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Introduction

The phenomenon of the haptotropic metal migration occurs
with p complexes of transition metals in which the p-bound
ligand features multiple coordination possibilities.[1] It has
been reported for various metals and a wide array of—cyclic
or acyclic—p ligands including sandwich and half-sandwich
complexes. Examples for sandwich complexes include hap-
totropic shifts of cyclopentadienylrhodium(ii) or cyclopenta-
dienyliridium(ii) moieties,[2] while tricarbonyl(h6-arene)chro-
mium complexes represent the most extensively studied
half-sandwich compounds.[1a,f–i,3] The regioisomers involved
in haptotropic migration differ in the mode and site of coor-
dination of a fused arene to the tricarbonylchromium frag-

ment. Most reports deal with haptotropic migrations across
naphthalene derivatives, but metal shifts in more extended
aromatic p systems are also known.[4] If the regioisomers
differ significantly in their thermodynamic stabilities, the re-
arrangement may be regarded as (thermally) irreversible; in
contrast, comparable stabilities of regioisomers result in a
dynamic equilibrium.[1f–h,3a,3b] The mechanism of the rear-
rangement has been established for different conditions; in
principle, either an intramolecular, a bimolecular, or a disso-
ciative mechanism may account for the isomerisation. Stud-
ies involving enantiopure complexes indicated that in non-
coordinative solvents these reactions strictly proceed in an
intramolecular manner, implying that the chromium moiety
is shifted along the same face of the arene ligand.[5] In gen-
eral, the haptotropic rearrangement has been studied for
complexes that represent the kinetic reaction products
(which may be formed in low-temperature complexation or
chromium-templated [3+2+1] benzannulation[6]) which
subsequently undergo a thermo-induced metal shift. We re-
cently demonstrated that haptotropic rearrangements may
also occur against the thermodynamically favoured direction
as a result of a proper adjustment of the coligand sphere
after photochemical induction.[5b] This strategy allowed con-
trol of the coordination site in arene chromium complexes.
We now report on how the reaction rate of thermo-induced
metal migrations may be tuned by phosphorus coligands dif-
fering in their stereoelectronic properties.
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Results and Discussion

Ligand-exchange reactions of tricarbonyl(naphthalene)chro-
mium complexes : The tricarbonylchromium complex 2 was
synthesised by the regioselective chromium-templated [3+
2+1] benzannulation of the Fischer carbene complex 1 and
3-hexyne at 55 8C followed by silylation with tert-butyldime-
thylsilyl chloride in the presence of triethylamine to increase
its stability towards oxidation (Scheme 1).[6] The regioisomer

2 represents the product of kinetic reaction control; it may
be transformed into its thermodynamically favoured isomer
3 by heating a solution of 2 in di-n-butyl ether. With respect
to the lability of tricarbonyl(naphthalene)chromium, the
synthesised complexes are remarkably inert against an ex-
change of the arene ligand, which is attributed to the substi-
tution pattern of the arene ligand: It was observed that
alkoxy and siloxy substituents stabilise the arene–metal
bond.[7]

For the synthesis of the phosphine- and phosphite-substi-
tuted chromium complexes 4–11, both complex 2 and its re-
gioisomer 3 were photo-decarbonylated, and the coordina-
tively unsaturated intermediate was stabilised by adding an
excess of cyclooctene prior to photolysis.[8] Initially, 2 was
used as the starting material; the dicarbonylchromium com-
plexes of triphenylphosphine (4, 5), triphenylphosphite (6,
7), trimethylphosphine (8, 9) and trimethylphosphite (10,
11) were obtained in good chemical yields by exchange of
the cyclooctene for the phosphorus ligand at room tempera-
ture in the dark (Scheme 2). In some cases, the tricarbonyl
complex 2 was partially recovered. Surprisingly, the resulting
complexes were generally isolated as a mixture of both re-
gioisomers—even if the ligand-exchange reaction was per-
formed with pure regioisomer 2 and at temperatures ranging
from �50 8C during irradiation to room temperature for the
addition of the phosphine or phosphite. The appearance of
the thermodynamically favoured complex isomers was not
expected, since free activation enthalpies for haptotropic
shifts of Cr(CO)3 units across naphthalene derivatives usual-
ly range from about 100 to 130 kJmol�1 and, consequently, a
metal migration should not occur at a noticeable rate at
room temperature or below.[1i, 3] Only very few examples of
haptotropic rearrangements in chromium complexes have
been reported under similar mild conditions.[9]

The ratio of regioisomeric pairs may vary within a certain
range. An average ratio amounts to 2:1 and 3:1 for pairs of

complexes 4/5 and 6/7, respectively, whereas a 6:1 ratio is
observed for complexes 8/9 and 10/11 indicating that PMe3

and P(OMe)3 complexes 8 and 10 are less susceptible to a
metal shift than their PPh3 and P(OPh)3 congeners 4 and 6.

We recently reported on how a haptotropic metal shift
may occur against the thermodynamically favoured direction
(Scheme 3).[5b] Under thermal conditions, complex 2 reacts

irreversibly to its regioisomer 3 ; a properly adjusted coli-
gand sphere of the chromium template, however, allows a
reconversion of 3 into 2. In this respect, two consecutive
ligand-exchange reactions lead from the thermodynamically
more stable isomer 3 to the less stable haptotropomer 2 via
a cyclooctene complex intermediate, which was subjected to
a recarbonylation. We modified the synthetic sequence by
adding PPh3 to the cyclooctene chromium complex instead
of CO. As expected, the reaction did not provide pure
isomer 5 ; instead, it resulted again in a mixture of re-
gioisomers 4 and 5. The appearance of complex 4 highlights
again how haptotropic metal migrations may occur against
the favoured direction; the formation of 5 may be obvious
at first sight, but in this particular case the ligand exchange
is accompanied by two haptotropic metal shifts, one occur-
ring during photolysis, and the second taking place during
the substitution of cyclooctene for the phosphine.

Scheme 1. Regioselective preparation of tricarbonyl(arene)chromium
complexes by [3+2+1] benzannulation.

Scheme 2. Synthesis of dicarbonyl(PR3)chromium complexes by photo-
chemical ligand substitution.

Scheme 3. Thermo-optical switch based on a haptotropic metal shift.
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For the independent characterisation of each of the eight
PR3 complexes, the regioisomers obtained by ligand ex-
change were separated by preparative high-performance
liquid chromatography. Table 1 provides the relevant n(CO)
absorptions and 13C and 31P chemical shifts observed for the
coligand sphere. The molecular structures of the pure hapto-
tropomers 4–7 and 10 were established by X-ray crystallog-
raphy.

Molecular structures of [(arene)Cr(CO)2(PR3)] complexes :
For the crystal structure analysis of the phosphorus-substi-
tuted chromium complexes, suitable single crystals were
grown by slow evaporation of the solvent. For the re-
gioisomers 4 (Figure 1, red crystals) and 5 (Figure 2, black

crystals) a diethyl ether solution was used, while red crystals
of the P(OPh)3 complexes were obtained from a solution in
heptane (6, Figure 3) or a mixture of heptane and diethyl

Table 1. Selected IR and NMR data for arene chromium complexes 2–
11.

