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Steric and Electronic Effects in Linkage Isomerization Reactions of
M(CO)s(L) (M = Cr, Mo, W; L = 2-methyl-2,3-dihydrofuran,
2,3-dihydropyran)
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Time-resolved infrared absorption spectroscopy is used to investigate the kinetics of the linkage
isomerization reaction M(CQy;*-L) — M(CO)s(5?-L), where M= Cr, Mo, or W, and L= 2-methyl-
2,3-dihydrofuran or 2,3-dihydropyran. Photolysis of M(G®) cyclohexane in the presence of excess L
produces they! (O-bound) isomer as the sole kinetic product. The kinetic product subsequently reacts
intramolecularly to form an equilibrium mixture of thg and#»? (C=C bound) isomers. Activation and
equilibrium parameters are derived for the reactions and compared with previous results for linkage
isomerization of the M(CQJdihydrofuran) complexes. The results of the experimental study, supported
by DFT calculations, indicate that for M W the kinetics of the;* — 52 isomerization depend primarily
on how close the double bond is to the metal atom inzthesomer, while the thermodynamics of the
nt == 2 equilibrium are determined primarily by electronic factors. In contrast, for=NCr and Mo,
both steric and electronic factors play a role in the isomerization kinetics.

Introduction

Two complexes that differ only in the atom through which
an ambidentate ligand binds are knowrliakage isomers The
phenomenon of linkage isomerization was first reported in

ligands such as N and SQ, the process has been investigated
in complexes with organic ligands as well.

In a previous report from our laboratory, we presented an
interesting example of* — %? linkage isomerizatio®'°When
a cyclohexane (CyH) solution of M(C®JM = Cr, Mo, or W)

18572 and the kinetics of the process continues to be a subjectundergoes flash photolysis in the presence of excess 2,3- or

of considerable interedt® While most research on linkage

2,5-dihydrofuran (DHF), the sole kinetic product, formed with

isomerization has involved complexes that contain inorganic a room-temperature bimolecular rate constant-f—10" L
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mol~t s71, is M(CO)(#*-DHF), in which the ligand is bound

to the metal through its oxygen atom. On a significantly longer
time scale (ms to s), thg' complex undergoes an intramolecular
linkage isomerization reaction to form thé structure, in which
the ligand is bound to the metal via its double bond, reaction 1,
shown here for M= W, L = 2,5-DHF:

co co
‘ .,.I'COG kiz ‘ wC )
oc—w—ao | oc—w—| 0
oc” ‘ ka1 oc” ‘
co co

In general, reaction 1 does not go to completion, but rather
to an equilibrium mixture of the two linkage isomers. We found
that for the complex containing a given isomer of DH&y
(defined as [M(COY#2-L)]./[M(CO)s(r*-L)] ) is larger when
M = W than it is when M= Cr or Mo, due to the softer metal’s
greater preference for theacceptor ligand. On the other hand,
the  — 5?2 isomerizatiorrate proceeds in the order Ma Cr
> W, the usual reactivity order of the group 6 metals. We also
found that for a given metal the isomerization is faster for 2,3-
DHF than it is for 2,5-DHF. This difference in kinetics is due
primarily to differences im\H* rather tham\S" and is apparently
a consequence of the smaller amount of rearrangement required
for the isomerization when & 5!-2,3-DHF as well as of the
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conjugation of the double bond’s system to the p orbitals of  after which it impinges on an InSb~60 ns rise time) or MCT

the O atom in 2,3-DHF! (<20 ns rise time) detector. The raw signal from the detector is
In the present report, we extend our previous work to include converted into the time-dependent absorbance chawgeFirst-

7t — 2 linkage isomerization of M(C@). complexes where oro_ler or pseudo-ﬁrst-order rate constamtsd are determined from

L = 2-methyl-2,3-DHF (MeDHF) or 2,3-dihydropyran (DHP). & linear fit to IfAA; — AAx. o

Our choice of these two ligands was motivated by our interest CYH was obtained in HPLC grade and distilled from Na/-

in understanding how changing the electronic and steric benquhe_none._ '_I'he other reager!ts were obtained from commercial

properties of the ligand affects the overall reactivity. We chose SUPPIiers in purities of97% (confirmed byH NMR for MeDHF

to study linkage isomerization of M(CEMeDHF) because, ~ 2d DHP) and used without further purification. _ _
on one handy!-MeDHF should be a stronger electron donor DFT calculations were performed by using the Gaussian 98 suite
than#1-2,3-DHF, and hence more reactive toward reaction 1 of programs'é Transition states were calculated by using the STQN

. o . A method; in all cases, the calculation yielded a single negative
V&Z‘g&gncéﬁpfégegi;ﬁ SI((j)(\j/\I/tI?hnealr:;ec:rtligﬁri(r)lvthdel gg mWTehave frequency for the transition state (while in no case did a calculation

. . . of a structure corresponding to an energy minimum yield a negative
pbservgd such compet!tlon betvvpen steric and ele_'ctronlc faCtorSfrequency). Most of the calculations were done by using the B3LYP
in the ligand substitution reactions of the transient complex

- - functional with the CEP-31G* basis set for all of the atoms. As
W(CO)5(CyH) with 2-methylfuran and 2,5-dimethylfurdhand described below, in order to check the accuracy of the calculated

