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Previous investigations of the kinetics and mechanism
of the substitution reaction of bidentate substituted tran-
sition metal carbonyl complexes with Lewis bases (L') to
yield the cis disubstituted bidentate substitution product
(1), where M = Cr, Mo, or W and S-S = DTO (2,2,7,7-tetra-
methyl-3,6-dithiaoctane) or DTN (2,2,8,8~tetramethyl-3,7-

dithianonane) have suggested that this reaction proceeds

S, K
¢ m(co), + 2L' —> M(CO)L', + S-S (1)
S

via a mechanism (2) involving initial reversible dissociation
of one end of the bidentate sulfur ligand followed by rapid

attack of L' on the resulting five-coordinate intermediate.

S k, k, L
( /M(c:o)LL —k—-»', §-8-M(C0),, :I? §-S-M(C0),, (2)
S -1 J fast
products

However, in the case of bidentate = DTN, kl was found to
exhibit dependence upon the identity of L', an observation
inconsistent with this mechanism. Therefore, it was con-
sidered necessary to investigate these systems in much

greater detail.



Kinetic studies were made of the substitution reactions
of (DTO)W(CO)u and (DTN)W(CO)Q with a series of phosphorus
ligands including trimethyl, triethyl, triisopropyl, tri-
phenyl, and constrained phosphite and tri-n-butylphosphine
and triphenylphosphine in xylene at various temperatures.

The kinetic data were found to be consistent with three
discrete pathways, which may be encompassed in reaction

scheme (3).

S, k,
(S,w(cc)4 = S-5-W(C0),,

-1
+L'kg lTk_S +L'lk3 )
S k
w(co) s 5o (co),, —> products

The pathway followed for each system studied was found
to be dependent upon the identity of the substrate and the
steric and electronic properties of L'. Path A, governed

by k k—l’kz’kB’ was followed by the systems (DTO)W(CO)n

10
with trimethyl, triethyl, triisopropyl, triphenyl, and con-
strained phosphite and triphenylphosphine and (DTN)W(CO)Q
with triisopropyl, triphenyl, and constrained phosphite and
triphenylphosphine. Path B, governed by k1’k-1’kz’k3'k-u’
k_5, was followed by the systems (DTN)W(CO)u with trimethyl
and triethyl phosphite. Path C, governed by kl’k—l’kz’kB’
ku,ks, was followed by the reactions of both (DTO)W(CO)Q

and (DTN)W(CO)u with tri-n-butylphosphine.



The intermediate species (DTN)W(CO)MP(OCHZ)BCCHB, with
the DTN moiety bonded to the metal atom through only one
sulfur donor atom, whose presence was predicted by this
mechanism, was detected during the course of the substi-
tution reaction between (DTN)W(CO)u and the constrained
phosphite. This compound was isolated and characterized.

Activation parameters were calculated for the
reactions of (DTO)W(CO)u and (DTN)W(CO)u with triisopropyl
phosphite and tri-n-butylphosphine. On the basis of these
activation parameters, the ground state energy for the
DTO complex is calculated to be about 5,6 kcal/mole
lower than that of the DTN complex. The entropies of

activation indicate k1 and k5 to be Id and Ia processes

22

respectively.
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CHAPTER I
INTRODUCTION

History and General Properties
The chemistry of transition metal carbonyl complexes
and their derivatives has proven to be a fruitful field of
study for inorganic chemists. This investigation began in
1890 with the synthesis of tetracarbonylnickel(0) by Mond,
Langer, and Quinkel. One year later, in 1891, the discovery
of iron pentacarbonyl was announced by Berthelotz. Further

3

research by Hieber and coworkers~” in Germany during the
1920's and 1930's initiated an extensive study of these in-
teresting compounds and their properties by a veritable host
of chemists. An insight into the beginnings of transition
metal carbonyl chemistry may be gained from a series of
review articles by Trout4_7. A measure of the current devel-
opment of this field may be gained from the fact that metal
carbonyl complexes of some type have now been reported for
all of the transition meta1s8 and many and diverse deriva-
tives of these complexes have been synthesized9. A large
number of excellent review articles now exist on different
aspects of these compounds. These review articles will not

be listed here, but will be cited when appropriate.

Transition metal carbonyl complexes consist of a metal



atom in a low negative, zero, or low positive oxidation

state bonded to carbon monoxide (a neutral molecule). This
may be contrasted with the "classical complexes" in which

the metal atom has a well defined oxidation number and the
ligands have a discrete electron population8. The structures
of these compounds encompass a wide variety of stereochem-

10 and some structures have yet to be completely

istries
solved. These complexes may be mononuclear or polynuclear
(have one or more central metal atoms), and the carbonyl
groups may be either terminal (bonded to only one metal atom)
or bridging (bonded to more than one metal atom). In some
compounds, such as FeB(CO)lz’ both types of carbonyl groups
are present. This discussion, however, will be limited to
mononuclear carbonyls, of octahedral geometry, containing
only terminal carbonyl groups.

Although both the carbon and oxygen atoms of carbon
monoxide have a lone pair of electrons available for coor-
dination, the oxygen atom is the more electronegative, and
thus the lone pair on the carbon is more readily available
for bond formation. Indeed, in most cases examined, bonding
in transition metal carbonyl complexes has been shown to
occur through the carbon atom.

With few exceptions, transition metal carbonyl complexes
obey Sidgewick's rule, i.e. the metal attains the electronic

configuration of the next rare gas. An interesting discus-



sion of the theoretical basis of this rule, also known as

the "eighteen-electron rule" or the "effective atomic number"
(EAN) rule, has been given by Mitchell and Parishtl, Thig
rule is essentially an extension of the Lewis octet rule,

and its primary importance is its use as a tool in pre-
dicting the coordination number of transition metal carbonyl
complexes, since few other classes of compounds obey it with
high frequencylz.

A number of other unusual and useful properties of the
transition metal carbonyl complexes have made them the object
of extensive research. Most of these compounds are diamag-
netic, electrically neutral, and moderately inert8. Some
metal carbonyl complexes are volatile, and most are hydro-
phobic and soluble in organic solvents. A large number and
variety of derivatives may be prepared by simple thermal or
photochemical processes. Many of the parent compounds and
their derivatives have differing colors, and all have char-
acteristic infrared spectra in the carbonyl stretching region,
2200 to 1700 cm—l. This region of the spectrum is free from
interference from other vibrational modes of the molecule,
with the exception of the M-H stretch, and from observation
of the number of bands and their positions and intensities
it is possible to predict the molecular symmetry of the com-
pound under investigationlB’lu. Indeed, the presence of

these interesting properties has made transition metal

carbonyl complexes excellent models with which to study



many inorganic reactions.

The very formation of transition metal carbonyl species
is initially startling when it is considered that the tran-
sition metals have high heats of atomization and carbon
monoxide is a generally inert molecule. Furthermore, the
electron donating ability of carbon monoxide is negligible8.
In addition, the low oxidation state of the central metal
atom should yield a prohibitively high formal charge on the
metal. The stability and ease of formation of these com-
pounds, which might seem anomalous in view of the preceding,
may be explained by a consideration of the bonding between

the transition metal and carbon monoxide.

Bonding

Pauling suggested that complexes should be most stable
when the electronegativity of the ligand was such that the
metal atom achieved an essentially neutral charge. This
rule of thumb is known as the "electroneutrality principle".
Since the metal is bonded to an element of relatively low
electronegativity in the case of transition metal carbonyl
complexes, Pauling suggested that a possible mechanism for
delocalizing the electron density on the transition metal
atom would be "back bonding", or partial double bond reso-
nance, which would stabilize the system by shifting the
electron density from the electropositive metal atom to the

more electronegative oxygen atom, as shown in Figure 1.
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:I\-/l-(C)ECB: < M=C=0:
a (b)

Fig. 1--Valence bond representation of transition
metal-carbon monoxide bond.
The contribution of canonical form (b) to the structure
makes this increased stability possible. A closer examina-
tion of this process indicates that this delocalization of
charge must occur by overlap of a p orbital of the carbon
with a d or d-hybrid orbital of the proper symmetry on the
metal atom12 as illustrated in Figure 2. This arrangement
makes the carbon p orbital unavéilable for a pi bond to

the oxygen.

Fig. 2--Detailed valence bond representation of the
transition metal-carbon monoxide bond.

The molecular orbital (MO) theoretical approach to this
system is more detailed and probably more accurate8, as
illustrated in Figure 3. There first occurs a dative over-
lap of the filled carbon sp-hybrid orbital with the empty

d-hybrid orbital on the metal to form a sigma bond (Fig. 3a).



Secondly, there is a dative overlap of a filled d-pi or
hybrid d-pi metal orbital of proper symmetry with a vacant

pi antibonding orbital of carbon monoxide (Fig. 3b).

=M@ +®Cz0—+=MEC=0

(2)

QAUPQ P
O M

@Eé

2
O%

Fig. 3--Molecular orbital representation of carbon
monoxide-transition metal bond.

The simultaneous existence of the two types of bonding
in this system, sigma and pi, leads to reinforcement of the
carbon monoxide-metal bond since as the carbon donates
electron density to the metal via the sigma bond it attains
a more positive charge which induces an increase in "back
bonding" involving the pi bond. This "back bonding" makes
the carbon monoxide as a whole negative and increases its
basicity, leading to enhancement of sigma donation. This
mechanism of mutual reinforcement is known as "synergic

bonding" and is illustrated in Figure 4.



pi donating from M

decreased negative charge on M

Q 2 »

M&C=0

J =

sigma donation from CO
increased positive charge on C

Fig. 4--Synergic bonding

The main sources of information about the multiple
nature of transition metal-carbon monoxide bonds are bond
lengths and vibrational spectra. The information on bond
lengths which has been examined supports the present theory
of bonding quite well8. The carbonyl stretching spectra,
as previously mentioned, are easily accessible for study.
Analyses of these spectra have been greatly facilitated by
the development of the Cotton-Kraihanzel energy factored

force field15’16.