Cr(CO)2(L) nCO A1

[cm�1][a]
nCO E/B1

[cm�1][a,b]
d(13CCO)

[c] d(31P)[c]

2 L=CO 1961 1896, 1882 233.8 –
3 L=CO 1971 1915, 1907, 1896 232.5 –
4 L=PPh3 1888, 1882 1844, 1830 242.6, 241.2 86.7
5 L=PPh3 1900 1853, 1844 240.4, 240.0 90.6
6 L=P(OPh)3 1902 1851, 1844 238.6, 236.9 189.0
7 L=P(OPh)3 1930, 1922 1884, 1875, 1869 234.9, 234.9 201.2
8 L=PMe3 1888, 1878 1838, 1826 240.5, 239.0 35.0
9 L=PMe3 1898, 1892 1844, 1836 – 33.4
10 L=P(OMe)3 1898, 1886 1846, 1836 239.1, 237.7 213.3
11 L=P(OMe)3 1909, 1900 1853 237.4, 237.0 214.7

[a] Recorded in petroleum ether. [b] E for 2 and 3 ; B1 for 4–11. [c] Re-
corded in CDCl3 (2–7, 10 and 11) or CD2Cl2 (8 and 9).

Figure 1. Molecular structure of PPh3 complex 4. Color code: Cr: green;
P: blue; O red, Si: violet; C: black. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [Q]: Cr1�P1 2.3123(12), Cr1�C1
2.232(4), Cr1�C2 2.208(5), Cr1�C3 2.219(5), Cr1�C4 2.264(4), Cr1�C4a
2.317(4), Cr1�C8a 2.291(4), C1�C2 1.395(7), C2�C3 1.458(7), C3�C4
1.401(6), C4�C4a 1.435(6), C4a�C8a 1.438(6), C8a�C1 1.443(6); selected
torsion angles [8]: C5-C4a-C8a-C1 176.3(4), C4-C4a-C8a-C8 178.0(4),
Cr1-P1-C1p-C2p �172.7(3), Cr1-P1-C7p-C8p �65.6(3), Cr1-P1-C13p-
C14p 141.5(3).

Figure 2. Molecular structure of PPh3 complex 5. Color code: Cr: green;
P: blue; O red, Si: violet; C: black. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [Q]: Cr1�P1 2.2947(17), Cr1�C4a
2.271(5), Cr1�C5 2.195(5), Cr1�C6 2.204(5), Cr1�C7 2.200(5), Cr1�C8
2.210(5), Cr1�C8a 2.266(5), Cr1�ZAr 1.711(5), C1�C2 1.382(7), C2�C3
1.417(8), C3�C4 1.417(8), C4�C4a 1.394(7), C4a�C8a 1.423(7), C8a�C1
1.428(7); selected torsion angles [8]: C5-C4a-C8a-C1 �176.4(4), C4-C4a-
C8a-C8 178.1(4), Cr1-P1-C1p-C2p 102.9(5), Cr1-P1-C7p-C8p �37.1(5),
Cr1-P1-C13p-C14p �168.6(3).

Figure 3. Molecular structure of P(OPh)3 complex 6. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.1993(7)/
2.2047(7), Cr1�C1 2.259(2)/2.279(2), Cr1�C2 2.213(2)/2.217(2), Cr1�C3
2.244(2)/2.2320(19), Cr1�C4 2.229(2)/2.222(2), Cr1�C4a 2.297(2)/
2.281(2), Cr1�C8a 2.354(2)/2.333(2), Cr1�ZAr 1.761(1)/1.755(1), C1�C2
1.412(3)/1.407(3), C2�C3 1.439(3)/1.443(3), C3�C4 1.405(3)/1.402(3), C4�
C4a 1.430(3)/1.428(3), C4a�C8a 1.431(3)/1.429(3), C8a�C1 1.431(3)/
1.433(3); selected torsion angles [8]: C5-C4a-C8a-C1 �176.95(19)/
177.02(18), C4-C4a-C8a-C8 �171.62(19)/175.56(18), P1-O1p-C1p-C2p
99.3(2)/50.9(3), P1-O2p-C7p-C8p 118.9(2)/-69.2(2), P1-O3p-C13p-C14p
�112.7(2)/132.01(17).
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ether (7, Figure 4), respectively. The P(OMe)3 complex 10
(Figure 5) provided dark red crystals from a toluene solu-
tion.

The crystal structure of PPh3 complex 4 (Figure 1) reveals
a conformation with a distorted organometallic unit; where-
as the Cr�P bond is staggered relative to the carbon atoms
C4 and C4a, one carbonyl ligand is eclipsed with respect to

C1. A similar distortion is observed in the crystal structure
of the P(OPh)3 complex 6. This crystal contains both enan-
tiomers of 6, but each in a different crystallographic posi-
tion, which implies the chirality of the crystal itself. In both
positions the Cr�P bond is eclipsed with respect to the
carbon atom C4 and one carbonyl ligand is staggered be-
tween the C2 and C3. The haptotropically rearranged
isomer 7 displays a staggered conformation of the organo-
metallic unit (Figure 4): The Cr�P bond is situated between
the carbon atoms C6 and C7. An eclipsed conformation is
observed for the haptotropically rearranged complex 5 (Cr�
P and C7, CO ligands and C5/C8a) as well as for the
P(OMe)3 complex 10 (Cr�P and C4a, CO ligands and C1/
C3). The lengths measured for the Cr�P bonds are remarka-
bly short when compared to those in analogous Cr(PR3)
complexes (4 : 2.31, 5 : 2.29, 6 : 2.20/2.20, 7: 2.18, 10 : 2.23 Q).

Similar to the situation in the crystal structures of the tri-
carbonyl complexes 2 and 3,[5b] the chromium atom is
bonded to the coordinated aromatic ring in a non-concentric
way in the [Cr(CO)2(PR3)] complexes 4–7 and 10. The con-
formation of the triphenylphosphine complex with the phos-
phorus ligand pointing inwards relative to the naphthalene
ligand results in long bonds between chromium and the qua-
ternary carbon atoms and short bonds to the ethyl-substitut-
ed carbon atoms. A disorder is observed for the tert-butyldi-
methylsilyl group; for the ease of representation only one
conformer is depicted in Figure 1. Less deviation from a
concentric chromium–arene bond is present in the structural
isomer 5 : The bulky PPh3 ligand points to the exterior of
the aromatic system, which decreases the internal strain. In
the crystal structure of the triphenylphosphite complex 6,
the chromium atom is shifted to the periphery of the aro-
matic skeleton as well, but the syn position of the silyl pro-
tective group leads to a particularly short bond to the me-
thoxysubstituted carbon atom. Again, a smaller degree of
deviation from a concentric bond between the chromium
atom and the aromatic ring is observed for the coordinative
isomer 7, for which the position of the chromium atom is
not influenced by the silyl protective group owing to its anti
conformation. In the molecular structure of the trimethyl-
phosphite complex 10, the chromium–arene bond is less un-
symmetrical than for the phenyl-substituted phosphorus li-
gands, which is a result of the anti position of the silyl group
as well as the low steric demand of the P(OMe)3 ligand.

Alternating bond lengths are observed along the naphtha-
lene system for all complexes, the differences are particular-
ly evident for the P(OPh)3 complex 7, where short bonds
connect the atoms C5�C6 and C7�C8, but also C1�C2 and
C3�C4 in the coordinated ring. Details concerning the ac-
quisition and refinement of the crystallographic data are
presented in Table 2 and Table 3.