Stringfield and Shepherd reported that the preferred coordination yeometries, additional calculations were performed on the W{CO)
geometry of aminopyridines to W(C&Xpoth the kinetic product  complexes in which the B3PW91 functional was used instead of
distribution and the thermodynamically favored linkage isomer) the B3LYP, or in which the LANL2DZ basis sétwas used for
depends on a finely tuned balance of electronic and steric the W atom, or in which both changes were made.

factors!3 Our study of reaction 1 with = DHP was motivated
by our desire to learn what influence (if any) the size and

. S Results
structure of the gH2,—>O ring have on the kinetics and
thermodynamics of the linkage isomerization reaction. General. Qualitatively, the kinetic behavior of the systems
studied here follows a similar course to that previously observed
Experimental Section for the reactions of M(CQJCyH) with DHF. The sole initial

kinetic product of the reaction, formed with a rate constant on

The apparatus on which these experiments were performed haghe order of 10 L mol~! s, hasvco corresponding to those
been described in detail previousfyso only a brief description is of a o-donor ligand, and we assign to it the structure M(60O)
given here. Reaction takes place in a 0.5 mm path length RaF (7*-0O-L). On a longer time scale, thig' complex undergoes a
cell, in which a CyH solution containing (0-8) x 1073 mol L™* further reaction to form a second product, witko similar to
M(CO)s and a large excess of L is photolyzed by the pulsed output those seen in alkene complexes, and to which we assign the
of a XeCl excimer laser (308 nm;20 ns/pulse, typically 66100 structure M(COY(#2-C,C-L). The 52 structure of the second
mJ/pulse). The photolysis pulse causes ejection of a CO ligand a“dproduct has been confirmed iy NMR for W(CO)(2,5-DHF)?
formation, within the laser flask,of the solvated complex M(C®) Typical SFTIR results for the photolysis of a CyH solution
(CyH). Carbonyl stretching frequencieg:() of this intermediate containing Cr(CQY and excess MeDHF are shown in Figures
and any reaction products that appear withii00 us of the 1 and 2. The spectra show the disappearance of the CHCO)
photolysis flash are determined by time-resolved step-scan FTIR (CyH) iﬁtermed?ate formed at the flgsr.)h and the formation of

(SPFTIR) spectroscopy. For reaction products that appear on longer . . .
time scales, values ofco are determined by exposing a solution 1€ two linkage isomers of Cr(CeiMeDHF), with Cr(CO}-

containing M(CO} and excess L in CyH to multiple pulses from  (7'-MeDHF) appearing during the first 20s following the

the UV laser and then measuring its IR spectrum normally. phptolyss and formation of Cr(Cg()?Z-MeDHF) occurring on
Once the relevant IR absorption frequencies have been deter-@ time scale of several hundred microseconds.

mined, the isomerization kinetics are measured by using time- In Figure 2, the spectra corresponding to absorbances of Cr-

resolved IR absorption spectroscopy (TRIR). In this experiment, a (CO)(r'-MeDHF) appear to decay to zero, and the peak

CW Pb-salt IR laser is tuned to a frequency corresponding to a absorbances of thg? product are significantly lower than those

C—O stretching absorption of the reactant or product. The laser of the ! isomer. These apparent values/A do not reflect

output, collimated to a5 mm beam, passes through the cell the actual kinetics of the reaction, but are rather an artifact of

collinear with and completely overlapped by the UV laser output, the way the experiment is performed. Under the conditions of
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Figure 1. S°FTIR spectra taken 0, 1, 2, 3, 5, 7, 10, and20
following room-temperature photolysis of a CyH solution containing
Cr(CO) and 0.02 mol ! MeDHF. The absorbances that appear
at the flash and decrease with time (1957 and 1933rare
attributed to Cr(CQ)CyH), while those that grow in (1942 and
1914 cml) are attributed to Cr(CQjy-MeDHF).
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Figure 2. SFTIR spectra taken 20, 50, 100, 150, 200, and 280
after room-temperature photolysis of a CyH solution containing
Cr(CO) and 0.02 mol £ MeDHF. The peaks that grow in at 1947
and 1936 cm® are attributed to Cr(CQ@(p?>-MeDHF). The apparent
decay of the Cr(CQJn*-MeDHF) absorbances to zero is an artifact;
see the text.
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Figure 3. Absorbance change at 1915 thcorresponding to an
A; C—O stretch of Cr(COJ#n*-MeDHF), as a function of time
following photolysis of a 24°C CyH solution containing 5.6«
104 mol L= Cr(CO) and 0.024 mol £ MeDHF.

600 800

Shagal and Schultz

Hz instead of~6 Hz), and the solution flows through the cell
only during the dead time when no TRIR measurement is being
made. As is apparent from the figure, the amount of Crgc0O)
(n*-MeDHF) decays to a constant but nonzero value over a few
hundred microseconds at room temperature, indicating that the
final “product” is an equilibrium mixture of the two isomers.