This approach attempts to simplify the
interpretation of spectra through calculation of carbonyl
stretching force constants, which are a more utilitarian

index of the bonding properties of the complexes than are

the frequencies themselves. Studies of the variation of



these force constants with the degree of substitution and
nature of substituents in substitution products of tran-
sition metal carbonyl complexes have been made with hundreds
of compoundsl7, and they have proved to be a major tool in
the study of bonding in metal carbonyls.

However, a measure of disagreement exists as to the
actual mechanism of these bonding interactions. Cotton and
coworkersl5’18'20 developed a theory attributing all changes
in carbonyl force constants to variation in the pi bonding
abilities among the differing ligands and the resultant
changes in the occupancy of the pi anitbonding orbitals
of the carbonyl groups. Angelici21’22 attributed these
trends in stretching frequencies and the attendant force
constants to sigma bonding effects only, although this con-

23

clusion is now questioned®”’., The recent theoretical work of

2k, 25

Fenske and coworkers strongly indicates that the pre-
dominant effects on frequencies and force constants within
a series of compounds are a result of the occupancy of the
pi antibonding orbitals, and the sigma bonding properties of
the substituent have only a minimal effect.

A third operational mechanism which has been proposed

2k, 25

is the Fenske "direct donation" effect This mechanism
involves a through space interaction between the P, orbital
of the substituent and the pi antibonding orbitals of the
appropriate symmetry on the equatorial carbonyl groups as

illustrated in Figure 5.
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Fig. 5--Fenske "direct donation" effect

MacDiarmid and coworker326

have independently derived
a similar theory. The "direct donation" effect has also
received support from the work of Keeling, Kettle, and
Paul2’ and Dobson28’29.

These interacting factors complicate the interpretation
of bonding in transition metal carbonyl complexes based

solely on observation of the carbonyl stretching spectrum

and add validity to the view of Basolo and PearsonBo that
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the prediction of metal-carbon bond strengths based solely
on carbonyl stretching frequencies and the resultant force
constants is a questionable procedure. Therefore, in recent
years the focus of the study of bonding in transition metal
carbonyl complexes has shifted from spectrochemical methods

to kinetic studieg of the reactions of these compounds.

Reactions
Although transition metal carbonyl complexes undergo
a plethora of chemical reactions, the most important single
class of reactions must be considered to be substitution
reactions in which either the carbonyl moiety or a substit-

uent is replaced by a Lewis base (L'):
?
M(CO)n(A)m + L' — M(CO)n_l(A)mL' + CO
or
]
M(CO)n(A)m + L ——’~M(Co)n(A)m_1L' + A,
The rate laws for these reactions are primarily of
three basic types. The first type of behavior observed
involves a first order reaction independent of the concen-

tration of the ligand. The rate law for this reaction is

expressed by
-d[Substrate] /dt = kl[Substrate].

A common example of this type of rate behavior, and one

which has been well documentedBl, is a mechanism involving



Fig. 6--Substitution reaction mechanism involving
rate determining dissociation of carbon monoxide.
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unimolecular rate determining dissociation of a carbonyl
group, as shown in Figure 6.

The second mode of rate behavior observed for substi-
tution reactions of transition metal carbonyl complexes
yields a second order rate law dependent upon the concen-

trations of both complex and ligand,
-d [Substratel/dt = kz[Substrate][L'].

For reactions involving exclusively carbonyl replacement,
the ligand dependency has been attributed to either for-
mation of a seven-coordinate intermediate arising from nuc-
leophilic attack at the metal atom, as illustrated in Figure
7, or attack by the ligand at the carbonyl carbon, as shown
in Figure 8. It is difficult to differentiate between these
two processes, since the rate laws and products are identi-
cal. It has been shown theoretically32 that the carbonyl
carbon is a favored site of nucleophilic attack in the hexa-
carbonyls of vanadium, chromium, and manganese. In the case
of reactions of M(CO)6, where M = Cr, Mo, or W, with tetra-
(n-butyl)ammonium halides, the small chromium species under-
goes attack at the carbonyl carbon, while the larger metal
atoms react via a seven-coordinate intermediateBB.

The third class of reactions involves a mixed order
rate law and may be considered as a combination of the pre-

vious two types. The rate law has the form
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Fig. 7--Substitution reaction mechanism involving rate
determining attack of L' at metal atom.
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Fig. 8--Substitution reaction mechanism involving rate
determining attack of L' at carbonyl carbon.
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-d[Substrate] /dt = kl[Substrate] + kz[L'][Substrate]

and is indicative of competing first and second order re-
actions. Covey and Brown34 have studied a system of this
type involving substitution reactions of Mo(CO)S(amine)
complexes. In actuality, this third type of mechanism is
the general case and the other examples may be considered
as limiting behavior.

These three behavioral types may be distinguished by
studying the reaction rates under pseudo first order con-
ditions employing a large (twenty-fold or greater) excess of
ligand. In this situation, the ligand concentration remains
essentially constant during the course of the reaction and
may be incorporated into an observed rate constant kobs’

with k .o = k [L'] .« When the reaction rates are measured

true
at a number of differing concentrations of L', all of
suitable excess, the true reaction type and rate constants
can be deduced from a plot of k. versus [L"] .

For the first reaction type discussed, the rate law was

-d[ Substrate] /dt = kl{Substrate].

Under pseudo first order conditions, this will become

-d[ Substrate /dt = kobS[Substrate],

where kobs = kl'

A plot of kobs versus ligand concentration for this system
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would be linear with zero slope and an intercept of ki'
The second reaction type was characterized by the rate

law

~d[Substratd /dt = kz[L'][Substra'be] .

This expression, under pseudo first order conditions, will

reduce to
-d[ Substrate] /dt = kobS[Substrate],
. _ .
with k4 Kk [L'] o
A plot of k versus ligand concentration for this system

obs
would be linear, with a zero intercept and a slope of k2.

The general, non-limiting reaction type was character-

ized by the rate law
-d[ Substrate] /dt = k,[ Substrate] + kj [Substrate][L'] .

Under pseudo first order reaction conditions, this expres-

gsion would also reduce to
-d[ Substrate] /dt = k[ Substratel ,

fed L}
where kobs k1 + kz[L ].

A plot of kobs versus ligand concentration for this system
would be linear with a slope of k2 and an intercept of kqe

Non-linear behavior of a plot of kob versus [L'] is indi-

s
cative of a more complex mechanism than those discussed above.
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The Problem

As the study of bonding in octahedral metal carbonyl
complexes shifted from almost exclusive consideration of
infrared spectral data to kinetic and mechanistic investi-
gations, one topic of interest became the substitution re-
actions of (biden‘ca‘ce)M(CO)Ll complexes with Lewis bases.
These reactions had the option of proceeding via replacement
of the bidentate ligand to yield cis or trans M(CO)ML'

2
compounds or by substitution of a carbonyl group to form

cis or trans (bidentate)M(CO)3L' complexes. In the majority
of cases, the mode of reaction has been found to depend pri-
marily upon the steric and electronic nature of the biden-

tate ligand and to be essentially independent of the identity
of 113%,36,

Angelici and Graham37—u0 investigated the kinetics of

the reactions of 2,2'-dipyridyl (dipy), go-phenanthroline
(phen), various substituted phenanthrolines, and 1,2-diamino-
2-methylpropane (dmp) complexes of Cr, Mo, and W with various
phosphites to yield the carbonyl dissociation products. The
chromium derivatives reacted according to a first order rate

law involving rate determining loss of a carbonyl,
rate = k[(bidentate)Cr(CO)u],

while the molybdenum and tungsten complexes were found to

obey a mixed order rate law,
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rate = ki[(bidentate)m(co)u]
+ k,[(bidentate)M(C0),] L' ]

indicative of a combination of mechanisms of the types il-
lustrated in Figures 6 and 7. The lack of a second order
term in the case of the chromium complexes was attributed
to steric factors which would prevent the formation of a
seven-coordinate intermediate. However, the labilization
of carbon monoxide observed in these systems, as indicated
by the first order term, was inexplicable in terms of the
then accepted pi bonding arguments. Accordingly, it was
deemed necessary to investigate similar reactions in com-
plexes coordinating through a different donor atom, since
dipy, phen, and dmp all coordinate through nitrogen.
Therefore, Faber and Dobson41 investigated the kinetics
of the phosphorus bidentate systems (diphos)Cr(CO)u and
(diphos)Mo(CO)u (diphos = (C6H5)2PCHZCH2P(C6H5)2) with Lewis
bases to yield the carbonyl substitution products and the
reaction of (dpae)Cr(CO)u (dpae = 1,2-bis-diphenylarseno-
ethane), which coordinates through arsenic, with triethyl
phosphite to yield the bidentate substitution productuz. An
investigation of the substitution reactions of the sulfur
bidentate compounds (DTH)Cr(CO)u and (DTH)Mo(CO)u (DTH =
2,5-dithiahexane) with phosphites43 showed the reaction
products to be solely cis and trans M(CO)LP(phosphite)2 and
the rate law to be
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rate = k[(DTH)M(CO)u][phosphite].

This rate law could be explained by either of the two mech-
anisms shown in Figures 9 and 10.

