. Compounds were separated on an Altex
4.6 mm X 25 cm stainless steel column prepacked with Ultrasphere~0DS
(regular 5 um silica particles treated with an octadecylchlorosilane)
and protected with a precolumn packed with Vydac reversed phase adsor-
bant. Elution was accomplished using a 1.2 mL/m flow of 30% v/v water
in acetonitrile (degassed with an argon purge) at a nominal pressure of
1700 psi.

With the following exceptions, reagents were obtained from commer-

41



cial sources and used as received. Tetrahydrofuran and ether were
distilled from sodium and benzophenone'under'dinitrogen..Tetrahydro—
furan-d ,.benzene—gé,‘2-methyltecrahydrofuran, andv2,5-dimethyltetra-
hydrofuran (equimolar cis and trans) were vacuum distilled from

Na/PhZCO Iodomethane, 1odoethane, and 1odomethane—d3 were vacuum dis-

tilled onto copper wire and stored in the dark. Tr1methylphosph1ne was

vacuumvdlstllled'and stored3under_vacuum; CpM(CO)3R M = Mo,‘W;.R = H,

D, CH3, C,Hsg) were syntheelzed according to published procedures aﬁd
exﬁibited satisfactory spectroscooic an:d'physicval-'pfoperties.28
‘Measurement of Reaction Rates. H1gratory co Insertxon. Phosphlne—
induced migratory 1nsert10n reactions were followed by monitoring the
12dlsappearance of the symmetrlc co stretch of 1b (2020 en” 1), ..In a
typical run, 0.150 mL of a2.00M stock solution of PMeth, 0.120 mL of
.-a stock solut1onvof 1b, and 2.730 mL of MezTHF were mixed in a 10 X 75
mm test.thbe co prepare a solution 0.100 M.io ohosohine ano 0.0lO M in
alkyl:vahe'tube was cappec with a septum end placed in a water oath at
59.9 + 0.1 fC-under.a positive dinitrogen p;essure. Ac regular inter-
vals, a'portionrof the solution oas.forced into an IR cell chr0ugh a
syringe needle; and a spectrum recordeo.
| Aldehyde Formation.. ﬂecause 1 and 2 have coincidenc'symmetric co
stretcﬁing absorptions in the infrared and inoistinguiohable Uv/vis
spec;ra, and because the non—deuterated solvents.utilized pleventeo the
use of 1y NMr spectroecopy, an alternative method waé‘required for the
measurement of reaction progress. Analytical reversed phase high pres-
sure liquid chromatogrephy allowed quantification of reaccants. A

typical experiment involved the mixing of 0.100 mL of a 2.00 M stock
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solution of 2a, 0.020 mL of an 0.25 mL stock solution of 1b, 0.020 mL of
isopropylbenzene (internal standard) and 1.80 mL of Me,THF. The resul-
ting solution was heated at 59.9 + 0.1 °C under an atmosphere of
dinitrogen. Occasional aliquots were withdrawn with a syringe and
injected into the HPLC. The concentration of lb was monitored by
measuring its absorbance at 254 nm relative to that of isopropylbenzene.
Global rate constants were calculated using a non-linear least squares
approach, assuming equal errors in the individual observed rate con-
stants. Small changes were made sequentially in ky, k4/k_1, and kg
while allowing the other two to vary so that a minimum in‘X? could be
attained, and the process was repeated until self-consistency was
achieved. Standard deviations were estimated by determining the change
in each rate constant or rate constant ratio necessary to increase Xz by
one, given an approximate standard deviation in each k o, of 10 per

cent .32

Synthesis of CpMo(CO),(PMePh,)COC,Hs (6b). A 50 mL round-bottomed
flask fitted with a magnetic stirring bar was charged with CpMo(CO)302H5
(0.548 g, 0.200 mmol), THF (20 mLl), and methyldiphenylphosphine (0.400
g, 0.200 mmol). After it was stirred for 4.5 h at room temperature,
solvent was removed from the resulting mixture, leaving a yellow oil,
which was recrystallized from toluene/pentane. After traces of this
latter solvent were removed under vacuum, 0.910 g (96.0%) of material
was obtained, mp 105.5-107 °C, IR (THF) 1936s, 1855vs, 1626s cm~1, NMR
(CgDg) § 7.36 (m, 4H), 4.80 (s, S5H), 3.33 (quartet: J = 7.3 Hz, 2H),
1.78 (d, J = 8.3 Hz, 3H), 1.20 (t, J = 7.3 Hz, 3H). Anal. Calcd for
Co3Hy3M004P: C, 58.24; H, 4.89. Found: C, 58.41; H, 5.00.