In our previous report? we showed how the forward and
reverse rate constants for reactionki, @ndk;;, respectively)
and the equilibrium constai{cq of the final product mixture
can be derived from measurementskgfs the observed first-
order rate constant for thg — 5?2 isomerization Kops = kio +
k21), and AAL/AAg (=Keg). The same procedure was used here
to derive the reported values &f, and Keq*® These values,
along with the experimentally measured valuekgfandAA./

AAq from which they were derived, are given in Tables S-1
through S-6 of the Supporting Information.

In some caseshA./AA; was found to depend on [L] even
thoughkgps itself did not. As explained in our previous report,
we believe that this result is due to interference from residual
H>0 in the solution rather than any involvement of a second
molecule of L in the isomerization process or decomposition
of M(CO)s(L). Because of the output characteristics of the diode
laser in our laboratory, the only-@0 stretch of M(CO(5*-L)
that is accessible as a spectroscopic probe for TRIR study in
our instrument is théy(2) vibration, which is found at 1910
1915 cn1?, Table 1. This wavelength happens to be near that
of the Ay(2) C—O stretch of M(COy(H0).1° At low [L], traces
of H,O in the solution can compete with L for the M(GP)
(CyH) intermediate formed in the initial photolysis of M(CGO)
Since M(COj(H.0) is formed much more rapidly from
M(CO)s(CyH) than M(CO}(i?-L) is formed from M(CO¥(»*-

L), and since M(CQO)H-0) is stable on the time scale of the
linkage isomerization reaction, fast production of M(G@®Ix0)

will produce a nonzero baseline in the time-dependent IR
absorption measurement made at 191015 cnt! over time
scales longer than that of the formation of M(G®),0). This
nonzero baseline will then produce a spuriously high value for
AA./AA; and consequently a spuriously low valuekaf,2° At

high [L], the residual HO cannot compete as efficiently for
the M(CO)}(CyH) intermediate, so the effect of this baseline
on AA./AAq is much less significant. Therefore, we report only
measurements dfops (and kyz and Keq calculated therefrom)
made at [L] high enough thatA./AA, is independent of [L]

to within experimental error.

There is one additional possible cause of error in our
determinations of the rate and equilibrium constants that needs
to be considereét At high concentrations of [L], the solvation
shell of unphotolyzed M(CQ)should contain a significant
amount of L (2 mol L ligand represents a concentration of
~20% by volume). Thus, given the tendency of “naked”

the step-scan experiment, the solution flows continuously n(co)s not to discriminate among possible reaction partfers,

through the cell so that each photolysis pulse of the laser yqre might be prompt (picosecond) formation of M(@®3-
irradiates fresh solution. That means that for any kinetic Process| y in addition to M(CO}(CyH) and M(CO}(;-L). If prompt

that is sufficiently slow, unphotolyzed solution will enter the

formation of M(CO}(52-L) were occurring, then our derived

cell, and molecules that have been exposed to the photolysis, 5)es of the equilibrium and rate constants would be affected,

laser will leave it, before the reaction has gone to completion.

The measuredA thus declines, not due to reaction, but due to
physical replacement of M(C&().) with M(CO)e. This process

(18) Note that since only two parametergsé and AAL/AA) are
measured independently, we can determine only two of the three parameters

presumably explains the apparent lack of an isosbestic point inkiz k1, andKeq independently. As described in our previous report, we

the SFTIR spectra, since the measurkd’s for the »? complex
also begin to decline as M(C&y*-L) is carried out of the path
of the IR beam.

Figure 3 shows a TRIR trace of the decay of the Cr($£0)
(n*-MeDHF) absorbance at 1915 cf In this experiment, the

definekz; = kio/Keq.

(19) Hermann, H.; Grevels, F.-W.; Henne, A.; Schaffner,JKPhys.
Chem.1982 86, 5151.

(20) Note that on the time scale of the isomerizatlgps which depends
only on dAA/dt, remains independent of [L] even in the presence of a
nonzero baseline.

(21) We thank one of the reviewers of the manuscript for bringing this

photolysis laser operates at a much slower repetition rate (0.4point to our attention.
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Table 1. C-0O Stretching Frequencies

Organometallics, Vol. 26, No. 20, 2004899

and Force Constantsfor M(CO) 5(L)

M(CO)s(i7"-L)

M(CO)s(r*-L)

Vco, cmt force constant, 70N m~1 Vco, cm 1 force constant, 0N m~1

M L Ai(1) E A(2) ke ke ki A1) E Au(2) ke ke ki
Cr 2,3-DHP 2075 1943 1915 15.028 15.893 0.321 2069 1954 1945 15.468 15.984 0.280
DHP 2074 1942 1915 15.028 15.877 0.321 2069 1952 1932 15.268 15.962 0.285
MeDHF 2076 1941 1914 15.018 15.876 0.329 2063 1947 1936 15.329 15.877 0.282
Mo 2,3-DHP 2077 1947 1916 15.041 15.947 0.317 2077 1961 1941 15.408 16.102 0.284
DHP 2078 1947 1914 15.012 15.952 0.319 2076 1960 1933 15.283 16.086 0.284
MeDHF 2076 1946 1913 14.994 15.931 0.317 2074 1952 1933 15.292 15.987 0.298
W 2,3-DHP 2075 1934 1913 15.011 15.794 0.343 2077 1957 1940 15.399 16.058 0.293
DHP 2078 1936 1913 15.013 15.831 0.345 2069 1953 1934 15.298 15.973 0.283
MeDHF 2078 1936 1912 14.998 15.831 0.345 2072 1946 1932 15.283 15.911 0.307

al, force constant for carbonyl trans to kg, force constant for carbonyl cis to k;, interaction force constant for mutually cis carbonyls. Force constants
determined by using the CottefKraihanzel method (Cotton, F. A.; Kraihanzel, C.J3Am. Chem. Sod.962 84, 4432).PRef 10.