In the case of mechanism I, a simple direct attack of
L' at the metal atom to yield a seven-coordinate activated
complex or intermediate, the rate law is a simple second

order expression,
rate = k[(bidentate)M(CO)u][L'].

Mechanism II, a reversible dissociation of one end of the
bidentate ligand followed by attack of L' upon the resulting
five-coordinate intermediate, will yield the following rate

law (steady state approximation)uu:

rate klkz[(bidentate)M(CO)uj[L'] /

(k_q + k,[T']).

If k_17)k2[L'], this expression will reduce to

rate (k k, / k_;) [(bidentate)M(CO)yIIL"],

an expression which is indistinguishable from that for the
simple direct attack mechanism above. But, these two paths
may be separated on the basis of activation parameters,
since the direct attack mechanism should exhibit a markedly
unfavorable entropy of activation due to the change in coor-

dination number, while the entropy of activation for the
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Fig. 10--Mechanism II: Reversible dissociation of one

end of bidentate ligand followed by attack of L'.
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reversible dissociation mechanism should be small. On
this basis, it was postulated that the Cr complex reacted
via mechanism II and the Mo complex reacted by mechanism I.

A search was undertaken for a system in which differ-
entiation of mechanisms I and II would be simpler and more
pronounced, i.e. a system in which k_1 would not be much
greater in magnitude than kZ[L']. Such a system was found
in the reaction of (tmen)Cr(CO)u (tmen = N,N,N',N'-tetra-
methylethylenediamine) with phosphites45. For this reac-
tion, the term kz[L'] is not negligible compared to k_,
and a mixed order reaction is observed, 1.e. a plot of

k versus [L'] is non-linear. This is to be expected

obs
since, under pseudo first order conditions, for mechanism

IT the kobs term may be expressed by

Kope = (klkz L' )/ (k_1 + kz[L']).

Therefore, a plot of kobs vs. [L'] for a reaction following
this pathway should exhibit second order behavior at low

concentrations of L' and first order behavior at higher L'

concentrations. However, this expression for kobs may be
rearranged to yield

1/ ks = 1/ & + k_,/ (kk,[L']).
This expression will yield a linear plot of 1/k versus

obs
1/[L'] with an intercept of 1/k1 and a slope of k—i/klkz‘
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Such a plot was indeed obtained for the substitution
reactions of (tmen)Cr(CO)u, indicating mechanism II to be
the preferred pathway for this complex.

DobsonLL6 further investigated reactions of this type
by studying the reactions of (DT0)M(CO), (DTO = 2,2,7,7-
tetramethyl-3,6-dithiaoctane and M = Cr, Mo, and W) with
phosphites. These compounds are analogous to the DTH
systems with the exception of bulky t-butyl groups on the
sulfur donor atoms replacing the methyl groups of DTH. It
was hoped that these steric effects would inhibit k_1
and allow a choice between mechanisms I and II. This
hypothesis proved correct and curving plots of kobs versus
[L'] and linear plots of 1/kObS versus 1/[L'] were noted.
Therefore, mechanism II was proposed as the operational
mechanism in this system also.

This line of investigation was extended by Faber and
DobsonL"7 to include the 6-membered chelate ring system
(DTN)M(CO)u (DTN = 2,2,8,8-tetramethyl-3,7-dithianonane),
which differs from the DTO system by the inclusion of an
additional CH2 in the chelate backbone. Once again, rate
behavior indicative of mechanism II was observed. However,
when this reaction was run with different phosphites, the
values of k1 obtained from the intercepts of the 1/kobs
vs. 1/[L'] plots differed. Since mechanism II requires

the reversible dissociation of one end of the bidentate

ligand, governed by ki’ to be independent of L', no change
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in the value of k1 should be observed with the variation

of phosphites. To explain this inconsistancy, a ligand-
substrate interaction of the type illustrated in Figure 11,

which would aid in the dissociation of one end of the bi-

dentate ligand, was postulated47.

Fig. 11--Substrate-ligand interaction
However, efforts to obtain supportive evidence for such an
interaction were unsuccessful. Therefore, it was deemed
desirable to reinvestigate these systems in much greater

detail to obtain a better understanding of these mechanisms.



CHAPTER II

EXPERIMENTAL
Preparation and Purification of Materials

General

Infrared spectra for identification purposes were run
on a Perkin-Elmer 621 grating spectrophotometer calibrated
against a band of water vapor at 1869.4 cm"1 48. Ultra-
violet and visible spectra were obtained on a Cary 14 re-
cording spectrophotometer. Proton NMR spectra were obtained
on a JEOL JNM-PS-100 High Resolution NMR spectrophotometer.
Chemical analyses were obtained from Galbraith Laboratories,
Inc., Knoxville, Tenn. All samples for kinetic experiments
were weighed on a Mettler balance, type H16, to 0.0001 g.
Kinetic runs in the visible region were monitored on a
Beckman model DU-2 direct reading spectrophotometer. Kinetic
data were analyzed by a least squares treatment on an IBM
360, model 50 computer at the NTSU Computing Center. Limits
of error are given in parenthesis and are one standard
deviation.,

The purity of all metal complexes was ascertained by
examination of the infrared spectra, since the carbonyl

1

stretching spectrum in the region 1700-2200 cm ~ may be used

to detect the presence of other complexes of differing

25
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degrees of substitution and because these complexes decom-

pose upon heating and do not give sharp melting points. DTO
and DTN ligands were checked for purity by examination of

46’47. Liquid phosphorus ligands were

their NMR spectra
checked for purity by GLC on a Finnigan Corporation model
3200 gas chromatograph / mass spectrometer with a model
6000 data system utilizing a Zeta Research, Inc. model 130
Zeta plotter, series 100, and a Texas Instruments, Inc.
Silent 700 electronic terminal for data output. The column
used was a 5 ft x 2 mm id. glass U column with Silicone
0V-1 packing on Chromosorb W-HP, 80-100 mesh. A sample

chromatogram and peak analysis are shown in Figures 12 and

13 for purified triisopropyl phosphite.

Sulfur Ligands

DTO0.--DTO was obtained from Phillips Petroleum Co.,
Special Products Division, Bartlesville, Okla., and was

found to be suitable for use without further purification.

DTN.--DTN wag prepared by the method of Fedorov and
Savel'eva49. One mole of sodium (23 g) was allowed to react
with 500 ml of absolute ethanol in a one liter 3-necked
round-bottomed flask fitted with a reflux condenser,
nitrogen inlet, and magnetic stirrer. After the sodium had

completely reacted, one mole (90 g) of t-butyl mercaptan

was added dropwise to the solution. After the reaction had
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stirred for two hours, 0.5 mole (101 g) of 1,3-dibromopro-
pane was added dropwise, with ice cooling, and the mixture
was stirred an additional hour at room temperature. The
precipitated NaBr was then removed by filtration and the
solvent was removed under vacuum. The DIN was then isolated

by distillation under nitrogen at reduced pressure.

Phosphorus Ligands

Trialkyl phosphites are generally considered to be
very stable compounds and are frequently used "as obtained"
or with minimal precautions as to purity for kinetic inves-
tigations. However, unless severe measures to ensure
purity were observed, kinetic data for the systems studied
in this investigation were not reproducible.

Pidcock et gl.5o have reported catalysis of substitu-
tion reactions resulting from contamination of trimethyl
phosphite by phosphate. However, phosphates have boiling
points markedly greater than those of the corresponding
phosphites, and the impurities detected in this study were
low-boiling species. These impurities possibly corresponded
to adsorbed water and/or hydrolysis products, although they
were not definitely identified. The effect of these im-
purities on reaction rates was inhibition. These contam-
inants seemed to be relatively inert, and the observed in-
hibition could be due to incorrect ligand concentrations

resulting from inclusion of weight of impurities in the
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sample weights used for calculation of ligand concentrations.
The observed rate law would not be altered, but plots of
kobs versus ligand concentration would be affected, since
the ligand concentrations reported would not be accurate.
All kinetic data reported in this investigation were
obtained using phosphorus ligands which had been rigorously
purified, using an appropriate method, and shown to be pure
by GLC analysis. A1l 1liquid phosphorus ligands were stored
under nitrogen in foil-wrapped flasks at atmospheric pres-
sure, with the exception of tri-g—butylphosphine, which was
kept under vacuum, and all kinetic runs involving these
1igands were completed within one week of distillation, with
the exception of tri-n-butylphosphine, which was only used
within 48 hours of distillation. Results reported were

shown to be reproducible with different batches of ligand.

Trimethyl phosphite.——P(OCH3)3 was purchased from
Aldrich Chemical Co., Milwaukee, Wis. Some older samples
were shown by GLC to be only about 60 per cent pure. Tri-
methyl phosphite was purified by fractional distillation
at 111-112 degrees C at atmospheric pressure over sodium
and under nitrogen and shown to be pure by GLC prior to

USe .

Triethyl phosphi‘te.——P(OCZH5)3 was purchased from

Aldrich Chemical Co. and purified by fractional distillation



31

at 155-166 degrees C over sodium and under nitrogen at at-
mospheric pressures The compound was then shown to be

pure by GLC.

Triisopropyl phosphite.——P(OCH(CH3)2)3 was purchased
from Aldrich Chemical Co. and purified by fractional dis-
tillation at 60-62 degrees C and 10 torr pressure over

codium. The ligand was then checked for purity by GLC.