Reaction of CpHo(CO)3CH3 with 2,4-Dinitrophenol. An NMR tube with
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A

attached gr.ound-glass joint was charged with la (14 mg, 0.054 mmol) and
2,4—dinit£ophenol (40 mg, 0.22 mmol) and capped with a vacuum stopcock.
After evacuation, THF-dg (0.78 ml) was vacuum transferréd into the tube,
which then was sealed. No reaction of the resulting solution could b»e
discerned by NMR after 30 m at room temperature or 40 m at 59.9 °C.
Prolonged heatin.g (20 h) caﬁsed the contents of the tube to turn'v from
yellow to red to black, and also led to thé formation of a black
precipitate. No reéonances attributable to acetaldehyde‘were visible in
‘a high field NMR spectrum of the black solutibn.

Reaction of CpMo(C0)3C,Hs with CpMo(CO);H in CD3I. To an NMR tube

attached to a ground glass joint were added 1b (26 mg, 0.095 mmol) and -

2a (23 mg, 0.094 mmol). Iodomethane-d; was vacuum transferred into the
tube, now capi:ed with a vacuum stopco.ck, which then was sealed. Rééo-
nances ‘corresp’onding toblb (3.5.70, 2.04, 1.75) and 2a (d' 5;83, -5.23),
and small aiounts of propanal (d 10.13, 2.80) and 4 (& 5.60) were

visible in the NMR spectrum of the freshly prepared solution. The

reaction mixture was stored at room temperature in the dark, and was

examineﬁ periodically by NMR spectroscopy until no hydride resonance was
evident. While the peaks associated with propanal, 4, and CpMo(CO)5I (8
6.04, formed by reaction of 2a and 5 wif.h CD3I) increased in area with
time, at no ﬁoint was the cyclopentadienyl resonancie of CpMo(C0)4CD;3 (8
5.72) visibie (limit of detectability ca. 5%). Propanal was produced in
approximately 67% yieid; indicating that one-third of the metal hydride
initially present had reacted with solvent.

Reaction of CpMo(CO)3D with CpMo(C0)3C,Hs. THF;-gg (6.88 ml) was

vacuum transferred into a NMR tube attached to a ground glass joint,



capped with a vacuum stopcock, and charged with 1b (23 mg, 0.084 mmol)
and 2b (30 mg, 0.12 mmol). The tube then was sealed and heated to 59.9
°C. In an NMR spectrum recorded after three half-lives (ca. 40 m), the
aldehydic proton resonance had suffic‘ient magnitude only to account for
the starting protium content of 2b (6%).

Reaction of CpW(CO)3H with CpMo(CO)3C,Hs. An NMR tube fixed to a
ground glass joint and closed with a vacuum stopcock was sealed after it
had been charged with 1b (27 mg, 0.10 mmol), 9a (33 mg, 0.10 mmol), and
(by vacuum transfer) THF-dg (0.53 mL). Periodic NMR analysis of the
contents of the tube, which was stored at room temperature in the da.rk,
indicated the disappearance of starting materials (tl/z ca. 1.5 X 10° s)
and the concurrent quantitative formation of propanal and of a xpixture
of cyclopentadienyl—conta‘ining products. Removal of solvent at the
completion of the reaction and dissolution of the resulting red solid in
chloroform-d allowed NMR spectroscopic identification of Cp2MoW(CO)621
(& 5.36, 5.32), Cp,yMoW(C0),33 (&5.36, 5.30), and minor amounts of 4, 5,
1234 (8 5.22), and 1321 (& 5.33).