since their derivation assumes that [M(G@¥-L)]o = 0. We
cannot rule out this possibility entirely, due to spectral overlap
between the absorbances of M(G@¥-L) and those of either
M(CO)s(r*-L) or of M(CO)s(CyH) (Table 1). Because of this
spectral overlap, dt= 0, there will be an increase in absorbance
at frequencies corresponding te-O stretches of M(CQJr?-

L) whether or not it is formed at the laser flash.

Several pieces of evidence indicate, however, that prompt
formation of M(CO}(52-L) is notoccurring in our experiments
to any significant extent. First of all,2BTIR spectra taken at
high [L] do not show any evidence for prompt formation of

3 3.1

32
1000/T

33

34

M(CO)s(i7?-L), but do show prompt formation of M(C@Q;*-
L) and clean pseudo-first-order conversion of M(G@yH)
to M(CO)(n*-L) (see Figure S-5 of the Supporting Information).

Figure 4. Eyring analyses ok;, for reaction 1 with L= DHP
and M= Cr (@), Mo (H), and W @). The solid lines represent
least-squares linear fits to the data points, and the error bargare 1

In addition, as described in the paragraph above, and shownuncertainties in the values &..

below, once [L] is high enough to suppress competition with
formation of M(CO}(H20), there is no correlation between [L]

Table 2. Eyring Activation Parameters for Reaction 1 (I
uncertainties in parentheses)

and the derived values dfeq contrary to what would be
expected if significant amounts of M(C&y?-L) were being

formed at the laser flash. We note as well a study by Dobson 2.3-DHF
and co-worker¥ of the linkage isomerization of Cl-bound Cr-
(COX(n*-5-chloropent-1-ene), created by flash photolysis of Cr- ppp
(COX in a solution containing excess ligand, to thdound?

isomer. The time-dependent spectra shown in that report fail to

show any evidence for prompt formation of tly@ isomer. MeDHF
Experiments such as ours and those performed by Dobson and

ligand  metal AH* kcalmol! ASf,eu  kx(300K), 16s?t
cr 13.7 (0.3) 4.0 (1.1) 4.9
Mo 11.2(0.4)  —2.2(2.1) 14
w 13.3(0.2)  —1.2(0.9) 0.70
cr 10.5(0.4) —2.5(1.2) 40
Mo 9.2(0.2)  —5.3(0.5) 86
w 122(02)  —1.0(0.7) 4.9
Cr 10.4(0.2) —6.9(0.7) 5.2
Mo 11.4(0.2)  —3.9(0.7) 4.4
w 14.0 (0.2) 1.1(0.7) 0.23

co-workers cannot unambiguously determine whysthisomer

is not formed at the laser flash. It seems that either the ligand
solvates unphotolyzed M(C@)with the o-donating atom
directed toward the complex, leading to prompt formation only
of the*-linkage isomer (since naked M(C&tends to bind to
the first atom of the solvent molecule that it encouri®ror
there is a barrier to formation of thg? isomer even from
“naked” M(CO} that precludes its formation on a picosecond
time scale.

To test whether the reaction we observed is truly intramo-
lecular, for each reaction, we performed the kinetic measure-
ments at different concentrations of M(G@yarying by a factor
of 2) and of L (varying by a factor 0f~100). We foundkops
and to within the limitations discussed in the previous paragraph,
ki2, to be independent of the concentration of either the metal

aRef 10.

given metalk;, decreases in the order DHP2,3-DHF > 2,5-
DHF .10 Activation parameters for the isomerization reactions
are summarized in Table 2.

A van't Hoff plot of Keq for isomerization of Cr(CQJn*-
DHP) is given in Figure 5. Analogous plots for the Mo and W
complexes are given in Figures S-1 and S-3 of the Supporting
Information. Equilibrium thermodynamic parameters are sum-
marized in Table 3.

The three data sets shown in Figure 5 appear to give
systematically different values for the equilibrium thermody-
namic parameters; in particular, the valuesgf derived from
rate constants measured at [Cr(GJO¥F 1.0 x 103 mol L™!
and [DHP]= 0.2 mol L~! seem to diverge from the others.

or the ligand. We take the independence of the rate constant onThe scatter in the data and the uncertainties in the individual

reactant concentration to mean that the reaction is indeed
intramolecular linkage isomerization.

DHP. An Eyring analysis of the forward isomerization rate
constank;» is shown in Figure 4 for isomerization of M(C8)
(#*-DHP) and includes various values of [M] and [DHP] as
described above.