Triphenyl phosphite.——P(006H5)3 was purchased from
both Aldrich and Eastman Organic Chemical Co.'s and no
significant difference in quality was noted. The ligand,
as obtained, had a very noticeable odor of phenol, and this
impurity was identified by GLC. The ligand was first dis-
tilled over a small amount of sodium at about 0.1 torr and
160 degrees C to remove as much phenol as possible. (Excess
sodium appeared to result in decomposition of triphenyl
phosphite under these conditions). The distillate was then
redistilled without sodium at this temperature and pressure
until no phenol was observed crystallized in the condenser
and no odor of phenol could be detected. The ligand was

then shown to be pure by GLC.

Tri-n-Butylphosphine .-~ P(CHZCHZCHZCHB)B was purchased
from Aldrich Chemical Co. and purified by distillation at
150 degrees C and 50 torr pressure over sodium. Although the

ligand was then shown to be pure by GLC analysis, kinetic
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results were not reproducible after about two days. There-
fore, this ligand was stored under high vacuum and used
only immediately after purification. Care was taken to

reproduce results with different batches of ligand.

Triphenvlphosphine.-—P(06H5)3 was purchased from

Cincinnati Milacron, Reading, Ohio, and was recrystallized
from absolute ethanol four times and dried under high
vacuum. To obtain reproducible kinetic data, it was neces-

sary to redry the ligand immediately prior to use.

"Constrained" phosphite.—-U—methyl—z,6,7—trioxa—1—

phosphabicyclo[z.z.z]octane, P(OCHZ)BCCHS’ was prepared by
the method of Verkade51. One mole of 1,1,1-tris(hydroxy-
methyl)ethane (120 g) and one mole of trimethyl phosphite
(124 g) were combined and heated at reflux for 30 minutes.
Methanol was then removed by distillation at atmospheric
pressure. Unreacted trimethyl phosphite was removed by
distillation under nitrogen at reduced pressure. The
product was then purified by vacuum sublimation at 50 deg.
C and 0.2 torr pressure. This sublimation was repeated four
times before the compound was considered suitable for use.
No problems in reproducibility of data were encountered

with this ligand.

Complexes

(DTO)W(CQ)M.——(DTO)W(CO)Q was prepared by the method of
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Dobsonué. Tungsten hexacarbonyl (7.25 g) and 30 ml of DTO
were heated at reflux in xylene for four hours under nitro-
gen. This solution was then cooled and filtered and the
volume reduced to approximately one-fourth under reduced
pressure. An excess of petroleum ether was then added to

the solution, which was then placed in a freezer for 24
hours. The yellow crystals which precipitated from the sol-
ution were collected by suction filtration and recrystallized
from toluene-hexane. Carbonyl stretching spectrum (CH013)=
2019 (m), 1906 (vs), 1889 (vs), 1868 (s) em L. (ve = very

strong, s = strong, m = medium, w = weak, sh = shoulder)

(DTN)W(CQ)u.—-(DTN)W(CO)U was prepared by the method

of Dobson and Faber47. Tungsten nexacarbonyl (3 g) and DTN

(2 g) were dissolved in 350 ml of hexane and irradiated with
a Hanovia 450-W medium pressure UV lamp in an immersion
reactor for one hour under nitrogen. The reaction solution
wag then cooled and filtered and placed in a freezer for

ol hours. The yellow product which precipitated from the
solution was collected by suction filtration and recrystal-
lized from toluene-hexane. Carbonyl stretching spectrum

(CHCL,): 2019 (w), 1902 (vs), 1883 (g), 1848 (s) em™ L.

(DTN)W(CQ)4££OCHZQBCCH3.——(DTN)W(CO)uP(OCHZ)BCCHB was
jetected as an intermediate in the reaction of (DTN)W(CO)u
with the constrained phosphite and was isolated by the

following procedure: 0.5 g (1 x 10~ mole) of (DTN)W(CO)u
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and 3 g (2 x 10—2 mole) of P(OCH2)3CCH3 were dissolved in
150 ml of xylene in a 250 ml round-bottomed flask fitted
with a stopcock and a rubber septum of the type used in
kinetic flasks. The solution was kept under nitrogen and
the flask was placed in a constant temperature bath at 66.5
degrees C. Samples were withdrawn periodically and mon-
itored on the IR spectrophotometer. When the concentration
of intermediate had reached a maximum (about 1500 seconds),
the reaction was gquenched by removing the flask from the
bath and placing it in a freezer. After 24 hours, the sol-
ution was filtered and the solvent was almost totally re-
moved under vacuum and approximately 50 ml of hexane was
added to the flask, which was replaced in the freezer for
an additional three hours. The solution was then filtered
under nitrogen to remove precipitated W(CO)n(P(OCHz)BCCHB)2
and unreacted starting materials. This filtrate was then
taken to dryness under a stream of nitrogen to yield a
pale yellow residue, consisting of (DTN)W(CO)LPP(OCHZ)BCCH3
and unreacted P(OCHZ)BCCHB‘ This powder was then recrystal-
1ized from hexane three times to remove excess phosphites
The final yield of pure material was 8 mg. Carbonyl
stretching spectrum (CHClB): 2032 (w), 1921 (vs), 1905 (vs),
1882 (s) em™ L. Anal. Caled. for CpoHas0,PS,W: G 36,153
H, 5.01. Found: C, 35,81; Hy, 5.11.

The spectrum of (DTN)W(CO)LPP(OCHZ)BCCH3 is intermediate

to that of the starting material and final product:
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(DTN)W(CO),, in CH013”7 .

2019 (w), 1902 (vs), 1883 (s), 1848 (s) cm 73
(DTN)W(CO)LLP(OCHZ)BCCH3 in CHClB,

2032 (w), 1921 (vs), 1905 (ve), 1882 (s) em™1;

cig-W(C0), (P(0CH,),CCH;), in CH,01,7%,
2045, (m), 1950 (vs), 1924 (sh) em L.
The spectrum may also be compared with that of (SPE)W(CO)M
in CHC1353 (SPE = 1-diphenylphosphino—2—(methylthio)ethane):
2023 (m), 1914 (s), 1897 (s), 1871 (ms) em™ L.
The similarities among these specira indicate that the spe-
cies isolated in this investigation 1is cis- (DTN)W(CO), -

P(OCH,),CCH,, with the DTN ligand attached to the metal

2)3 3
through only one sulfur donor atom.
Solvents
Technical grade xylene was obtained from Scientific
Products, Inc. and purified by fractional distillation over
sodium (138-140 degrees ¢). The solvent was stored in an

amber bottle under nitrogen prior to use.
Determination of Rates

General
Reaction rates were determined by monitoring the decay
of substrate absorption bands in the vigible or infrared
region of the spectrum, a procedure to which substituted

metal carbonyl complexes are exceptionally well sulted5
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A1l bands monitored for kinetic purposes were found to obey
Beer's Law over the concentration range used. This was done
by preparing a series of dilutions of the complex in the
solvent used for kinetic studies, over an absorbance range
of about 1.0 to 0.05 absorbance units, and observing a
linear plot of absorbance Versus dilution.

Kinetic studies were carried out in 100 ml volumetric
flasks fitted with a stopcock and rubber septum, as shown in
Figure 14, which permitted sampling without contamination
of the reaction solution by air. A1l reactions were studied
under an atmosphere of nitrogen by purging the flask with
nitrogen prior to the run and adding reactants to the flask
under a stream of nitrogen. The substrate was placed in the
flask and a 50 ml solution of temperature equilibrated
solvent-ligand solution of known concentration was added.
Each ligand solution was individually prepared by weighing
a separate sample of purified ligand, and these solutions
were used immediately upon equilibration to the proper
temperature (usually a maximum of fifteen minutes). After
thorough shaking to ensure complete dissolution of the sub-
strate, the reaction solution was placed in a constant temp-
erature bath and allowed to reach thermal equilibrium (about
five minutes). Reactions requiring temperatures higher than
80 degrees C were carried out in an oil bath; lower temp-
eratures were achieved with a water bath. The. Haake model

R21 constant temperature circulators used maintained reaction
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rubber septum

| stopcock

1 14/20 glass joint

100 ml Pyrex
volumetric flask

Fig. 1l4--Reaction flask used for kinetic studies.
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temperatures to within 0.05 degree ¢. Small volumes of
nitrogen were injected into the reaction vessel before sam-
ples were withdrawn using a glass syringe and a ten inch
needle., Samples were withdrawn at timed intervals and im-
mediately analyzed on the appropriate spectrophotometer.
Pseudo first order reaction conditions were obtained
through use of ligand concentrations in 20-fold or greater
excegss of substrate concentrations. substrate concentra-
tions in the range of 10—4 molar were used, since this con-
centration range gave an initial absorbance reading of ap-
proximately 1.0 at the wavelengths monitored in the visible
region. Reactions were followed to at least two half lives
(75 per cent completion). Products were identified by
examination of the carbonyl stretching spectrum of the

completed reaction solution.

Specific Conditiong for Kinetic Reactions

Reactions of (DTO)W(CO)4 and (DTN)W(CO)u with phosphites
and phosphines were monitored on a Beckman DU-2 spectro-
photometer in a 1 cm pyrex cell at 430 and 425 nm respec-
tively. In the case of the reaction of (DTN)W(CO)Q with
constrained phosphite, complex consecutive reactions were
observed corresponding to the reaction of (DTN)W(CO)n and
the simultaneous decomposition of (DTN)W(CO)MP(OCHZ)BCCHB.
This complex behavior was caused by the presence of the two

yellow species, both absorbing significantly at L25 nm, as
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can be seen from the vigible spectra in Figure 15.