Tuning haptotropic rearrangements of arene–chromium
complexes : Half-sandwich Cr(CO)3 complexes of fused
arenes are capable of a haptotropic metal shift along the p-
ligand system. These rearrangements are most commonly in-
duced by thermal induction, by which the thermodynamical-

Figure 4. Molecular structure of P(OPh)3 complex 7. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.1771(6), Cr1�
C4a 2.278(2), Cr1�C5 2.212(2), Cr1�C6 2.2304(19), Cr1�C7 2.2192(19),
Cr1�C8 2.207(2), Cr1�C8a 2.273(2), Cr1�ZAr 1.734(1), C1�C2 1.372(3),
C2�C3 1.441(3), C3�C4 1.367(3), C4�C4a 1.439(3), C4a�C8a 1.428(3),
C8a�C1 1.428(3); selected torsion angles [8]: C5-C4a-C8a-C1
�176.45(17), C4-C4a-C8a-C8 179.22(17), P1-O1p-C1p-C2p �130.61(16),
P1-O2p-C7p-C8p 108.2(2), P1-O3p-C13p-C14p 84.2(2).

Figure 5. Molecular structure of P(OMe)3 complex 10. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.2274(6), Cr1�C1
2.2285(19), Cr1�C2 2.2216(18), Cr1�C3 2.2211(18), Cr1�C4 2.2263(19),
Cr1�C4a 2.2739(18), Cr1�C8a 2.2759(18), Cr1�ZAr 1.728(1), C1�C2
1.413(3), C2�C3 1.430(3), C3�C4 1.414(3), C4�C4a 1.432(3), C4a�C8a
1.431(3), C8a�C1 1.447(3); selected torsion angles [8]: C5-C4a-C8a-C1
179.08(16), C4-C4a-C8a-C8 177.31(16), Cr1-P1-O1p-C1p �57.52(14),
Cr1-P1-O2p-C2p 57.87(15), Cr1-P1-O3p-C3p 179.73(15).
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ly less stable regioisomer is transformed into the more
stable one. If the coordination of one aromatic ring is
strongly favoured over the other, the haptotropic isomerisa-
tion is virtually irreversible; in cases in which both isomers
possess comparable thermodynamic stabilities, a dynamic
equilibrium is observed. The first example of haptotropic re-
arrangements involving p ligands derived from naphthalene
was reported for Cr(CO)3 complexes of methyl-substituted
derivatives.[1a] Subsequent research provided rate constants
and thermodynamic activation parameters for p complexes
in which the degeneration of the haptotropic rearrangement
was removed by selective mono- or polydeuteration,[1f] and
the influence of the naphthalene substitution pattern on the
kinetics and the thermodynamic equilibrium of the hapto-
tropic interconversion was determined systematically.[3a,b]

Haptotropic shifts observed along the addition of phos-
phines to tricarbonyl complexes of manganese were subject-
ed to molecular orbital calculations; the results of these cal-
culations again emphasised the importance of the substitu-
tion pattern present in the polyene.[10] We shall now address
the kinetic consequences of a modification of the coligand
sphere by photolytic exchange of a carbonyl ligand for a
phosphine or phosphite ligand, during which the p-ligand re-
mains unaltered.

To obtain pure samples of the complex regioisomers 4, 6,
8 and 10, the mixtures obtained by ligand exchange were
separated by preparative HPLC. Each of these complexes
was subjected to a haptotropic rearrangement in hexafluoro-
benzene at 333 K (4, 6 and 10) or at 348 K (8 and 10), which
was monitored by 1H NMR spectroscopy (Scheme 4). If dis-

tilled and carefully deoxygenated C6F6 is used, high quality
spectra can be recorded over more than two days and a pre-
cise determination of the reaction parameters can be
achieved. The results can be compared with those obtained
for the parent Cr(CO)3 complex 2 under identical conditions
(333 K[5b] and 348 K, hexafluorobenzene). The first-order ki-
netics of the rearrangement reactions are indicative for in-
tramolecular metal shifts, as is anticipated from previous re-

Table 2. Collection and refinement data of the structure analyses of com-
plexes 4, 5 and 6.

4 5 6

empirical formula C41H47CrO4PSi C41H47CrO4PSi C41H47CrO7PSi
M [gmol�1] 714.85 714.85 762.85
T [K] 123(2) 123(2) 123(2)
l [Q] 0.71073 (MoKa) 0.71073 (MoKa) 0.71073 (MoKa)
crystal system monoclinic monoclinic monoclinic
space group P21 (no. 4) P21/n (no. 14) P21 (no. 4)
a [Q] 8.8483(2) 9.2357(4) 9.3098(1)
b [Q] 25.2693(7) 12.7247(7) 17.7945(2)
c [Q] 9.2269(3) 32.092(2) 23.2479(3)
a [8] 90 90 90
b [8] 114.895(1) 93.146(2) 95.597(1)
g [8] 90 90 90
V [Q3] 1871.35(9) 3765.8(4) 3832.96(8)
Z 2 4 4
crystal dimensions
[mm]

0.50S0.30S0.10 0.15S0.08S0.02 0.40S0.30S0.20

1calcd= [g cm�3] 1.269 1.261 1.322
m [mm�1] 0.420 0.418 0.420
F(000) 756 1512 1608
index ranges �10�h�10 �10�h�6 �12�h�11

�30�k�30 �15�k�14 �23�k�23
�10� l�10 �37� l�34 �29� l�30

q limits 2.68�q�25.03 3.06�q�25.03 2.88�q�27.48
total reflections 20483 10451 41155
unique reflections 6541 5773 17008
parameters 421 433 919
restraints 291 0 1
R for I > 2s(I) 0.0476 0.0605 0.0335
wR2 for all data 0.1299 0.1306 0.0609
FlackTs parameter 0.59(2), racemic

twin
– �0.01(1)

goodness-of-fit on
F2

1.021 0.877 0.929

Table 3. Collection and refinement data of molecular structures of com-
plexes 7 and 10.

7 10

empirical formula C41H47CrO7PSi C26H41CrO7PSi
M [gmol�1] 762.85 576.65
T [K] 123(2) 123(2)
l [Q] 0.71073 (MoKa) 0.71073 (MoKa)
crystal system monoclinic triclinic
space group P21/n (no. 14) P1̄ (no. 2)
a [Q] 14.2439(2) 10.2449(2)
b [Q] 13.7903(2) 10.6204(2)
c [Q] 21.1209(3) 13.4430(3)
a [8] 90 91.544(1)
b [8] 109.068(1) 93.510(1)
g [8] 90 97.488(1)
V [Q3] 3921.09(10) 1446.57(5)
Z 4 2
crystal dimensions [mm] 0.35S0.15S0.10 0.40S0.25S0.15
1calcd= [g cm�3] 1.292 1.324
m [mm�1] 0.411 0.533
F(000) 1608 612
index ranges �16�h�16 �12�h�12

�16�k�16 �12�k�12
�25� l�25 �15� l�15

q limits 2.94�q�25.01 2.44�q�25.01
total reflections 50258 17901
unique reflections 6898 5091
parameters 460 325
restraints 0 0
R for I > 2s(I) 0.0338 0.0305
wR2 for all data 0.0815 0.0845
goodness-of-fit on F2 0.951 1.055

Scheme 4. Haptotropic rearrangement of [(arene)Cr(CO)2(PR3)] com-
plexes.
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sults.[1i,3, 5] A theoretical study on details of the haptotropic
rearrangement is underway and will address the question of
the actual pathway of the metal migration.