Over the temperature range studied hége for reaction 1
(L = DHP) decreases in the order Mo Cr > W, while for a

values ofK¢qare sufficiently large, however, thatH® andAS®
derived from any individual data set are within combined
experimental error of those derived from the average of all of
the data sets. Similar behavior (i.e., systematically different
values ofKeq from different data sets) was observed in some
(but not all) of the other reactions systems as well (see Figures
S-1 through S-4 of the Supporting Information). There do not
appear to be anysystematic trends in the derived valu&sof
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1000/T, K™ Figure 7. van't Hoff plots for the linkage isomerization of Cr-
Figure 5. van't Hoff plot for the linkage isomerization of Cr-  (CO)X(DHP) (@), Cr(CO}(MeDHF) (a), and Cr(COj(2,3-DHF)
(CO)(DHP). Shown are values fdf., derived as described in (M, ref 10).
the text, for solutions containing (prior to photolysis)x510—4
mol L= Cr(CO) and 0.2 mol L DHP @®); 1.0 x 103 mol L1 complex isnotalways the most reactive of the three. As shown
Cr(CO) and 0.2 mol L* DHP (®); and 5x 10~* mol L™* Cr- in Figure 6, Cr and Mo show similar reactivities, witk, (and

(CO) and 2.0 mol * DHP (). The solid line is a least-squares | - Tables S-2 and S-4) actually higher for Cr at temperatures
fit to all of the data points shown. Error bars are uncertainties below ~50 °C.

in the estimates oKeq

For M = Mo or W, ki» is much lower for isomerization of
M(CO)s(y1-MeDHF) than for M(COJ(51-2,3-DHF) over the
entire temperature range studied here. For Cr, on the other hand,
the relative temperature dependences of reaction 1 for the two
systems are markedly different: below30 °C, ki is higher
for isomerization of Cr(CQJ;'-MeDHF), but above this
temperaturek; is higher for isomerization of Cr(C@;*-2,3-
DHF). These unusual results are discussed in detail below.

Figure 7 shows a van't Hoff plot for the equilibrium constants

‘ ‘ . of the various Cr(CQJL) systems. van't Hoff plots for the Mo-
3.0 31 136%)rr 33 34 (CO)X(MeDHF) and W(CO)(MeDHF) equilibria are given in
Figure 6. Eyring analyses of the rate constdat of reaction 1 Figures S-2 and S-4 of the Supporting Infprmation. For all three
with L = MeDHF for M= Cr (@), Mo (), and W @). The lines Tiﬁ:iw‘?%éhes;eﬁepetg“&e ;?Q?De:gd'%a%s if“,\;l'ggoﬁgf

represent least-squares fits to the data. e . . .
P q Equilibrium thermodynamic parameters are given in Table 3.

Table 3. Equilibrium Parameters for Reaction 1 (1o
uncertainties in parentheses)

ligand metal  AH°, kcal mol? AS, eu Keg 300 K
2,3-DHR  Cr —2.4(0.5) -45(15) 58(11)

Discussion

Kinetics. 1. M(CO)s(DHP). As noted above, for a given

Mo —1.2(0.6) ~13(21) 3.9(L5) metal M, M(CO}(n*-DHP) isomer'izes more rapidly than dogs
w —0.9(0.4) 1.2 (1.3) 8.3(0.9) M(CO)s(r*-2,3-DHF) over the entire temperature range studied
DHP Cr —-4.1(0.5) —-126(16) 17(L1) here (20-60 °C). The results summarized in Table 2 indicate
\’\//\I/o :i-g Eg-ig :gé 8}3 ii E%g that the difference in reactivity is enthalpic. From the IR spectra
MeDHE Cr 73:9(0:3) 125 (1'.1) 13 (0'.7) (Table 1), DHP does not appear to be a signific_antly bet?er
Mo -3.2(0.3) -9.1(0.8) 2.2 (0.6) electron donor than 2,3-DHF, implying that the difference in
w —2.3(0.1) —5.1(0.3) 3.6(0.2) the kinetic behavior of the two ligandsri®t due to differences
aRef 10. in electron density at the metal. In our previous stiftiye

argued that the loweAH* for isomerization when L= 2,3-

as a function of [Cr(CQ] or [L] in the originally prepared DHF relative to L= 2,5-DHF is due primarily to the smaller
solution that would enable us to exclude data sets obtained undeemount of rearrangement necessary to bring the complex from
any particular set of experimental conditions, however. Fur- the ' to the #2 geometry. Calculated geometries (B3LYP
thermore, the values of thiate constantsvere always consistent  functional, CEP-31G* basis set on all atoms) for W(@@}-
for all of the measurements made of a particular reaction system.L), W(CO)s(7%-L), and the transition state that connects them
Given that the values afH°® andAS’ derived from individual are shown in Figure 8. Additional views are given in Figures
data sets were always within experimental error of the those S-6 and S-7 of the Supporting Information.
derived from all of the data taken together, that we have no Calculated atomatom distances (MO, M—C,, C,—Cs3) for
reason for being able to exclude any specific data set, and thatW(CO)(L) and Cr(CO3j(L) along with calculated activation
the qualitative conclusions we reach below are not affected by parameters for W(C@{*-L) are summarized in Table 4. These
the choice of data sets for a given reaction system, we reportcalculations predict that Qthe double bond C atom closer to
equilibrium thermodynamic parameters based on valué&of  the W atom in the;* complex) is closer to the metal atom for
derived from all data sets with [L} 0.2 mol L™ L = DHP than it is for L= 2,3-DHF or MeDHF and that the