In the case of reactions of (DTO)W(CO),, and (DTN)W(CO)u
with trimethyl, triethyl, triisopropyl, and triphenyl phos-
phite, and for the reaction of (DTO)W(CO)M with the con-
strained phosphite, a solvent-ligand blank differing from
A o Dy 1less than 0.01 absorbance units was employed and
plots of 1n (At - Abl) versus time were linear to two or
more half lives.

In the case of the reactions of both substrates with
tri—g—butylphosphine and triphenylphosphine, a colored
product was formed and plots of 1n (At - Abl) versus time
were nonlinear. These reactions were monitored until a con-
stant A o was observed (six or more half lives); plots of
1n (AJG - AG,) ve. time were linear to at least 75 per cent
completion,

The reaction of (DTN)W(CO)u with the constrained phos-
phite was a complex consecutive reaction consisting of
rapid initial formation of a colored intermediate, which
slowly reacted to form colorless products. Plots of ln_(At
Abl) vs. time monitored at 425 nm were nonlinear during the
course of the fast reaction, but became linear during the
slow reaction, allowing calculation of the slower rate.

The rapid reaction was monitored at 445 nm and linear plots
of 1n (AJc - Abl) ve. time were obtained to over one half
1ife before nonlinear behavior was observed, as shown in

Figure 16. The rate of the fast reaction was calculated
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Fig. 16--Plot of time vs. absorbance for reaction of
(DTN)W(CO), with P(OCH2)3CCH3 in xylene at 66.5° C mon-
jtored at two different wavelengths. (Ordinate = absorb-
ance, Abscissa = time in sec X 10—3).
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from the initial linear portion of the plot.

The final products of 211 kinetic reactions studied
were the cis and some irans disubstituted products, as
determined from the snfrared spectra of the carbonyl stretch-
ing region of the reaction solution after the reaction was
complete. No evidence of carbonyl substitution products

was observed in any of these systems.



CHAPTER IIL
RESULTS

The rates of all reactions studied were found to be
dependent upon both the concentrations of substrate
and substituting ligand. The substrate dependence was
factored out through the use of pseudo first order reaction

conditions as described in Chapter I:

rate = ktrue[L'][Substrate]
= kobS[Substrate]
Kops = k'true[L']’

and the rate laws were deduced from the behavior of the
plots of kobs vs. ligand concentration and 1/kObS versus
1/[L*]. Studies of the temperature dependence of reaction
rates of (DTO)W(CO)u and (DTN)W(CO)U were made at three
different temperatures with triisopropyl phosphite as a
representative ligand and activation parameters were cal-
culated. Similar studies of temperature dependence of
reaction rates of both substrates were made using tri-n-
butylphosphine as a nontypical ligand and activation par-

ameters were calculated for these systems also.

L3



Liy

(D‘I‘O)W(CO))+

Results of the kinetic studies of the substitution
reactions of (DTO)W(CO)u with a series of phosphites and
phosphines in xylene at various temperatures are summarized
in Table I.

Kinetic studies of the reaction of (DTO)W(CO),, with
"typical" ligands trimethyl, triisopropyl, triphenyl, and
constrained phosphite and triphenylphosphine at 99.9 degrees
¢ are summarized graphically in Figures 17 and 18 in the
form of plots of kobs versus ligand concentration and
1/kObs versus 1/[L'] respectively. From the non-linear
behavior of the K ;o VSs ligand concentration plot and the
linear nature of the reciprocal plot, 1t may be inferred
that the active mechanism in these reactions is mechanism
II, as illustrated in Figure 10, involving reversible
dissociation of one end of the pidentate ligand followed
by attack of L' upon the five-coordinate intermediate.
Values of k1 and kz/k_1 were calculated from the intercept
and slope of the reciprocal plots as described in Chapter
I. These values are summarized in Table II. The k4
values of these substitution reactions at 99.90, within one
standard deviation, do not differ and may be averaged to
give a value of 23.2 (9) x 107% sec™l. This k, value varies
by 18.5 per cent and 13.4 per cent respectively from the k1
values of 27.5 x 1O'LP sec™!l for triethyl phosphite and 26.3



TABLE 1

RATES OF REACTION OF (DTO)W(CO)u WITH
PHOSPHORUS LIGANDS IN XYLENE

L5

Ligand Ligand Conc. Temperature K vs
moles/liter degrees C X 1OLP sec.”t
P(OCH3)3 0.155 99.9 3.42 (1)
0.183 3.62 (1)
0.208 h.25 (1)
0.270 5.20 (1)
0.347 6.49 (5)
0.541 8.67 (&)
1.041 13.28 (&)
P(OCH(CH3)2)3 0.491 89.9 1.65 (1)
0.566 1.87 (1)
0.663 2.10 (1)
0.729 2.22 (1)
0.849 2.51 (1)
1.199 3.35 (2)
1.296 3.48 (2)
1.472 3.61 (2)
0.173 99.9 2.04 (1)
0.266 2.97 (1)
0.340 3.70 (2)

0.428 4.39 (2)



P(006H5)3

0.512
0.590
0.823
1.215
0.179
0,197
0.246
0.269
0.312
0.386
0.468
0.590
0.808
1.280
1.702
0.125
0.167
0.245
0.303
0.383
0.399
0.432
0.752
1.100
1.798

1 Continued

109.9

99.9

5.20 (1)
5.60 (2)
7.31 (3)
9.7 (1)
6.06 (4)
6.71 (3)
7.84 (7)
8.40 (1)
9.74 (2)
11.1 (1)
13.09 (6)
16.55 (8)
19.0 (1)
24.7 (1)
30.3 (2)
1.15 (2)
1.54 (1)
2.21 (2)
2.61 (1)
3.40 (6)
3.53 (2)
3.56 (6)
6.1 (1)
6.8 (2)
8.5 (2)

L6



P(CéHB)B

P(OCHZ)BCCH3

P((CHZ)BCHB)B

0.182
0.243
0.278
0.326
0.392
0.967
0.138
0.190
0.227
0.323
0.406
0.527
0.710
0.172
.323
440
729
.962

(@]

o o O

1.156
1.394
0.059
0.085
0.094
0.120

0.160

I Continued

99.9

99.9

89.9

99.9

2.75 (5)
3.32 (4)
4,09 (2)
4,33 (&)
5.16 (9)
9.25 (8)
4.89 (2)
6.07 (7)
6.91 (&)
8.43 (8)
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Fig. 17--Plot of k . . Vs. [L'] for reaction of various
phosphorus ligands with(DTO)W(CO), in xylene at 99.9°C.
(Ordinate = Kk xlOu sec'l, Abscissa = [L'] in moles/1).
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Fig. 18--Plot of 1/Kgpg VS 1/[L'] for reaction of
(DTO)W(CO)y with various phosphorus ligands in xylene at
59.9°c. (Ordinate = 1/k x1075 sec, Abscisse = 1/[1'] 1/mole).
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X 10_4 sec”! for triisopropyl phosphite reported by Dobson”'6

under identical experimental conditions. This is consistent
with mechanism II, which predicts k4 to be independent of

the identity of L'.

TABLE II

RATE CONSTANTS FOR REACTION OF (DTO)W(CO)u
WITH PHOSPHORUS LIGANDS IN XYLENE

. Temperature ky kz/k_1
bigand degrees C x 10% sec™?  1liter/mole
P(OCH3)3 99.9 26. (5) 0.93 (&)
P(OCH(CH3)2)3 89.9 9.9 (7) 0.409 (9)

99.9 23. (1) 0.557 (5)

109.9 51, (4) 0.75 (1)
P(006H5)3 99.9 24, (4) 0.413 (7)
P(OCHZ)BCCHB 99.9 23. (2) 1.96 (8)
P(06H5)3 99.9 20. (4) 0.85 (4)

Results of kinetic studies of the substitution reaction
of (DTO)W(CO)M with triisopropyl phosphite at three different
temperatures are summarized graphically in Figures 19 and
20. The linearity of the reciprocal plots and curving
nature of the kobs vs. ligand concentration plots is con-
sistent with mechanism II at all three temperatures inves-

tigated. The calculated values of k1 and k_l/k2 gave linear
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. b .6 .8 1.2 1.4 1.6 1.8

Fig. 19--Plot of k. VS. [L'] for reaction of tri-

{sopropyl phosphite with (DTO)W(CO)A at different tempera-
tures. (Ordinate = k x10 ™ sec —, Abscissa = [L'] x moles/1).
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different tempera-

1
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Fig. 20--Plot of l/kobs

isopropyl phosphite with (DTO)W(CO)A at
tures. (Ordinate = 1/k x153 sec, Abscissa = 1/[L'] 1/mole).
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Eyring plots, as shown in Figure 21. Activation parameters

were calculated from these rate constants and are presented

in Table III.

TABLE ITI

ACTIVATION PARAMETERS FOR REACTION OF (DTO)W(CO)u
WITH TRIISOPROPYL PHOSPHITE IN XYLENE

Activation

Parameter Value
[&Hl* 22.0 (3) kcal/mole
As,” ~12.1 (7) e.us
Z&H_l* - [§H2* ~9.12 (7) kcal/mole
As_ - AS, ~23.3 (2) e.u.

Results of the kinetic studies of the reaction of
(DTO)W(CO)Q with tri-n-butylphosphine at three different
temperatures are summarized in the form of plots of kobs
vs. ligand concentration and 1/k . Versus 1/[L'] in Figures
22 and 23 respectively. Linear behavior of the kobs versus
ligand concentration plot and non-linear behavior of the
reciprocal plot indicate the predominant mechanism in this
system to be a direct attack mechanism, such as mechanism
I in Figure 9. The non-zero intercept of this kobs vse [L*]
plot, however, indicates that competition from another
mechanism must also be present in the system. Rate con-

stants for this reaction were obtained fron the slope of
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J
30
109.9°
99.9°
20
10 7
1 ¥
o) 1.0 2.0
Fig. 22--Plot of k. VS. [L'] for reactions of tri-n-
butylphosphine with (DTO)W(CO),, at different temperatures.