Reaction of CpW(C0);D with CpMo(CO)3C,Hg. An NMR tube with
attached ground glass joint was loaded with 1b (8.3 mg, 0.030 mmol) and
9b (10. mg, 0.031 mmol), and then capped with a vacuum stopcock in a dry
box. THF-dg (0.68 ml) was vacuum distilled into the tube, which sub-
- sequently was sealed. Heating at 59.9 °C over a period of 1 d resulted
in complete consumption of starting materials. An NMR spectrum of the
product solution showed resonances associated with propanal-l-d (< 10%
propanal-l1-h produced) and the dimers 4, 5, and 10-13,

Synthesis of CpHo(CO)z(PHe3)H (14). A procedure analogous to that

of Green3? was used. CpMo(CO)3H (1.50 g, 6.10 mmol), THF (25 ml), and a
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magnetic stirring bar were placed in a 100 mL round-bottomed flask,

which then was sealed with a vacuum stopcock. The flask was evacuated

after its contents were frozen in liquid nitrogen. A known volume of "

trimethylpho’sphine vapor (484 mL, 380/ Torr, 6.29 mmol) was vacuum
transférred into the reaction vessel. After thawing, _the-resulting
mixture was stirred for 1.5 h atiroc;m temperature. Remova.l. of .solvent
unde‘r. iva_cuum left a yellow solid, thch»w.as éuﬁlimed (60 °vC, 1072 Torr)
to give 1.50 g'>(.802). of yeilow, crystélliﬁe, air stéble material, mp 78-
79 °C, IR (TH'F')_19408, 1858s cm'l.; NMR (C¢Dg) 8475 (s, SVH), 1.02 (d, J
| =9 Hz, 3H), -5.90 (s, b:r, 1H). Anal. Calcci for CyoH; sMo0,P: G, 40.83;

H, 5.14. Found: ¢C, 40.69; H, 5.21.
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Table 1. Rate constants for reaction of la or lb with PMePhZ at
59.9+0.1°C. Rate constants are defined as in Scheme 3.2

Complex  Solvent 104, (s71) ko/ky (ML) 10%kg0u7lsml)
la THF 7.78+0.14 96+8 ~1.73+0.16
la Me, THF 0.230.06 >500 1.6720.14
1b Me, THF 5.29+0.40 >500 69.1+1.8

2 Uncertainties listed are 95% confidence limits.



Table 2. Rate constants for reaction of CpMo(C0)3C,Hg with CpMo(Co)qH
in varlous solvents at 59.9+0.1°C., Rate constants are defined as 1in
Scheme 6.2

Solvent 104k1(s_1) k4/k_1(M_1) 104k5(M'1s-1)
THFP —— — —_—

MeTHF 43.4 1.77 7.49
PhMe 0.21 >500 0.62

2 Estimated 95% confidence limits are +10%Z for k and +207 for k4/k_l
and kc; see experxmental sectlon. -1 1
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Table 3. Rate constants for reaction of CpMo(C0)3C,Hs with various
reagents in Me,THF at 59.9+0.1°C. Rate constants defined as in Scheme
6.2

Reagent 104k1(s—1) k4/k_1(M'1) : lOAkS(Mfls'l)

PMePh 5.2940 .40 >500P 69.1+0.18¢
CpMo(CO§3H 4.90 19.8 1.48
CpMo(C0) 3D 4.89 19.5 1.39
CpwW(CO)3H 4.97 3.5 1.35
CpW(CO) D 4.69 3.5 1.42
CpMo(CO) ,(PMe3)H 4,46 28.7 8.31

38 gee footnote b, Table 2.
b
c

k3 .



Figure 1. Dependence of k. , . for conversion of CpMo(CO)4CHy to
CpMo(CO),(PMePhy)COCH3 upon PMePh, concentration at 59.9 °C in THF (e).
and Me,THF (0).
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" Figure 2. Dependence of k,pg for conversion of CpMo(CO)3(}2H5 to ethanal
upon hydride concentration in Me,THF at 59.9 °C using the following
hydrides: (®) CpMo(CO)3H; (O) CpMo(CO)4D; () CpW(CO)5H; @) CpwW(CO)4D.
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