MeDHF. Eyring analyses ok, for reaction with MeDHF n*-DHP complex requires less rearrangement to formsthe
are shown in Figure 6, and activation parameters summarizedisomer than does the'-2,3-DHF complex: the WO—C,—
in Table 2. Uniquely among the linkage isomerization reactions Cs dihedral angle is 172%in W(CO)(5*-2,3-DHF) but only
of M(CO)s(L) that we have studied, and unusually for any 147.3 in W(CO)(5'-DHP). In order to double check that the
reaction of group 6 complexes, for & MeDHF, the Mo trends in the predicted geometries were not due to the particular
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Figure 8. DFT-calculated structures (B3LYP functional, CEP-31G* basis set) for W{@BL.) (left column), W(CO}(r*-L) (right column),

and the transition state between them (center column), ferd,3-DHF (top row), MeDHF (center row), and DHP (bottom row). For each
complex, the calculated WC, distance is given in A. The arrows show the relative motions of the atoms along the reaction coordinate at
the transition state.

functional and basis set chosen, additional calculations of the same to within experimental error. We have previously ob-
W(CO)(51-L) and W(CO}(5%-L) complexes were performed served? that in ligand substitution reactions at W(G@@yH)
using the B3PW91 functional instead of the B3LYP or the by 2-methyl and 2,5-dimethyl derivatives of THF and furan
LANL2DZ basis set for W instead of CEP-31G*, or both. The increased steric hindrance manifests itself as an anticorrelation
results of these calculations are also summarized in Table 4.betweemAH* andAS' (i.e., AS' decreases with increasingH™).
The same qualitative trend in the Y, distance is predicted  The results of the present experiments are consistent with an
independent of the choice of functional or basis set. As can be analogous steric effect that requires the ligand to be further from
seen in Figure 8 (as well as in Figures S-6 and S-7 of the the metal center at the transition state in the W complexes,
Supporting Information), the DFT calculations indicate that the increasing the activation entropy.
isomerization proceeds by direct motion of the metal atom along 2. M(CO)s(MeDHF). While a single explanation appears to
the face of the ring from theg! to the 5?2 structure, with the account for the kinetic behavior of M(C&y*-DHP) relative
transition state near the midpoint of the rearrangement, ratherto that of M(CO}(5-2,3-DHF) for all three metals, the kinetics
than by a more dissociative process during which mdighnd of the isomerization of thg-MeDHF complexes do not appear
bonding is largely disrupted. The calculations thus support our to be so simply rationalized. Figure 9 shows comparative Eyring
hypothesis tha\H* of reaction 1 is determined primarily by  analyses ofky, for linkage isomerization of 2,3-DHF and
the amount of rearrangement necessary to effect the isomerMeDHF complexes of Cr(CQ@)and W(CO}).
ization: the closer thg* complex is to they? geometry, the As can be seen in the figure and summarized in Table 2, for
less rearrangement is needed to bring the complex to theM = Cr, bothAH* andASF are lower for isomerization of the
transition state for the isomerization, and hence the lower the MeDHF complex than for the 2,3-DHF complex, so that below
AH? of reaction 1 will be. ~30 °C the isomerization proceeds faster in the MeDHF
For Cr and Mo ASF is significantly lower for isomerization ~ complex, while at higher temperatures, the relative reactivity
of the DHP complex than it is for isomerization of the 2,3- reverses. For M= Mo (not shown in the figure) and WAH*
DHF complex, while for W, the activation entropies are the is higher for isomerization of the MeDHF complex than it is in
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Table 4. Calculated Atom—Atom Distances (A) and 298.15 K Thermochemistry

771 7]2 7]1_. 772
functional, AH?, AS, AGH, AH®, AS, AG®,
basis set complex MO M—-C, C,—C3 M—O M-C, C,—C; kcalmol! eu kcalmol! kcalmot! eu kcal mol?

Cr(CO)(DHF) 2.246 3.282 1.354 3459 2631 1.387 —3.34 —6.32 —1.46

Cr(CO)(DHP) 2280 3.238 1.359 3.522 2678 1.385 —1.08 —4.66 +0.31
B3LYP, Cr(CO}y(MeDHF) 2.302 3.450 1.358 3.654 2.887 1.393 —4.15 —6.03 —2.35
CEP-31G* W(COy(DHF) 2.352 3.384 1.353 3414 2575 1.395 11.6 —1.21 12.0 —4.43 —6.14 —2.59
on all atoms W(CQ)JDHP) 2.381 3331 1.358 3.531 2699 1.394 10.0 —4.16 11.2 —2.85 —5.97 —-1.07