Two of the phosphorus complexes display an enhanced re-
activity: When compared with the metal shift in the parent
Cr(CO)3 complex 2, that for the PPh3 complex 4 and the
P(OPh)3 complex 6 proceeds about 2–3 times faster. A rep-
resentative molar ratio versus time plot is depicted in
Figure 6 for the P(OPh)3 complexes 6/7.

On the contrary, the haptotropic migration is hampered
when a CO ligand is exchanged for PMe3 (8) or P(OMe)3

(10). In comparison to the Cr(CO)3 complex 2, the P(OMe)3
derivative 10 is an order of magnitude less reactive; the free
activation enthalpy for the shift of the Cr(CO)2(PMe3) unit
is even more increased. To secure sufficiently large rate con-
stants, the haptotropic rearrangement for this complex was
studied at an elevated temperature of 348 K (Figure 7).

To evaluate the results observed for the PMe3 complex 8,
the haptotropic rearrangements of the tricarbonyl complex 2
and the P(OMe)3 complex 10 were studied at 348 K as well:
The PMe3-substituted complex 8 reacts about 60 times
slower than the Cr(CO)3 complex 2 ; the resulting free acti-
vation enthalpy is the highest observed for a naphthalene
bearing the benzannulation pattern. Rate constants and

DG¼6 values for all haptotropic metal shifts are presented in
Table 4; Figure 8 and Figure 9 illustrate a comparison of the
rate constants measured at 333 K and 348 K, respectively.

Having demonstrated how a haptotropic metal migration
may be tuned by modification of the coligand sphere, we
aimed at a quantitative analysis of the steric and electronic
ligand effects (QALE).[11,13] Since the rate constants were
measured at two distinct temperatures and DG¼6 values re-
vealed only a slight temperature dependence, we chose the
free activation enthalpy as the property to be analysed by
this method. To secure a correlation of the kinetic analysis
of the PMe3 complex 8, which was performed at 348 K, with

Figure 6. Molar ratio versus time plot for the rearrangement of complex
6 to 7 at 333 K.

Figure 7. Molar ratio versus time plot for the rearrangement of complex
8 to 9 at 348 K.

Table 4. Kinetic parameters for the haptotropic rearrangement of
Cr(CO)2(L) complexes 2, 4, 6, 8 and 10, cone angles q and electronic pa-
rameters c.

Cr(CO)2(L) T
[K]

k [s�1][a] DG¼6

[kJmol�1]
q

[8][11]
c

[cm�1][12]

2 L=CO[5b] 333 (6.5�0.7)S10�5 108.5�0.3 – –
2 L=CO 348 (4.3�0.4)S10�4 108.1�0.3 – –
4 L=PPh3 333 (1.6�0.2)S10�4 106.0�0.3 145 13.25
6 L=P(OPh)3 333 (1.9�0.2)S10�4 105.6�0.3 128 30.20
8 L=PMe3 348 (7.2�0.7)S10�6 119.9�0.3 118 08.55
10 L=P(OMe)3 333 (6.1 � 0.6)S10�6 115.1�0.3 107 24.10
10 L=P(OMe)3 348 (3.4�0.3)S10�5 115.5�0.3 107 24.10

[a] Recorded in C6F6.

Figure 8. Tuning of rate constants for the haptotropic rearrangement by
variation of the coligand sphere (333 K).

Figure 9. Rate constants for the PMe3 complex 8, the P(OMe)3 complex
10 and the parent tricarbonyl complex 2 at 348 K.
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studies of the more reactive PPh3 complex 4 and the
P(OPh)3 complex 6, which were carried out at 333 K, the re-
arrangements of the P(OMe)3 complex 10 and parent tricar-
bonyl complex 2 were examined at both temperatures.

The most original approach in quantifying steric and elec-
tronic effects of phosphorus ligands was suggested by
Tolman who introduced the cone angle q as a measure of
the steric demand and the wavenumber of the A1 n(CO)
stretching frequency in [Ni(CO)3(PR3)] as a measure of the
electronic property of the coligand.[11] The latter is some-
times represented as the c value which reflects the total hyp-
sochromic shift (in cm�1) with respect to the model ligand
PtBu3.

DG6¼ ¼ aq þ bc þ c ð1Þ

An analysis according to Equation (1) was performed on
the basis of TolmanTs cone angles q and accurately deter-
mined c values.[12] This analysis indicates that both steric
and electronic properties of the phosphorus ligands contrib-
ute significantly to the free activation enthalpy (Figure 10,

a= (�0.383�0.051) kJmol�1 per 8, b= (�0.486�
0.083) kJmol�1 cm�1, c= (168.6�6.9) kJmol�1, R2=0.987 for
the set of four PR3 complexes). Parameter a reflects the in-
fluence of the ligands’ steric bulk, while parameter b pro-
vides a measure for the impact of its electronic characteris-
tics. Neither coefficient may be neglected to rationalise the
DG¼6 values observed, which implies that the rate constants
correlate with both the steric and the electronic properties
of the phosphorus ligands. It is evident that the haptotropic
shift of the organometallic fragment is enhanced by intro-
ducing bulky and/or electron-deficient coligands. On the
other hand, the activation barrier increases when CO is sub-
stituted for electron-rich phosphines with poor steric
demand (such as PMe3). Even though the fit of the experi-
mental data to Equation (1) is quite satisfactory, it may be
further improved by increasing the original Tolman value
for the cone angle q of P(OMe)3 as has been suggested by
several groups.[14]

Conclusions

[Cr(CO)2(PR3)] complexes of naphthalene derivatives have
been synthesised in high yields by photo-induced ligand sub-
stitution via cyclooctene intermediates. The ligand exchange
is partially accompanied by low-temperature haptotropic
metal migration, which affords both possible regioisomers
for each phosphorus ligand. An additional metal shift occurs
already during photolysis if the thermodynamically more
stable Cr(CO)3 complex serves as starting material. Upon
thermal induction the thermodynamically less stable PR3

complex may be converted into its thermodynamically more
stable regioisomer: The kinetics of these rearrangements
reveal that rate constants for the metal shift can be tuned by
a proper choice of phosphine or phosphite coligands. Com-
pared to the parent tricarbonyl complex the PPh3- and
P(OPh)3-substituted derivatives display an enhanced reactiv-
ity, whereas the rearrangement is slowed down for the PMe3

and P(OMe)3 complexes. A QALE analysis of the free acti-
vation enthalpy of the process indicates significant contribu-
tions from both steric and electronic properties of the PR3

ligands. DG¼6 is increased for small electron-rich phosphines,
whereas electron-deficiency or increased steric demand en-
hances the haptotropic isomerisation.