(Ordinate = k x 10 sec” ', Abscissa = [L'] in moles/liter).
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99.9°

L T U
0 10 20

Fig. 23--Plot of 1/kObs vs. 1/[L'] for reaction of
(DTO)W(CO)M with tri-n-butylphosphine at various tempera-
tures. (Ordinate = 1/k JnclO'3 sec, Abscissa = 1/[L'] 1/mole)
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the kobs vs. ligand concentration plots at each temperature

and are summarized in Table IV.

TABLE IV

SECOND ORDER RATE CONSTANTS FOR REACTION OF (DTO)W(CO)N
WITH TRI-n-BUTYLPHOSPHINE IN XYLENE

Temperature Rate Constant
degrees C « 10% liter / mole sec
89.9 Loy (1)
99.9 9.6 (2)
109.9 2245 (7)

From these rate constants, activation parameters for
¥*
this system were calculated to be AH = 22. (1) kecal/mole

and ZXS* = -14. (3) e.u.

(DTN)W(CO)u

Results of the kinetic studies of the substitution
reactions of (DTN)W(CO)u with different phosphorus ligands
at various temperatures are summarized in Table V.

Kinetic studies of the reaction of (DTN)W(CO)M with
trimethyl, triethyl, triisopropyl, and the constrained
phosphite and triphenylphosphine at 66.5 degrees C in
xylene are summarized graphically in Figures 24 and 25 in
the form of plots of k , VS [L'] and 1/kobs vs. 1/[L"]

respectively. Each of these reactions exhibited the curving




TABLE V

RATES OF REACTION OF (DTN)W(CO)u WITH
PHOSPHORUS LIGANDS IN XYLENE

Ligand Ligand Conc. Temperature K v
moles/liter degrees C X 10u sec. T
P(OCH3)3 0.134 66.5 6.12 (7)
0.169 6.62 (5)
0.248 7.52 (1)
0.322 7.93 (0)
0.502 8.35 (6)
1.348 8.97 (7)
1.643 9.5 (1)
P(OCZHS)B 0.114 6645 6.9 (1)
0.129 7.17 (8)
0.173 8.62 (7)
0,185 9.1 (1)
0.277 10.8 (2)
0.459 13.8 (2)
0.682 14.8 (3)
0.959 15.5 (1)
1,098 16.15 (8)
1.592 16.89 (6)
P(OCH(CHB)Z)B 0.140 5645 1.94 (2)

0.183 2.42 (3)
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Fig. 24--Plot of kobs vs, [L'] for reactions of various
phosphorus ligands with (DTN)W(CO)), in xylene at 66.5°.
(Ordinate = k x10 sec™l, Abscissa = [L'] in moles/1).
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Fig. 25--Plot of 1/_kobS vs. 1/[L'] for reaction of
(DTN)W(CO)M with various phosphorus ligands in xylene at
66.5°. (Ordinate = 1/k x107> sec, Abscissa = 1/[L'] 1/mole).
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plot of k_, . Vs. ligand concentration and linear reciprocal

bs
plot characteristic of mechanism II. (The reaction of

(DTN)W(CO)Q with the constrained phosphite consisted of

two consecutive reactions. The initial rapid reaction was
comparable to the reaction of the substrate with other
"typical" ligands and will be considered here. The second-
ary slow reaction will be discussed 1in a later section.)

Values of k, and kz/k_1 were calculated from the intercept

1
and slope of the reciprocal plots as previously discussed.

These valuegs are summarized in Table VI.

TABLE VI

RATE CONSTANTS FOR REACTION OF (DTN)W(CO)u
WITH PHOSPHORUS LIGANDS IN XYLENE

Temperature ky kz/k 1
Ligand L -1 -
degrees C x 107 sec liter/mole
P(OCH3)3 66.5 9.8 (1) 12.7 (5)
P(OCZH5)3 66.5 19.3 (4) Lhy71 (9)
P(OCH(CH3)2)3 5645 11.8 (5) 1.40 (2)
6645 40,9 (4) 1.284 (3)
6.5 125. (8) 1.23 (2)
P(OCH2)300H3 6645 29. (1) 5.6 (2)
P(c6H5)3 6645 32. (4) 2.5 (1)

The k1 values of these substitution reactions at 66.5° do
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not agree well. However, if the values of k1 for the tri-
methyl and triethyl phosphites are not considered, the

values of the other k,'s at 66.5 C may be averaged to give
a value of 34. (3) x 10—4 sec”t, The values of k, for
triisopropyl phosphite, the constrained phosphite, and
triphenylphosphine, within two standard deviations, agree

with this value, while the k1 values of trimethyl and tri-

ethyl phosphite do not. Dobson and Faber47

values of 8.84 x 1O—LL sec—1 for trimethyl phosphite and

18.5 x 10-4 sec™! for triethyl phosphite under identical

reported k1

experimental conditions. These k1 values vary by 9.8 per

cent and 4.2 per cent respectively from those reported in

this study. Dobson and Faber47

I

also reported k1 values

of 38.8 x 10~ sec” ! for triphenyl phosphite and 36.0

X 10"LL sec™ T for triisopropyl phosphite. These k, values
differ by 14.1 per cent and 5.9 per cent respectively from
the average k, value obtained in this investigation. From
these results, it may be concluded that (DTN)W(CO)u reacts
with phosphorus ligands via mechanism II, but this mechanism
is somehow perturbed in the cases of trimethyl and triethyl
phosphite.

Plots of K pe Versus ligand concentration and reciprocal
plots for the reaction of (DTN)W(CO)a with triisopropyl
phosphite are shown in Figures 26 and 27 respectively for
three different temperatures. Behavior of these plots is

consistent with mechanism II at all three temperatures.
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Fig. 26--Plot of Kops VS [L'] for reaction of tri-
isopropyl phosphite with (DTN)W(CO)A at different tempera-
tures. (Ordinate = k x10 sec'l, Abscissa = [L'] moles/1).
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Fig. 27--Plot of 1/k_, . Vs. 1/[L'] for reaction of tri-
isopropyl phosphite with (DTN)W(CO)A at different tempera-
tures. (Ordinate = 1/k x1073 sec, Abscissa = 1/[L'] 1/mole).
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Values of k1 and k_l/k2 were calculated from the intercepts
and slopes of the reciprocal plots, and these values gave
linear Eyring plots, as illustrated in Figure 28. Activa-
tion parameters were calculated from these rate constants

and are summarized in Table VII.

TABLE VII

ACTIVATION PARAMETERS FOR REACTION OF (DTN)W(CO)LP
WITH TRIISOPROPYL PHOSPHITE IN XYLENE

Activation Value
Parameter
* 26.3 (6) kcal/mole
A\Hy
stl* 8. (2) e.u.
ZSH_l* - Z&Hz* 0.8 (4) kcal/mole
Z&S_i* - [&SZ* 2. (1) e.u.

Plots of kobs versus ligand concentration and 1/kObs
vs. 1/[L'] for the reaction of (DTN)W(CO)Q with tri-n-butyl-
phosphine at three different temperatures are shown in
Figures 29 and 30 respectively. As was the case with the
(DTO)W(CO)u system, the plot of k . vs. ligand concentra-
tion was linear and the reciprocal plot was non-linear, in-
dicating the presence of a direct attack mechanism at all

three temperatures studied. The non-zero intercepts of the

plots of k., Vs, [L'] indicate the coexistence of another
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Fig. 28--Eyring plot of rate constants of reaction

of (DTN)W(CO)u with triisopropyl phosphite at different

-1 -1

temperatures in xylene. (Ordinate = kl/T X 106 sec deg

or k_,/k,, Abscissa = 1/T degree™l).
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Fig. 29--Plot of k_, _ Vs. [L'] for reaction of tri-n-
butylphosphine with (DTN)W(CO)A in xylene at different
temperatures. (Ordinate = k x 10 sec-l, Abscissa = [L']
in moles/liter)
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Fig. 30--Plot of 1/k_, _ Vs. 1/[L'] for reaction of
tri-n-butylphosphine with (DTN)W(CO), at different temp-
eratures in xylene. (Ordinate = 1/k x 10"3 sec, Abscissa
= 1/[L'] in liter/mole)
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mechanism in this system. Rate constants for these reactions
were obtained from the slopes of the plots of kobs versus

ligand concentration and are given in Table VIII.

TABLE VIII

SECOND ORDER RATE CONSTANTS FOR REACTION OF (DTN)W(CO)M
WITH TRI-n-BUTYLPHOSPHINE IN XYLENE

Temperature Rate Constant
degrees C x 10% liter / mole sec
56.5 10.8 (3)
66.5 32.5 (8)
76.5 133. (8)

From these rate constants, activation parameters for
the reaction of (DTN)W(CO)M with tri-n-butylphosphine were
calculated. These values were as follows: ZXH* = 28. (3)
kcal/mole and [&S* =12+ (7) e.u.

The plot of kobs vs. ligand concentration for the
second part of the reaction of (DTN)W(CO)u with the con-
strained phosphite is included in Figure 24. The linear
nature of this plot and the zero slope are indicative of a
simple first order reaction, as discussed in Chapter I.
This reaction probably corresponds to the loss of DTN by

the intermediate (DTN)W(CO)AP(OCH CCHB, followed by rapid

2)3
steps to yield the final disubstituted product.