W(CO)(MeDHF) 2.395 3.537 1.358 3.689 2.923 1.402 12.0 —1.81 12.6 —5.28 —5.96 —3.51
B3PWO1, W(CO)(DHF) 2332 3359 1.352 3.445 2600 1.401 —950 —7.24 —6.93
CEP-31G* W(COJ(DHP) 2.357 3.295 1.356 3.446 2.606 1.399 —6.12 —6.36 —4.23
on all atoms W(CO(MeDHF) 2.365 3.503 1.357 3.589 2.815 1.404 —8.52 —7.00 —6.43
B3LYP, W(CO)(DHF) 2.324 3319 1.364 3.380 2545 1.430 +2.55 —7.20 +4.70
LANL2DZ on W, W(CO)(DHP) 2.362 3.266 1.367 3.459 2614 1.419 +1.24 —5.32 +2.83
CEP-31G*onH,C,O0 W(CQfMeDHF) 2.348 3.429 1.370 3.493 2.752 1.428 +4.04 —7.32 +6.22
B3PW91 W/(COy(DHF) 2.294 3.289 1.362 3.317 2467 1.440 —2.52 —8.34 —0.03
LANL2DZ on W, W(CO)(DHP) 2.327 3.232 1.365 3.386 2521 1.428 —3.02 —6.23 —-1.17
CEP-31G*onH,C,O0 W(CQjMeDHF) 2.313 3.392 1.368 3.376 2.614 1.439 +0.37 —-0.47 +0.51

the 2,3-DHF complex, whilAS is near zero for both reactions  results are thus consistent with a contribution to the reactivity
(Table 2), sok;; is greater for isomerization of the 2,3-DHF  from steric hindrance. This contribution is least significant for

complex over the entire temperature range studied here. Cr, the smallest of the three metal atoms. We have previously
The calculated structure of W(C)'-MeDHF) is given pointed out that an analogous steric effect can explain the
above in Figure 8. The calculation predicts that the-G4 differences iMSF in the associative ligand substitution reactions

distance is larger in the MeDHF complex than it is in either of of W(CO)(CyH) and Cr(COYCyH).22
the other twa;! complexes, so according to the arguments made  For all three metals, at 300 K. is roughly an order of
above, the isomerization would be expected to be slowest in magnitude faster for = DHP than it is for L= MeDHF. For
the MeDHF complex. For Mo and W, this is indeed the case. Mo and W, the difference appears to be enthalpic, while for
For Cr(CO}(L), however, although the DHP complex is the Cr, the difference appears to have an entropic origin. This
most reactive, the MeDHF results demonstrate that the geometrydifference can be explained by a tighter transition state for
alone cannot account for the relative isomerization rates. It isomerization of Cr(CQ{MeDHF) than for the other two
appears, rather, that there is an electronic effect that competesnetals, which would both keep the metal more electron rich at
with the geometrical considerations. As shown in Table 1, the the transition state and would provide a more ordered transition
trans C—O stretching force constant is significantly lower in  state. Thus, comparison of the MeDHF and DHP isomerization
M(CO)s(y*-MeDHF) than it is in M(COj(5*-2,3-DHF) or kinetics provides further support for our hypothesis that for Mo
M(CO)s(172-DHP), indicating that, as expected, MeDHF is the and W the kinetics are primarily controlled by geometrical
strongest electron donor of the three ligands due to the inductiveconsiderations, while for Cr, electronic factors (which in this
effect of the methyl group. It thus appears that in the case of case oppose the geometrical factors) are significant.
Cr the relative reactivity is determined not only by the geometry  In our previous report, we had found that the linkage
of the n* complex but by the relative electron richness of the isomerization of M(CQY»*-2,3-DHF) is invariably faster than
ligand. Indeed, for CrAH* of reaction 1 is lower for L= that of M(CO)(*-2,5-DHF) and that the difference in that case
MeDHF than it is for L= 2,3-DHF, while for Mo,AH* is the was enthalpic for all three metals. We argued in that case that
same to within experimental error in the two cases, and for W, the primary effect seemed to have been geometrical, since the
AH* is higher for isomerization of the MeDHF complex, isomerization of the 2,5-DHF complex requires the metal atom
indicating that as the metal atom gets larger, the electronic effectto travel across the face of the ligand ring. We could not rule
becomes less important. FurthermoreS' of reaction 1 is out an electronic effect, however. If reaction 1 proceeds by a
significantly lower for L= MeDHF only in the case of M= “conducted tour” mechanisi¥, then the p-r conjugation of
Cr, and of all of the examples of reaction 1 that we have studied, the O atom and the double bond in 2,3-DHF should facilitate
only for L = MeDHF is AH* not lowest for M= Mo. These the isomerization. The present results tend to cast doubt on that
possibility, however, as thepr conjugation is stronger in 2,3-

6 [T DHF and MeDHF than it is in DHP? due to the greater

- planarity of the five-membered rings. As shown in Figure 8,

4 the DHP ligand is expected to be the least planar of the three
g ] /2,3-DH'F ligands even in the complex, demonstrating that the ligand with
02 ~---..,,</ the most p-r conjugation in fact doesiot isomerize most
= I\ rapidly.