Experimental Section

General reaction conditions, instrumentation and reagents : All reactions
were performed under an argon atmosphere. Solvents used for reactions,
crystallisation and chromatography were dried by distillation from lithi-
um aluminium hydride (diethyl ether, petroleum ether), calcium hydride
(di-n-butyl ether, dichloromethane, hexafluorobenzene) or sodium (tolu-
ene). Column chromatography was performed with degassed silica gel
(Machery Nagel, type 60, 0.015–0.025 mm). For HPLC, Knauer Euro-
spher 100 Si and Knauer Euroshper 100 CN columns were used; the flow
was adjusted to 1 mLmin�1 for analytical HPLC. Analyses were per-
formed with a Nicolet Magna 550 FT-IR, with Bruker DRX 500 and
DPX 300 NMR spectrometers and a Kratos MS 50 (70 eV) mass spec-
trometer. The abbreviation “t” is used in the analytical section to denote
a pseudo-triplet. Pentacarbonyl[methoxy(phenyl)carbene]chromium (1)
was synthesised by addition of phenyllithium to chromium hexacarbonyl
in tert-butyl methyl ether at 0 8C, followed by treatment with trimethyl-
oxonium tetrafluoroborate in dichloromethane at room temperature and
purification by column chromatography. Tricarbonyl[(h6-1,2,3,4,4a,8a)-1-
tert-butyldimethyl-silyloxy-2,3-diethyl-4-methoxynaphthalene]chromium
(2) was prepared according reference [3b].

X-ray crystallographic studies of 4, 5, 6, 7 and 10 : Crystals for X-ray anal-
ysis were grown by slow evaporation of the solvent at room temperature.
Solutions of the PPh3 complexes 4 and 5 in diethyl ether gave red crystals
of 4 and black crystals of 5, respectively. Red crystals of the P(OPh3)
complexes 6 and 7 were grown from heptane (6) or a mixture of heptane
and diethyl ether (7). A toluene solution of the P(OMe)3 complex 10
yielded dark red crystals. Crystallographic data were collected with a
Nonius KappaCCD diffractometer at 123 K. The molecular structures
were solved by direct methods. Hydrogen atoms were located by using a
riding model. Details of the collection and refinement of the data are
presented in Table 2. CCDC 278109 (4), 278110 (5), 278111 (6), 278112
(7), and 278113 (10) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif

Figure 10. Fit of the experimental DG¼6 values versus aq + bc + c.
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General procedure for the synthesis of the (arene)Cr(CO)2(PR3) com-
plexes 4–11: A solution of the tricarbonyl complex 2 or 3 and cyclooctene
(7.5 mL) in petroleum ether (200 mL) was irradiated by using a medium-
pressure mercury lamp (125 W) with a pyrex filter at �50 8C until com-
plete removal of one equivalent CO (IR spectrum of the cyclooctene
complex (petroleum ether): ñ=1907 (vs), 1849 (vs) cm�1). The volume of
the solution was reduced to 50 mL in vacuo and the respective phosphine
or phosphite was added as a solution in petroleum ether (toluene in the
case of PMe3) and stirred at room temperature until the ligand exchange
was complete. After removal of volatile components, the residue was sub-
jected to column chromatography and the fraction containing the dicar-
bonyl complexes was separated by HPLC.

Synthesis of dicarbonyl(triphenylphosphine)[(h6--1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (4) and
dicarbonyl(triphenylphosphine)[(h6--4a,5,6,7,8,8a)-1-tert-butyldimethylsi-
lyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (5): The reaction was
carried out with tricarbonyl complex 3 (0.26 g, 0.55 mmol) and triphenyl-
phosphine (0.15 g, 5.8 mmol). Eluent for column chromatography: di-
chloromethane/petroleum ether (3/2). Overall yield: 0.37 g (0.52 mmol,
95%) of a dark red solid. Analytical HPLC: Knauer Eurospher 100 Si,
99% n-hexane, 1% diethyl ether, retention times: 4.80 min (4), 5.78 min
(5).

Complex 4 : Yield: 0.25 g (0.35 mmol, 64%) of a dark red solid. Rf (di-
chloromethane/petroleum ether 3/2)=0.75; 1H NMR (500 MHz, CDCl3):
d=7.79 (d, 3JH,H=8.8 Hz, 1H; H8), 7.28–7.23, 7.17–7.11 (m, 16H; H7/6,
3C6H5), 6.89 (d, 3JH,H=8.5 Hz, 1H; H5), 6.84 (“t”, 1H; H6/7), 3.53 (s,
3H; OCH3), 2.99 (dq, 2JH,H=14.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.87 (dq,
2JH,H=14.9 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.79 (dq, 2JH,H=14.9 Hz, 3JH,H=

7.5 Hz, 1H; CH2), 2.74 (dq, 2JH,H=14.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.41
(t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.34 (t, 3JH,H=7.5 Hz, 3H; CH2CH3),
1.12 (s, 9H; C(CH3)3), 0.49 (s, 3H; SiCH3), 0.38 ppm (s, 3H; SiCH3);
13C NMR (125 MHz, CDCl3): d=242.6 (d, 2JP,C=19.7 Hz; Cr(CO)), 241.2
(d, 2JP,C=18.7 Hz; Cr(CO)), 137.4 (d, 1JP,C=32.2 Hz; 3PC), 133.3 (d,
2JP,C=11.0 Hz; 6PCCH), 128.2 (3PCCHCHCH), 127.1 (d, 3JP,C=8.6 Hz;
6PCCHCH), 126.8 (ArCH), 126.5, 126.4 (C1, C4) 125.6, 125.0, 123.0
(3 ArCH), 104.2, 100.6, 98.3, 97.1 (C2, C3, C4a, C8a), 62.0 (OCH3), 26.4
(C(CH3)3), 21.2, 21.2 (2CH2), 19.3 (C(CH3)3), 15.9 (CH2CH3), 15.9
(CH2CH3), �1.6, �2.5 ppm (Si(CH3)2);

31P NMR (202 MHz, CDCl3): d=
86.7 ppm: IR (petroleum ether): ñ=1888 (vs), 1882 (sh), 1844 (s),
1830 cm�1 (m); MS (EI): m/z (%): 714 (1) [M+], 658 (21) [M+�2CO],
543 (1) [M+�2CO�SiMe2tBu], 396 (2) [M+�2CO�PPh3], 344 (75) [M+

�Cr(CO)2(PPh3)], 329 (23) [M+�Cr(CO)2(PPh3)�Me], 314 (22) [M+

�Cr(CO)2(PPh3)�2Me], 287 (13) [M+�Cr(CO)2(PPh3)�tBu], 262 (100)
[PPh3

+], 258 (26) [M+�Cr(CO)2(PPh3)�tBu�Et], 243 (15) [M+

�Cr(CO)2(PPh3)�tBu�Et�Me]. HR-MS: calculated for C41H47O4SiPCr
714.2386, found 714.2387.

