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Summary: The different binding modes of p-anisalde-
hyde to the [TpMo(CO)(MeCtCMe)]+ and [TpW(CO)-
(MeCtCMe)]+ fragments in solution have been assessed
by IR and 1H and 13C NMR spectra. X-ray analyses
substantiate that p-anisaldehyde is σ-bound in the
molybdenum complex 1 and π-bound in the tungsten
complex 2.

The reactivity of aldehydes and ketones bound to
transition-metal Lewis acids has been investigated
extensively.1-3 These studies reveal the influence of
ancillary ligands and type of organic carbonyl on the
mode of coordination of bound aldehydes and ketones.
In contrast, few examples directly probe the impact of
the metal.4 Herein, we report coordination of p-anis-
aldehyde to the TpMo(CO)(MeCtCMe)+ and TpW(CO)-
(MeCtCMe)+ (Tp ) hydridotripyrazolylborate) metal
fragments. The aldehyde and ancillary ligands are
constant in the two systems, isolating the metal as the
sole discriminating factor for the mode of aldehyde
coordination.
Protonation of the navy blue methyl complex TpMo-

(CO)(MeCtCMe)Me (νCtO 1896 cm-1) with HBAr′4‚-
2OEt2 (BAr′4 ) tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate)5 in CH2Cl2 at -78 °C followed by addition

of p-anisaldehyde and subsequent warming to ambient
temperature yields a golden brown solution of [TpMo-
(CO)(MeCtCMe)(η1-p-OdCHC6H4OMe)][BAr′4] (1; νCtO
1968 cm-1), as shown in eq 1.6 NMR signals at 8.30 ppm

(CHO) in the 1H spectrum and 197.2 ppm (CHO) in the
13C spectrum are diagnostic for an η1-p-anisaldehyde
complex.1a,7 Broad ortho and meta aryl carbon reso-
nances in the 13C NMR spectrum (135.0, 115.9 ppm)
reflect restricted rotation about the aryl-carbonyl
carbon bond due to π-delocalization from the electron-
rich aryl group to the aldehyde functionality.8 At -80
°C the aryl rotation has slowed and four separate aryl
signals are observed (137.5, 131.4, 116.3, 112.8 ppm).
The aldehyde carbonyl resonance (-80 °C: CHO, 195.6
ppm) in 13C NMR and the aldehydic proton resonance
(-80 °C: CHO, 8.02 ppm) in 1H NMR are shifted only
slightly from ambient-temperature values, indicating
that the aldehyde maintains its σ mode of coordination
at low temperatures.
Workup of 1 gave emerald green crystals in 81% yield.

An X-ray crystal structure determination substantiates
the η1-coordination of p-anisaldehyde to the octahedral
molybdenum metal center (Figure 1). The molecule
adopts the sterically less demanding E conformation
about the CdO bond3l with a Mo(1)-O(5)-C(6) bond
angle of 144.0(4)°. An O(5)-C(6)-C(11) angle of 122.2-
(6)° is consistent with sp2 hybridization at the carbonyl
(CHO) carbon. The CdO bond length (1.237(7) Å) is
similar to the length in other structurally characterized
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(6) [TpMo(CO)(MeCtCMe)(η1-p-OdCHC6H4OMe)][BAr′4] (1): IR
(CH2Cl2) νCtO 1968 cm-1; 1H NMR (200 MHz, CD2Cl2) δ 8.30 (s, 1 H,
CHO), 7.50, 6.97 (both br d, 2 H each, 3JHH ) 9.0 Hz for both, C6H4),
3.89 (s, 3 H, OMe); 13C{1H} NMR (400 MHz, CD2Cl2, -80 °C) δ 195.6
(CHO), 167.3 (C-OMe of C6H4), 137.5, 131.4 (C6H4), 125.7 (ipso of
C6H4), 116.3, 112.8 (C6H4), 55.9 (OMe).