CHAPTER IV
DISCUSSION

The substitution reaction mechanisms of (DTO)W(CO)LP
and (DTN)W(CO)U with various phosphorus ligands may be
divided into three different categories, dependent upon
the identities of both the metal carbonyl complex and L'.
These may be classified as Path A (mechanism II as shown in
Figure 10), Path B (perturbation of mechanism II), and Path

C (complex variation of mechanism I as shown in Figure 9).

Path A
Mechanism II consists of simple reversible dissociation
of one end of the bidentate ligand, followed by attack of
L' on the resultant five-coordinate intermediate. This
path may be identified by the following criteria: curving

plots of k., . Vvs. ligand concentration, linear plots of

bs
1/kObS versus 1/[L'], and values of k, invariant with iden-
tity of L'. These characteristics are exhibited by the
systems (DTO)W(CO)Q with trimethyl, triethyl, triisopropyl,
triphenyl, and constrained phosphite, and triphenylphosphine
and (DTN)W(CO)M with triisopropyl, triphenyl, and constrained
phosphite, and triphenylphosphine.

Values of kz/k_1 for these systems should reflect the

discriminatory behavior of the five-coordinate intermediate

74
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in reacting with L' or rechelating to reform starting com-
plex, and may be considered as competition ratios. These
competition ratios should be an index of the relative rates
of attack of the various L' upon this intermediate, since

the value of k_, must be independent of L', and should vary

1
in the order of nucleophilicity of the different ligands.
Calculated values of kz/k_1 for the reaction of (DTO)W(CO),
with these ligands are given in Table II and vary in the
order P(OCH,),CCH, > P(0CH,;) 45 D> P(CgHy) 5 D P(002H5)3>46
P(OCH(CH3)2)3 >'P(006H5)3' Since nucleophilicity is de-
pendent upon both steric and electronic properties, i.e.

is greatest for the smallest and most basic L', the observed
seriegs is quite reasonable. The above ligands vary in size,
as measured by cone angle55, in the order P(OCH2)3C0H3<:
P(OCH, ), (13(002}{5)3 <P(OCH(CH3)2)3 <P(OC6H5)3 C P(CgH,) 5.
'I‘olman56 has derived a method of measuring electron donor-
acceptor properties of phosphorus ligands based upon car-
bonyl stretching frequency variation. These parameters

56

have shown an excellent correlation with pKa values and
indicate that electron donating abilities of these ligands
decrease in the order P(CgH.), > P(OCH(CH,),) 5 > P(0C,H,),
>P(OCH3)3 > P(0CgH) 5 > P(OCH,)4CCH;. From the observed
variation of competition ratios with (DTO)W(CO)u, it may be
concluded that the predominant effect in these systems is

exerted by steric considerations, except in the case of

triphenylphosphine, in which a strong electron donor effect
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overcomes a large steric factor.

Values of kz/k_1 for systems in which (DTN)W(CO)M fol-
lows this path (see Table VI) vary in the order P(OCH2)3CCH3
)>P(06H5)3j> P(006H5)347;> P(OCH(CHB)Z)B' This sequence
follows the trend established by the reactions of the DTO
complex, with the exception of triphenyl phosphite, which
has a slightly higher value of kz/k_1 than predicted.

Although the values of kz/k_1 observed in these systems
do follow definite trends in reactivity, as discussed above,
the actual values of these competition ratios exhibit a
relatively small variation, e.g., less than ten-fold. This
indicates that the five-coordinate intermediate combines
with all of the ligands in this series at approximately the
same rate. From this observation, it may be concluded that
the reaction of the intermediate with L' is an associlative
process involving a small activation energsz. This con-
clusion is reached by the following process: if the tran-
sition state possessed many properties of the product mole-
cule, i.e. involved a large amount of bond formation, the
values of the competition ratios would reflect a marked
dependence upon the nature of L'. However, this dependence
is negligible. Therefore, very little bond formation is
present in the transition state of the reaction of the five-
coordinate intermediate with L'. The minimal variations of
the competition ratios also indicate that kl involves essen-

tially complete rupture of the metal-bidentate ligand bond.
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Activation parameters were measured for this path for
both (DTO)W(CO)u and (DTN)W(CO)Q, using triisopropyl phos-
phite as a typical ligand, and these values were listed in
Tables III and VII respectively. Since kl is a dissociative
process involving little change in the order of the system,
Z&sl* would be predicted to be a low positive value. There-
fore, the Z&Sl* value of -12.1 e.u. reported for (DTO)W(CO),
is initially quite surprising. However, Angelici57 has
reported that aromatic solvents, such as xylene, interact
quite strongly in the transition state to markedly reduce
the entropy of activation. This solvent effect is indica-
tive of an interchange (I) process, such as that discussed

58

by Langford and Gray~ , although the relatively nonpolar

solvent used in these studies should minimize such effects.

The interchange model for this system (MB2 substrate com-

plex, S = solvent molecule) would be
kf kl
M32 < (MBS,B) = MBS + B
K ¢ kg
k

MBS + L' —Z24 MBL'.

However, an I mechanism is assigned when no evidence can be
produced for a reactive intermediate59, which is not the

case in these systems. A strictly dissociative (D) or S,1

N
limiting process is ruled out by the low values of szl*'

Therefore, the "intimate mechanism" for the initial reaction

in these systems must be Id, an interchange process of the
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dissociative type, which is characterized by the formation
of an intermediate with a very short lifetime59.

A comparison of enthalpies of activation for the re-
actions of (DTO)W(CO)u and (DTN)W(CO)M with triisopropyl
phosphite reveals that ZXHl* for the DTN complex is higher
than for the DTO complex, contrary to the observed order of
reactivity. Therefore, it appears that the larger entropy
of activation in the initial dissociative step for
(DTN)W(CO)u is responsible for these reaction rates. This
entropy effect may arise from the greater steric require-
ments of the six-membered chelate ring.

It may be assumed that the five-coordinate intermed-
iates formed by the dissociation of one end of the bidentate
ligand have approximately the same energies for both the
DTO complex and the DTN complex, since k1 has been shown to
involve almost complete rupture of the metal-bidentate
ligand bond, as previously discussed. Therefore, ZXHZ*
should also be about equal for both complexes, since the
intermediates have approximately the same energies and the
transition states do not resemble the products, as is indi-
cated by the slight variations in the competition ratios.
Since Z&HZ* is approximately equal for both complexes, and
ZXH—l* - [&HZ* and ZXHl* are known for both systems, the
potential energy diagrams may be superimposed, as shown in
Figure 31. From this diagram, the return of the free end of

the bidentate ligand is approximately 9.9 kcal/mole less
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Fig. 31--Potential energy diagram for reaction of
(bidentate)w(co)u with triisopropyl phosphite in xylene.
(Ordinate = energy in kcal/mole, Abscissa = reaction
coordinate)
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energetically favorable for (DTN)W(CO)u, and therefore the
ground state energy for (DTO)W(CO)M is approximately 5.6
kcal/mole lower than that of (DTN)W(CO)u. This demonstrates
the increased stability of the five-membered chelate ring
relative to the six-membered ring system, which has been
attributed to enthalpy effects rather than entropy fac-
torsBO. Indeed, it has been shown in some systems that the
additional ring strain inherent in a six-membered chelate
ring is alleviated by lengthening of the metal-bidentate
ligand bonds, which may account for the higher ground state
energyéo. However, heats of formation data indicate that
five-membered chelate ring systems, relative to six-membered
analogs, are stabilized by only 1.3 to 2.2 kcal/moleBO.
The greater difference observed between (DTO)W(CO)u and
(DTN)W(CO)M may be due to structural differences in the
molecules caused by steric effects of the larger ring
system and its substituents.

The reaction of the constrained phosphite with the
DTN complex follows: a complex path consisting of initial
formation of a stable intermediate via mechanism II followed
by unimolecular reaction of this intermediate to form cis

and trans W(CO)M(P(OCH CCH3)2, as discussed in Chapter II.

2)3
The intermediate formed in the reaction of (DTN)W(CO)Q

with the constrained phosphite has been isolated and iden-

tified as the compound (DTN)W(CO)uP(OCHZ)BCCHB, with the

DTN moiety bonded to the metal atom through only one sulfur
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donor atom, by examination of the carbonyl stretching
spectrum. This spectrum is shown in Figure 32, along with
those of the substrate and final product. Similarities among
the spectra indicate that the molecule is six-coordinate and
of a C2v local symmetry. A trace amount of the analogous
intermediate was detected in the reaction of (DTO)W(CO)4
with the constrained phosphite by monitoring this reaction
in the infrared, but the decay to products was too rapid at
the temperatures required for the initial reaction to permit
isolation of the intermediate or to interfere with rate
measurements of the initial reaction. Structures of this
type, having a bidentate ligand coordinated through only

one site, are not unknown. Connor and coworkers61 prepared
and characterized a series of complexes in which only one
end of a bidentate phosphorus ligand was bonded to the metal

62 isolated a number of com-

atom, and Knebel and Angelici
plexes in which a phosphorus-nitrogen donor bidentate ligand
was bonded only through phosphorus by the protonation of the
nitrogen. The fact that a stable intermediate is formed
only when L' is the constrained phosphite is somewhat un-
expected, since P(OCHZ)BCCH3 is the weakest electron donor
among the ligands used in this study56’63. The stability

of this complex can be attributed in part to steric effects,
since P(OCHZ)BCCH3 is the smallest ligand used in this

55

study » but the size differential between it and trimethyl
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phosphite is not great enough to account for all of the
increased stability. Verkade and Piper63 have noted that
the constrained phosphite forms a number of coordination
complexes which are not formed by similar, non-constrained
phosphites. Chemical shift and coupling constant data in-
dicate that a change in hybridization occurs on constraining
the molecule into a bicyclic structure63. This change in
hybridization should increase the s character of the donor
orbital on phosphorus, which would lead to formation of a
stronger sigma bond and account for the increased stability
of the (DTN)W(CO)LLP(OCHZ)BCCH3 complex. The isolation of
this species as a reaction intermediate, which is predicted

by mechanism II, may be considered strong evidence in

support of this mechanism.