Complex 5 : Yield: 0.12 g (0.17 mmol, 31%) of a orange-brown solid. Rf=

0.75 (dichloromethane/petroleum ether 3/2). 1H NMR (300 MHz,
CDCl3): d=7.3–7.15 (m, 15H; 3C6H5), 5.66 (dm, 3JH,H=6.6 Hz, 1H; H5/
8), 5.46 (ddd, 3JH,H=6.5 Hz, 4JH,H=2.9 Hz, 3JPH=0.9 Hz, 1H; H5/8), 4.76
(“t”dd, 3JH,H=6.2 Hz, 4JH,H=2.9 Hz, 3JP,H=0.9 Hz, 1H; H6/7), 4.53
(“t”dd, 3JH,H=6.2 Hz, 4JH,H=1.9 Hz, 3JP,H=0.9 Hz, 1H; H6/7), 3.72 (s,
3H; OCH3), 2.75 (m, 2H; CH2), 2.43 (m, 2H; CH2), 1.08 (t, 3JH,H=

7.5 Hz, 3H; CH2CH3), 1.03 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.02 (s, 9H;
C(CH3)3), 0.17 (s, 3H; SiCH3), 0.15 ppm (s, 3H; SiCH3);

13C NMR
(125 MHz, CDCl3): d=240.4 (d, 2JP,C=20.6 Hz, Cr(CO)), 240.0 (d, 2JP,C=

19.7 Hz, Cr(CO)), 147.8, 146.6 (C1, C4), 139.4 (d, 1JP,C=33.1 Hz, 3PC),
133.0 (d, 2JP,C=10.6 Hz, 6PCCH), 130.2 (C2/3), 128.5 (3PCCHCHCH),
127.6 (d, 3JP,C=8.2 Hz, 6PCCHCHCHCH), 99.7, 97.2 (C4a, C8a), 89.5,
89.3, 86.1, 80.6 (C5-C8), 61.5 (OCH3), 26.1 (C(CH3)3), 20.4, 20.0 (2CH2),
18.8 (C(CH3)3), 15.9 (CH2CH3), 14.7 (CH2CH3), �2.5, �3.2 ppm (Si-
(CH3)2);

31P NMR (202 MHz, CDCl3): d=90.6 ppm; IR (petroleum
ether): ñ=1900 (vs), 1853 (s), 1844 cm�1 (sh); MS (EI): m/z (%): 714 (3)
[M+], 658 (55) [M+�2CO], 396 (8) [M+�2CO�PPh3], 344 (74) [M+

�Cr(CO)2(PPh3)], 329 (24) [M+�Cr(CO)2(PPh3)�Me], 314 (57) [M+

�Cr(CO)2(PPh3)�2Me], 287 (13) [M+�Cr(CO)2(PPh3)�tBu], 262 (100)
[PPh3

+], 258 (24) [M+�Cr(CO)2(PPh3)�tBu�Et], 243 (13) [M+

�Cr(CO)2(PPh3)�tBu�Et�Me]. HR-MS: calculated for C41H47O4SiPCr
714.2386, found 714.2378.

Synthesis of dicarbonyl(triphenylphosphite)[(h6-1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (6) and
dicarbonyl(triphenylphosphite)[(h6-4a,5,6,7,8,8a)-1-tert-butyldimethylsil-
yloxy-2,3-diethyl-4-methoxynaphthalene]chromium (7): The reaction was
carried out with tricarbonyl complex 2 (0.37 g, 0.77 mmol) and triphenyl-
phosphite (0.20 mL, 0.77 mmol). Eluent for column chromatography: pe-
troleum ether/dichloromethane (1/1). Overall yield: 0.38 g (0.50 mmol,
65%) of dicarbonyl complexes 6 and 7 as a dark red solid and 0.07 g
(0.15 mmol, 19%) of unreacted tricarbonyl complex 2. Analytical HPLC:
Knauer Eurospher 100 Si, 95% n-hexane, 5% tert-butyl methyl ether, re-
tention times: 3.83 min (6), 3.97 min (7).

Complex 6 : Yield: 0.29 g (0.38 mmol, 49%) of a red-brown solid. Rf (pe-
troleum ether/dichloromethane 1/1)=0.40; 1H NMR (500 MHz, CDCl3):
d=7.87 (m, 1H; H8/5), 7.74 (m, 1H; H5/8), 7.27–7.22, 7.09–7.02 (m,
15H; 3C6H5), 7.14 (m, 2H; H6, H7), 3.92 (s, 3H; OCH3), 2.79 (dq,
2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.77 (dq, 2JH,H=14.5 Hz, 3JH,H=

7.5 Hz, 1H; CH2), 2.67 (dq, 2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.60
(dq, 2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.42 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 1.32 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.12 (s, 9H; C(CH3)3),
0.49 (s, 3H; SiCH3), 0.41 ppm (s, 3H; SiCH3);

13C NMR (125 MHz,
CDCl3): d=238.6 (d, 2JP,C=31.2 Hz, Cr(CO)), 236.9 (d, 2JP,C=29.8 Hz,
Cr(CO)), 152.4 (d, 2JP,C=9.5 Hz, 3POC), 130.0 (C1/C4), 128.9
(6POCCHCH), 127.8 (C1/C4), 126.9, 125.9, 125.5, 124.7 (C5-C8), 123.1
(3POCCHCHCH), 121.0 (d, 3JP,C=2.9 Hz, 6PCCH), 105.2, 101.3, 100.2,
98.3 (C2, C3, C4a, C8a), 63.7 (OCH3), 26.2 (C(CH3)3), 21.0, 20.7 (2CH2),
19.1 (C(CH3)3), 15.8 (CH2CH3), 15.6 (CH2CH3), �1.8, �2.9 ppm (Si-
(CH3)2);

31P NMR (202 MHz, CDCl3): d=189.0; IR (petroleum ether):
ñ=1902 (vs), 1851 (s), 1844 (sh) cm�1; MS (EI): m/z (%): 762 (6) [M+],
706 (30) [M+�2CO], 669 (1) [M+�OPh], 396 (3) [M+�2CO�P(OPh)3],
362 (72) [Cr(CO)2P(OPh)3

+], 344 (100) [M+�Cr(CO)2(P(OPh)3)], 329
(43) [M+�Cr(CO)2(P(OPh)3)�Me], 310 (23) [P(OPh)3

+], 287 (29)
[M+�Cr(CO)2(P(OPh)3)�tBu], 258 (41) [M+�Cr(CO)2(P(OPh)3)�
tBu�Et], 243 (25) [M+�Cr(CO)2(P(OPh)3)�tBu�Et�Me], 217 (66)
[P(OPh)2

+], 73 (99) [SiMe3
+]. HR-MS: calculated for C41H47O7SiPCr

762.2234, found 762.2246.