(7) 1H NMR for free p-anisaldehyde (CD2Cl2): δ 9.86 (s, CHO).
(8) A helpful reviewer suggested that this broadening could be due

to slow rotation about the MeOsC(ipso) bond. Since broadening is
seen with coordinated benzaldehyde, restricted rotation about the
OdCsC(ipso) bond is more likely.
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η1-p-anisaldehyde complexes.3j,m,9 The distance between
molybdenum and C(6) is 3.131 Å, well beyond the range
expected for a π-bound aromatic aldehyde molybdenum
complex.10 The C(8)-O(7)-C(14)-C(13) torsion angle
is 4.6°, consistent with extensive conjugation throughout
the p-anisaldehyde ligand.
The [TpW(CO)(MeCtCMe)(η1/η2-p-OdCHC6H4OMe)]-

[BAr′4] complex (2) was prepared by the same method
as the molybdenum analogue. The purple TpW(CO)-
(MeCtCMe)Me complex (νCtO 1884 cm-1) was proto-
nated with HBAr′4‚2OEt2 in CH2Cl2 at -78 °C followed
by addition of p-anisaldehyde and subsequent warming
to ambient temperature to generate a reddish orange
solution of 2 (Scheme 1).11 The solution IR of 2 at 21
°C reveals both σ- and π-isomers. The tungsten CtO
band for the π-isomer appears 86 cm-1 higher than the
CtO band of the σ-isomer (2030 vs 1944 cm-1, respec-
tively), indicating an important back-bonding interac-
tion from tungsten to the CdO π* orbital of the aldehyde
in the π-isomer.
The aldehydic signal in 1H NMR at ambient temper-

ature (CHO, 7.15 ppm) lies between the values expected
for σ- and π-isomers1a and is 1.15 ppm upfield from the
η1-p-anisaldehyde complex 1. As with complex 1, the
ortho and meta carbons of the aryl ring of 2 are broad
signals (126.5, 115.1 ppm) in the 13C NMR which
decoalesce into four separate signals (-40 °C: 131.4,

125.3, 114.7, 113.8 ppm) at lower temperatures. Due
to the dynamic π/σ equilibrium of 2 and the enormous
chemical shift difference of the carbonyl carbon (CHO)
between π (90-100 ppm) and σ (190-200 ppm) TpW-
(CO)(MeCtCMe)+ aldehyde adducts,12 the carbonyl
carbon is not detected at ambient temperature in 13C
NMR. The rate of interconversion between the π- and
σ-isomers of 2 at ambient temperature is such that the
CHO resonance is broadened into the base line. This
CHO carbon can be detected at -80 °C as a broad signal
at 97.9 ppm that sharpens as the temperature is
lowered to -95 °C (CHO, 97.1 ppm). The downfield
shift of nearly 100 ppm of the carbonyl carbon (CHO)
of the σ-bound complex (1) compared to the chemical
shift of the predominantly π-bound complex (2) observed
at low temperatures indicates a rehybridization from
sp2 to sp3 upon η2 coordination to tungsten. The 1H
chemical shift of the aldehydic proton of 2 moves 0.36
ppm upfield as the temperature is lowered to -95 °C
(CHO, 6.79 ppm). Furthermore, complex 2 is thermo-
chromic; the solution turns brown at lower tempera-
tures, a color consistent with a π-bound TpW(CO)-
(MeCtCMe)+ aldehyde complex. These data suggest
that 2 is predominantly a π-p-anisaldehyde complex at
low temperatures.
In order to change the spectroscopic time scale and