Path B

Reactions of (DTN)W(C0), with P(OCH3)3 and P(OCZHS)B
exhibit the curving plots of kobs vs. ligand concentration
and linear reciprocal plots characteristic of the previously
discussed mechanism. However, the reactions of (DTN)W(CO)u
with these two ligands yield non-common values of kl’ which
is not consistent with this mechanism.

The comparative sizes, as measured by cone angle55, of
the phosphorus ligands used in this study which exhibited

behavior indicative of mechanism II are shown in Table IX.
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TABLE IX
CONE ANGLES OF PHOSPHORUS LIGANDS

Ligand Congeg?gle
P(OCHZ)BCCHS 102 (2)
P(OCH3)3 107 (2)
P(002H5)3 109 (2)
P(OCH(CH3)2)3 114 (2)
P(OC6H5)3 121 (10)
P(06H5)3 145 (2)

The two ligands exhibiting perturbed behavior share the
common property of small size. The constrained phosphite
also shares this property, but it exhibits unique behavior,
as previously discussed. This small size may enable the
complex to form a seven-coordinate activated complex by re-
closure, or partial reclosure, of the chelate ring. If the
phosphorus ligand was not strongly bonded to the metal atom,
as would be the case with weakly basic trimethyl and triethyl
phosphite, although not strongly sigma bonding constrained
phosphite, this ring reclosure could result in expulsion of
L' and return to substrate, as illustrated in Figure 33.
This mechanism will yield the steady state rate ex-

pression
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k, k k.[Bidentate][L"]

-d [Substrate] = 1723 .
1
at k_y (kg + k) + Ky [L7] (ky + k_y,)
Unider pseudo first order reaction conditions, kobs may be
expressed as
]
K. = K kpks[L] :

obs :
k—i(k3 + k_j) + ky[L ](k3 + k)

This expression is of the same general form as that for

mechanism II and may be rearranged to yield

1/k

A plot of 1/kobs vee. 1/[L'] for this expression will be

obs = k_i(kB + k_n)/klkZKB[L?] + (k3 + k_u)/k1k3.

linear with a slope of k—l(kB + k—u)/k1k2k3 and an intercept
of (k3 + k_u)/klks; This intercept term reduces to l/k1 +
k-b/kikj' Therefore, intercepts of reciprocal plots for
reactions following this pathway would be greater than for
those following the unperturbed path. Since k1 is independ-
ent of L', the true value of k1 may be obtained from other
reactions in which only mechanism II is operative. This

enables k_u/k3 to be calculated by the relationship
k—h/kB = change in intercept / true intercept.

Using this expression, values of k_u/k3 were calculated to
be 2.51 for trimethyl phosphite and 0.77 for triethyl
phosphite. The presence of this term accounts for the non-
common values of k1 calculated for these systems.

The values of kz/k_1 can be calculated for these
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systems as the ratio intercept/slope. These values are
included in Table VI, and indicate the competition ratio
for trimethyl phosphite to be greater than that of triethyl,
as would be predicted on the basis of steric effects.

The presence of a ring closure and return to substrate
step in this mechanism accounts for the observed rate law
in these (DTN)W(CO)u systems. A similar mechanism may
account for the rate behavior of the (tmpa)W(CO)u systems
investigated by Dobson and Faber47 and Moradiéa. These
systems obey the rate law of mechanism II, but exhibit non-
common valuesg of kl' The presence of a seven-coordinate
transition state formed by ring reclosure has also been in-
voked to explain the rate behavior of (dipy)Cr(CO)u by
McKerley, Faber, and Dobson65. In the case of this complex,
it is postulated that the seven-coordinate activated complex

can also react by expulsion of a carbonyl group to form

trisubstituted products.

Path C
When a very strong nucleophile, such as tri-n-butyl-
phosphine reacts with (DTO)W(CO)u or with (DTN)W(CO)u, a
third reaction path becomes evident. This pathway is char-
acterized by linear plots of kobs versus ligand concentra-
tion and non-linear reciprocal plots. Behavior of this type
is indicative of a direct attack mechanism, such as mech-

anism I in Figure 9. However, the presence of non-zero
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intercepts of the kobs vs. ligand concentration plots is
indicative of a complex mechanism, since a simple direct
attack mechanism would exhibit a zero intercept. These
criteria are met by the mechanism shown in Figure 34.

The steady state rate law for this mechanism will be
L | 1 ]
- d[Substrate] = (k1k2 + k_1k5 + k2k5[L DIt ][Substrate].

]
dt k_, + k(L]

Utilizing pseudo first order reaction conditions, k will

obs
be expressed by

2
]

_ (k. k, + k .k )[L'] + k. k. [L"
Kope = —12 -1%57 25

k_, F k,[L']

Although tri-n-butylphosphine is a very strong nucleophile,
the lack of discrimination evidenced by the five-coordinate
intermediate with other phosphorus nucleophiles indicates
that the value of kz/k_1 for this system should not be great
enough to allow neglect of the k__1 term in the denominator

of the complete rate law. If this term could be neglected,

the kobs expression would reduce to
_ (ki k, + kL k) + kk [L']
kobs = 172 =175 25 .
kp

which is equal to

Kope = (kiky + k_1k5)/k2 + kS[L'].
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Although this expression will yield a linear plot of kobs
vs. ligand concentration with a slope of k5 and a non-zero
intercept, this intercept term will be equal to the value
(k, + k_1k5/k2), and the observed intercepts are less than
kl' Therefore, it is apparent that the k_1 term in the
denominator of the rate law may not be neglected.

The rate law may also be rearranged to give the

expression

k =

k, k. [L']
obs 1 2

+ kS[L'].

k , + k, L'

-1 2

This expression shows the competing mechanisms, and a
superimposition of the two rates may give a fairly linear
plot over the concentration ranges used in this study, al-
though this plot would deviate from linearity at very low
concentrations of L°'.

The slope of this plot, however, should approximate the
value of kS' The values of k5 obtained from these plots
are given in Tables IV and VIII. Unfortunately, this
mechanism is too complex to allow calculation of any other
rate constants. The activation parameters obtained for
this system are indicative of an I, process, although the
similarity of these values to those obtained with triiso-
propyl phosphite may indicate that the separation of the

competing paths is incomplete in this system.



CHAPTER V
CONCLUSIONS

The overall mechanism for the reaction of (DTO)W(CO)U
and (DTN)W(CO)u with phosphorus ligands in xylene is il-
lustrated in Figure 35. This mechanism may be broken down
into three discrete pathways: Path A, governed by kl’k—l’
k2’k3; Path B, governed by kl’k-l’kz’kB’k-h’k-S; and Path
C, governed by kl’k-i’kz’kB’kh’kS' The choice of pathway
is determined by the identity of the metal carbonyl com-
plex and the steric and electronic nature of L'. Path A is
followed by "typical" ligands with both (DTO)W(CO)u and
(DTN)W(CO)Q. Path B is taken by sterically non-demanding
ligands, such as trimethyl and triethyl phosphite, with
(DTN)W(CO)u, although the constrained phosphite does not
react via this mechanism, possibly because of the presence
of an exceptionally strong sigma bond between the metal
atom and the phosphite, as discussed in Chapter IV. Path
C is taken by extremely strong nucleophiles, such as tri-n-
butylphosphine, with both (DTO)W(CO)Q and (DTN)W(CO)Q.

The rate behavior of each system is consistent with
this mechanism. Further support of this mechanism is
obtained by the isolation of the intermediate species

(DTN)W(CO)LLP(OCHZ)BCCH3 formed by attack of L' on the five

91
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coordinate intermediate formed by dissociation of one end

of the bidentate ligand, as predicted by this mechanism.

The species (DTO)W(CO)M'P(OCHZ)BCCH3 would be predicted to
have approximately the same energy as its DTN analog, but
this species could not be isolated because of the lower
ground state energy of (DTO)W(CO)u compared to (DTN)W(CO)u.
This energy differential causes (DTO)W(CO)Q to require much
higher temperatures to undergo substitution, and the inter-
mediate is too reactive to be isolated at these temperatures.
The presence of a seven-coordinate activated complex is
necessitated by the direct attack mechanism evidenced in

the reactions of both (DTO)W(CO)Q and (DTN)W(CO)Q with tri-
n-butylphosphine. The principle of microscopic reversibility
then dictates the presence of k_ and k_5, which are demon-
strated in Path B.

Deviation of the activation parameters for ki and k5
from the values predicted for an SNl (l1imiting) process and
an SN2 (1imiting) process respectively is indicative of an
interchange mechanism. Therefore, it is concluded that k1
represents an Id process and k5 an Ia mechanism.

The presence of Path B in the DTN complex, but not the
DTO complex, may be indicative of a difference in structure
between the two complexes. It is possible that the ring
strain of the six-membered ring system in (DTN)W(CO)u

causes a distortion of the octahedral symmetry and makes
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possible the reclosure of the chelate ring for this complex,
when it is sterically impossible for (DTO)W(CO)u. X-ray
crystallographic studies are currently in progress to deter-

mine the structure of these compounds.
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