Complex 7: Yield: 0.09 g (0.12 mmol, 16%) of an orange-brown solid. Rf

(petroleum ether/dichloromethane 1/1)=0.40. 1H NMR (500 MHz,
CDCl3): d=7.38–7.28, 7.16 (m, 15, 3C6H5), 5.69 (d, 3JH,H=6.7 Hz, 1H;
H8/5), 5.65 (d, 1H; H5/8), 4.67 (m, 1H; H6/7), 4.59 (m, 1H; H7/6), 3.88
(s, 3H; OCH3), 2.87 (dq, 2JH,H=13.6 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.83
(dq, 2JH,H=14.1 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.56 (dq, 2JH,H=13.6 Hz,
3JH,H=7.4 Hz, 1H; CH2), 2.49 (dq, 2JH,H=14.1 Hz, 3JH,H=7.4 Hz, 1H;
CH2), 1.18 (t, 3JH,H=7.4 Hz, 3H; CH2CH3), 1.13 (s, 9H; C(CH3)3), 1.03 (t,
3JH,H=7.4 Hz, 3H; CH2CH3), 0.22 (s, 3H; SiCH3), 0.15 ppm (s, 3H;
SiCH3);

13C NMR (125 MHz, CDCl3): d=234.9 (d, 2JP,C=32.2 Hz,
Cr(CO)), 234.9 (d, 2JP,C=28.0 Hz, Cr(CO)), 152.4 (d, 2JP,C=6.2 Hz,
3POC), 146.8, 144.3 (C1, C4), 134.4, 130.6 (C2, C3), 129.2 (6POCCHCH),
123.9 (3POCCHCHCH), 121.8 (d, 3JP,C=3.4 Hz, 6POCCH), 98.8, 98.6
(C4a, C8a), 89.9, 88.8, 84.0, 83.6 (C5-C8), 61.7 (OCH3), 26.0 (C(CH3)3),
20.3, 20.0 (2CH2), 18.7 (C(CH3)3), 15.8 (CH2CH3), 14.5 (CH2CH3), �2.7,
�3.6 ppm (Si(CH3)2);

31P NMR (202 MHz, CDCl3): d=201.2 ppm; IR
(petroleum ether): ñ=1930 (sh), 1922 (vs), 1884 (sh), 1875 (sh),
1869 cm�1 (s); MS (EI): m/z (%): 762 (6) [M+], 706 (33) [M+�2CO],
669 (2) [M+�OPh], 396 (11) [M+�2CO�P(OPh)3], 362 (100)
[Cr(CO)2P(OPh)3

+], 344 (67) [M+�Cr(CO)2(P(OPh)3)], 329 (17) [M+

�Cr(CO)2(P(OPh)3)�Me], 310 (23) [P(OPh)3], 287 (11) [M+�Cr(CO)2-
(P(OPh)3)�tBu], 258 (20) [M+�Cr(CO)2(P(OPh)3)�tBu�Et], 243 (13)
[M+�Cr(CO)2(P(OPh)3)�tBu�Et�Me], 217 (58) [P(OPh)2

+]; HR-MS:
calculated for C41H47O7SiPCr 762.2234, found 762.2213.

Synthesis of dicarbonyl(trimethylphosphine)[(h6-1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (8) and
dicarbonyl(trimethylphosphine)[(h6--4a,5,6,7,8,8a)-1-tert-butyldimethylsil-
yloxy-2,3-diethyl-4-methoxynaphthalene]chromium (9): The reaction was
carried out with tricarbonyl complex 2 (0.39 g, 0.81 mmol) and trimethyl-
phosphine solution in toluene: (8.0 mL, 1m, 8.0 mmol). Eluent for
column chromatography: petroleum ether/dichloromethane (4/3). Overall
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yield: 0.26 g (0.49 mmol, 61%) of a black solid. Analytical HPLC:
Knauer Eurospher 100 CN, 95% n-hexane, 5% tert-butyl methyl ether,
retention times: 4.62 min (8), 5.83 min (9).

Complex 8 : Yield: 0.22 g (0.42 mmol, 52%) of a brown solid. Rf (petro-
leum ether/dichloromethane 4/3)= 0.15; 1H NMR (500 MHz, CD2Cl2):
d=7.80 (dm, 3JH,H=8.6 Hz, 1H; H5/8), 7.72 (dm, 3JH,H=8.2 Hz, 1H; H5/
8), 7.27–7.19 (m, 2H; H6/7), 3.85 (s, 3H; COCH3), 2.83 (dq, 2JH,H=

14.3 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.69 (dq, 2JH,H=14.3 Hz, 3JH,H=7.5 Hz,
1H; CH2), 2.66 (dq, 2JH,H=14.4 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.61 (dq,
2JH,H=14.4 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.33 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 1.31 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.07 (s, 9H; C(CH3)3),
1.07 (d, 3JPH=7.9 Hz, P(CH3)3), 0.41 (s, 3H; SiCH3), 0.35 ppm (s, 3H;
SiCH3);

13C NMR (125 MHz, CD2Cl2): d=240.5 (d, 2JP,C=21.1 Hz,
Cr(CO)), 239.0 (d, 2JP,C=20.2 Hz, Cr(CO)), 128.2 (C1/4), 125.5, 125.4
(2 ArCH), 125.0 (C1/4), 124.9, 124.4 (2 ArCH), 101.8, 99.8, 99.8, 98.9 (C2,
C3, C4a, C8a), 63.2 (OCH3), 26.1 (C(CH3)3), 21.5, 20.9 (2CH2), 19.0 (d,
1JP,C=22.1 Hz, P(CH3)3), 18.9 (C(CH3)3), 16.2 (CH2CH3), 15.9 (CH2CH3),
�2.1, �3.1 ppm (Si(CH3)2);

31P NMR (202 MHz, CD2Cl2): d=35.0 ppm;
IR (petroleum ether): ñ=1888 (w), 1878 (vs), 1838 (sh), 1826 cm�1 (s);
MS (EI): m/z (%): 528 (1), 472 (10) [M+�2CO], 396 (5) [M+

�2CO�PMe3], 344 (77) [M+�Cr(CO)2(PMe3)], 329 (42) [M+�Cr(CO)2-
(PMe3)�Me], 287 (25) [M+�Cr(CO)2(PMe3)�tBu], 258 (37) [M+

�Cr(CO)2(PMe3)�tBu�Et], 243 (21) [M+�Cr(CO)2(PMe3)
�tBu�Et�Me], 73 (100) [SiMe3

+]; HR-MS: calculated for C26H41O4-
SiPCr 528.1917, found 528.1909.

Complex 9 : (0.04 g, 0.08 mmol, 10%) of a red solid. Rf (petroleum ether/
dichloromethane 4/3)=0.15; 1H NMR (500 MHz, CD2Cl2): d=5.85 (ddd,
3JH,H=6.5 Hz, 4JH,H=3.2 Hz, 3JPH=1.0 Hz, 1H; H5/8), 5.80 (ddd, 3JH,H=

6.6 Hz, 4JH,H=4.0 Hz, 3JPH=1.0 Hz, 1H; H5/8), 5.12 (“t”d, 3JH,H=6.2 Hz,
3JPH=1.0 Hz, 1H; H6/7), 5.00 (“t”d, 3JH,H=6.2 Hz, 3JPH=1.0 Hz, 1H; H6/
7), 3.93 (s, 3H; OCH3), 2.86 (dq, 2JH,H=13.6 Hz, 3JH,H=7.5 Hz, 1H;
CH2), 2.82 (dq, 2JH,H=13.7 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.53 (dq, 2JH,H=

13.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.49 (dq, 2JH,H=13.6 Hz, 3JH,H=7.5 Hz,
1H; CH2), 1.16 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.10 (s, 9H; C(CH3)3),
1.07 (d, 2JP,H=8.0 Hz, 9H; P(CH3)3), 1.01 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 0.25 (s, 3H; SiCH3), 0.19 ppm (s, 3H; SiCH3);

31P NMR
(202 MHz, CD2Cl2): d=33.4 ppm. IR (petroleum ether): ñ=1898 (vs),
1892 (s), 1844 (s), 1836 cm�1 (m); MS (EI): m/z (%): 528 (4), 472 (23)
[M+�2CO], 396 (10) [M+�2CO�PMe3], 344 (100) [M+�Cr(CO)2-
(PMe3)], 329 (45) [M+�Cr(CO)2(PMe3) �Me], 287 (25) [M+�Cr(CO)2-
(PMe3)�tBu], 258 (37) [M+�Cr(CO)2(PMe3)�tBu�Et], 243 (22) [M+

�Cr(CO)2(PMe3) �tBu�Et�Me], 73 (60) [SiMe3
+]. HR-MS: calculated

for C26H41O4SiPCr 528.1917, found 528.1925.