0 A/ ) MeDHF Keq and Thermodynamics The experimental equilibrium

| / parameters for reaction 1 are summarized in Table 3. The present

| results are similar in many ways to those that we previously

L -

1 - L
3.0 3.1 32 33 3.4 35

2 | M-

1000/T (22) Biber, L.; Revzin, T.; Reuvenov, D.; Sinai, T.; Zahavi, A.; Schultz,
Figure 9. Eyring analyses ok, for Cr(CO}(L) (®, O) and R. H. Dalton Trans.2007 41.
WQ(JCO)s(L) ( .y DE)ZJ analys S okl .f sol)istg |?m(as) an)d o (23) (a) Cram, D. J.; Gosser, L. Am. Chem. Sod.964 86, 2950. (b)

. . J.; Willey, F.; Fischer, H. P.; Scott, D. &. Am. Chem. Soc.
MeDHF (O, O, dashed lines). Data for the 2,3-DHF complexes %ZT'SE 5‘]3’7(\)’Y' e Ischer co m em. Soc

are taken from ref 10. The lines are least-squares linear fits to the  (24) (a) Taskinen, ETetrahedronl978 34, 433. (b) Taskinen, E.; Ora,
data points. M. Magn. Reson. Chenl995 33, 239.
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reported for 2,3-DHF and 2,5-DHF. In all cases, #fle— 5?2

isomerization is exothermic, antH® is much smaller thanH*

for the reaction. At 300 K, the equilibrium favors théstructure
for all of the complexes studied here, wieqs of similar
magnitude to those reported fgt = 52 linkage isomerization isomerization. According to our calculations, the- bond

of aldehydé and ketone’ligands. To the best of our knowledge, distance is shorter for the Cr complexes than it is for the W

there have not been many reports in the literature of complexescomplexes; it is possible that the steric hindrance in the latter
of cyclic enol ethers. Binding of the ligand through the double case makes the isomerization less exothermic for the complex
bond has been observed in such complexes as Cp*RifPMe  containing the larger transition metal atom, similar to the steric

(2,3-DHF}® and CpFe(CQJL)* (L = 2,3-DHF or DHP)® effect on the kinetics in whichH* is higher for the larger metal
reaction of the free double bond of?>-coordinated furan atom?32

produces a DHF derivative that retains thecoordination?’

and ring opening of 2,3-DHF by TpRu(CO)(NCMe)(Ph) has
been proposed to proceed via ghintermediate?® In none of
these studies was the issue of linkage isomerization of the enol
ether ligand explored, however.

For a given metalKeq at 300 K follows the order DHP-
MeDHF < 2,3-DHF. As can be seen from the results sum- ; :
marized in Table 3, this order opposes the order of relative 0llOWing conclusions.
exothermicities of the reactions, indicating that there is a  Kinetics. Over the temperature range-260 °C, the reactivity
significant entropic effect. One reasonable way of explaining Of complexes as a function of the metal atom for a given ligand
this trend is that relative to the!-2,3-DHF complexes, the?- L goes in the order W< Cr < Mo. The high reactivity of Mo
DHP andn'-MeDHF complexes have additional degrees of appears to be primarily an enthalpic effect, while the difference
freedom (and hence additional entropy) in the form of low- in reactivity between W and Cr is apparently primarily entropic
frequency vibrations and hindered rotations, due in the former in origin. For a given metal, the reactivity of a particular ligand
case to the expansion of the ring and in the latter to replacementis a function primarily of the geometry of the M(C&)*-L)
of a hydrogen atom with a methyl group. Since each ligand is complex, with the complex requiring the least amount of

orbital overlap®' This additional bond lengthening should lead
to a greater lowering of the -©C stretching frequency in the
W complex, partially compensating for the entropy loss due to
the loss of low-frequency ML modes in then! — #?

Conclusions

Our observations of the kinetics of the linkage isomerization
of M(CO)s(n*-L) (M = Cr, Mo, W; L = a cyclic ligand
containing an O atom and &€ double bond) lead us to the

more tightly bound in they? isomer than in they! isomer (i.e.,

rearrangement from thg! to the 2 geometry being the one

the isomerization is exoenergetic, Table 3), these low-frequency that isomerizes most rapidly. A competition between steric and

motions will be more restricted in thgZ complex than in the
7%, leading to greater entropy loss and lowerlg relative to

electronic effects can be seen in the isomerization when L
2-methyl-2,3-dihydrofuran (MeDHF). Even though the MeDHF

that of M(CO)}(2,3-DHF). Similar entropic effects have been complexes are more electron-rich than those of 2,3-DHF, for

previously observed in the reactions of alkane-solvated transitionthe Mo and W complexes\H* is higher for isomerization of

metal intermediate¥!2° the MeDHF complexes. On the other hand, for the smaller Cr
For a givenligand, over the temperature range studied here, atom, AH* is lower for the MeDHF complex.

Keq increases in the order C¢ Mo < W, the same order we Thermodynamics. As with the reaction kinetics, the ther-
previously obse§r3/ed for isomerization of the 2,3-DHF and 2,5- 1,q4ynamics of the linkage isomerization depend on a balance
DHF complexes? Qualitatively, this trend reflects the thermo- o yeen steric and electronic effects. We also find that entropic

_cli)r/]namic ﬁreference .offj\.sof_trerbrlnetgall fgr tr}(e ?rc])f}téiﬁon:er.d. effects are very important in determining the equilibrium
e results summarized in Table 3 indicate that the trend in .ot for a given M(CQJL) system.

Keq appears to oppose the trendAild®; that is,Keq is actually
largest for theleastexothermic isomerization. Apparently, as
with the kinetics, the thermodynamics represents a balance Acknowledgment. This work was supported by the Israel
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