probe the thermodynamic π/σ equilibrium without dy-
namic exchange complications, the temperature depen-
dence of the π/σ equilibrium was assessed by infrared
measurements.13 The 53:47 (π:σ) ratio at 21 °C in-
creases to 74:26 at -42 °C and to 94:6 at -78 °C. A
van’t Hoff plot of these values (σ f π) gave approximate
∆H° and ∆S° values of -2.9 kcal mol-1 (-12.1 kJ mol-1)
and -9.6 eu (-40.2 J K-1 mol-1), respectively. As
expected, the π-isomer is favored enthalpically while the
σ-isomer is favored entropically. The ∆G° values for this
plot are -0.08, -0.68, and -1.0 kcal mol-1 for 21, -42,
and -78 °C, respectively. Extrapolation from the plot
predicts an estimated 24:1 (π:σ) ratio at -95 °C. The
significant shift in favor of the π-isomer of 2 at low
temperatures explains why signals for the σ-isomer are
not detected in low-temperature NMR spectra.
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Figure 1. ORTEP diagram for [TpMo(CO)(MeCtCMe)-
(η1-p-OdCHC6H4OMe)][BAr′4] (1). Selected bond distances
(Å) and angles (deg): Mo(1)-C(9), 1.966(6); Mo(1)-O(5),
2.044(4); C(9)-O(10), 1.158(8); O(5)-C(6), 1.237(7); C(6)-
C(11), 1.438(8); C(11)-C(12), 1.395(9); C(12)-C(13), 1.372-
(9); C(13)-C(14), 1.389(8); C(14)-C(15), 1.395(9); C(15)-
C(16), 1.365(9); C(16)-C(11), 1.400(8); C(14)-O(7), 1.349(7);
O(7)-C(8), 1.439(8); Mo(1)-O(5)-C(6), 144.0(4); O(5)-Mo-
(1)-C(9), 93.02(22); O(5)-C(6)-C(11), 122.2(6); C(8)-O(7)-
C(14)-C(13), 4.6.

Scheme 1
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Workup of 2 gave orange crystals in 82% yield. The
X-ray crystal structure of 2 reveals an octahedral
coordination sphere with a π-bound p-anisaldehyde in
the solid state (Figure 2). The solid-state geometry
directs the aryl ring of the p-anisaldehyde ligand away
from the bulky Tp ligand. The C(7)-C(11) bond forms
a 25° angle with the W(1)-O(6)-C(7) plane. The C(7)-
O(6) bond length of 1.308(14) Å is significantly longer

than the CdO bond length of 1 (1.237(7) Å), consistent
with π-back-bonding from tungsten to the CdO π*
orbital of 2. The C(7)-O(6) moiety of p-anisaldehyde
is slipped14 substantially with respect to the tungsten
metal center, with a W-O(6) bond length of 1.974(6) Å
and a W-C(7) bond length of 2.268(11) Å. This W-C(7)
bond distance is comparable to similar distances re-
ported for related tungsten complexes.3d,15 The W-O(6)
bond distance of 1.974(6) Å is surprisingly close to the
W-OR bond distance of 1.971(6) Å observed in the
Tp′W(CO)(PhCtCMe)(OCH2

tBu) alkoxide complex.3q A
torsion angle for C(9)-O(8)-C(14)-C(13) of -178.3° in
2 indicates a high degree of π-delocalization in the
methoxyaryl unit.
This comparison study of molybdenum and tungsten

demonstrates the dramatic effect of the metal on the
preferred coordination mode of p-anisaldehyde. Stere-
ochemical transformations of aldehydes and ketones
bound to transition metals depend on their mode of
coordination,3,16 and clearly the metal can exert a
controlling influence in this regard.
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Figure 2. ORTEP diagram for [TpW(CO)(MeCtCMe)(η2-
p-OdCHC6H4OMe)][BAr′4] (2). Selected bond distances (Å)
and angles (deg): W(1)-C(1), 1.964(12); W(1)-O(6), 1.974-
(6); W(1)-C(7), 2.268(11); C(1)-O(1), 1.196(14); O(6)-C(7),
1.308(14); C(7)-C(11), 1.484(15); C(11)-C(12), 1.420(16);
C(12)-C(13), 1.385(17); C(13)-C(14), 1.368(18); C(14)-
C(15), 1.413(16); C(15)-C(16), 1.394(15); C(16)-C(11),
1.355(16); C(14)-O(8), 1.362(14); O(8)-C(9), 1.418(16);
C(7)-W(1)-C(1), 73.4(4); W(1)-C(7)-C(11), 125.9(7); W(1)-
O(6)-C(7), 84.9(5); W(1)-C(7)-O(6), 60.1(5); O(6)-W(1)-
C(7), 35.1(3); C(9)-O(8)-C(14)-C(13), -178.3.
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