Synthesis of dicarbonyl(trimethylphosphite)[(h6--1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (10)
and dicarbonyl(trimethylphosphite)[(h6--4a,5,6,7,8,8a)-1-tert-butyldime-
thylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (11): The reac-
tion was carried out with tricarbonyl complex 2 (0.36 g, 0.75 mmol) and
trimethylphosphite (1.0 mL, 8.5 mmol). Eluent for column chromatogra-
phy: dichloromethane. Overall yield: 0.26 g (0.47 mmol, 60%) of the di-
carbonyl complexes 10 and 11 as a dark red solid and unreacted starting
material 2 (0.13 g, 0.27 mmol; 36%). Analytical HPLC: Knauer Euros-
pher 100 Si, 95% n-hexane, 5% tert-butyl methyl ether, retention times:
6.15 min (10), 8.15 min (11). Complex 10 : Yield: 0.22 g (0.38 mmol, 51%)
of a dark red solid. Rf (dichloromethane)=0.46; 1H NMR (300 MHz,
CDCl3): d=7.85 (d, 3JH,H=8.5 Hz, 1H; H5/8), 7.72 (d, 3JH,H=8.1 Hz, 1H;
H5/8), 7.35–7.20 (m, 2H; H6, H7), 3.86 (s, 3H; COCH3), 2.99 (dq, 2JH,H=

14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.72 (m, 3H; CH2), 1.36 (t, 3JH,H=

7.5 Hz, 3H; CH2CH3), 1.33 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.09 (s, 9H;
C(CH3)3), 0.40 (s, 3H; SiCH3), 0.32 ppm (s, 3H; SiCH3);

13C NMR
(125 MHz, CDCl3): d=239.1 (d, 2JP,C=33.1 Hz, Cr(CO)), 237.7 (d, 2JP,C=

31.7 Hz, Cr(CO)), 128.0, 128.0 (C1, C4), 126.6, 126.0, 124.9, 124.6 (C5-
C8), 104.5, 100.0, 99.9, 97.0 (C2, C3, C4a, C8a), 63.4 (OCH3), 26.2 (C-
(CH3)3), 21.6, 20.8 (2CH2), 19.1 (C(CH3)3), 16.2 (CH2CH3), 15.7
(CH2CH3), �1.8, �2.7 ppm (Si(CH3)2);

31P NMR (202 MHz, CDCl3): d=
213.3 ppm; IR (petroleum ether): ñ=1898 (s), 1886 (vs), 1846 (m),
1836 cm�1 (s); MS (EI): m/z (%): 576 (10) [M+], 545 (5) [M+�OMe],
520 (61) [M+�2CO], 396 (74) [M+�2CO�P(OMe)3], 344 (74) [M+

�Cr(CO)2(P(OMe)3)], 329 (35) [M+�Cr(CO)2(P(OMe)3)�Me], 287 (25)
[M+�Cr(CO)2(P(OMe)3)�tBu], 258 (37) [M+�Cr(CO)2-
(P(OMe)3)�tBu�Et], 243 (29) [M+�Cr(CO)2(P(OMe)3)�tBu�Et�Me],
176 (22) [Cr(P(OMe)3

+], 73 (100) [SiMe3
+]; HR-MS: calculated for

C26H41O7SiPCr 576.1764, found 576.1757.

Complex 11: Rf (dichloromethane)=0.46; 1H NMR (500 MHz, CDCl3):
d=6.04 (dm, 3JH,H=6.5 Hz, 1H; H5/8), 6.00 (dm, 3JH,H=6.5 Hz, 1H; H5/
8), 5.23 (“t”, 3JH,H=6.2 Hz, 1H; H6/7), 5.16 (“t”, 3JH,H=6.2 Hz, 1H; H6/
7), 3.92 (s, 3H; OCH3), 3.29 (d, “, 3JPH=11.4 Hz, 9H; P(OCH3)3), 2.87
(dq, 2JH,H=13.3 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.81 (dq, 2JH,H=13.5 Hz,
3JH,H=7.4 Hz, 1H; CH2), 2.53 (dq, 2JH,H=13.3 Hz, 3JH,H=7.4 Hz, 1H;
CH2), 2.48 (dq, 2JH,H=13.5 Hz, 3JH,H=7.4 Hz, 1H; CH2), 1.17 (t, 3JH,H=

7.4 Hz, 3H; CH2CH3), 1.08 (s, 9H; C(CH3)3), 1.01 (t, 3JH,H=7.4 Hz, 3H;
CH2CH3), 0.22 ppm (s, 6H; Si(CH3)2);

13C NMR (125 MHz, CDCl3): d=
237.4 (d, 2JP,C=32.2 Hz, Cr(CO)), 237.0 (d, 2JP,C=31.7 Hz, Cr(CO)),
147.2, 144.6 (C1, C4), 133.9, 130.0 (C2, C3), 100.3, 99.4 (C4a, C8a), 88.5,
88.2, 82.2, 81.8 (C5-C8), 61.8 (OCH3), 26.0 (C(CH3)3), 20.4, 20.0 (2CH2),
18.7 (C(CH3)3), 15.7 (CH2CH3), 14.3 (CH2CH3), �2.5, �3.3 ppm (Si-
(CH3)2);

31P NMR (202 MHz, CDCl3): d=214.7 ppm; IR (petroleum
ether): ñ=1909 (vs), 1900 (sh), 1853 cm�1 (s); MS (EI): m/z (%): 576 (1)
[M+], 545 (1) [M+�OMe], 520 (7) [M+�2CO], 396 (8) [M+�2CO�P-
(OMe)3], 344 (42) [M+�Cr(CO)2(P(OMe)3)], 329 (23) [M+�Cr(CO)2-
(P(OMe)3)�Me], 287 (17) [M+�Cr(CO)2(P(OMe)3)�tBu], 258 (29) [M+

�Cr(CO)2(P(OMe)3) �tBu�Et], 243 (22) [M+�Cr(CO)2-
(P(OMe)3)�tBu�Et�Me], 73 (100) [SiMe3

+]; HR-MS: calculated for
C26H41O7SiPCr 576.1764, found 576.1767.

Procedure for the kinetic analyses : For the kinetic studies of the hapto-
tropic metal shift, the thermodynamically less favourable isomers were
dissolved in distilled NMR-grade hexafluorobenzene, which was carefully
deoxygenated prior to each use. The solution was filtered into a dry,
argon-flushed NMR tube which was sealed after inserting the external
standard ([D8]dioxane).

1H NMR spectra were recorded in appropriate
intervals (5 to 20 min) at the specified temperature. The relative concen-
tration of the two isomers was determined by the integration of the sig-
nals for the hydrogen atoms of the dimethyl(silyl) fragment.
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