OURNAL OF THE AMERICAN CHEMICAL SOCIETY

JACS

Subscriber access provided by American Chemical Society
. Links to articles and content related to this article
. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0627895

A\C\S

ARTICLES

Published on Web 08/24/2006

Circumambulatory Rearrangement with Characteristics of a
2:1 Covalent Molecular Bevel Gear

Rosa E. Bulo,™# Florian Allaart,* Andreas W. Ehlers,* Franciscus J. J. de Kanter,*
Marius Schakel,* Martin Lutz,® Anthony L. Spek,* and Koop Lammertsma**

Contribution from the Department of Chemistry, Vrije Waiisiteit, FEW, De Boelelaan 1083,
1081 HV Amsterdam, The Netherlands, Department of Chemistry and Applied Biosciences, ETH
Zirich, USI-Campus, Via Giuseppe Buffi 13, 6900 Lugano, Switzerland, andeBiCenter for
Biomolecular Research, Crystal and Structural Chemistry, Utrechvéhsity, Padualaan 8,
NL-3584 CH, Utrecht, The Netherlands

Received May 1, 2006; E-mail: K.Lammertsma@few.vu.nl

Abstract: anti-W(CO)s-complexed 9-methyl-9-phosphabicyclo[6.1.0]nonatriene represents a covalently
interlocked molecular bevel gear. Correlated movement of the phosphorus atom and the eight-membered
ring by way of a “walk” rearrangement makes gear slippage impossible. The gearing motion is transferred
to the four-toothed W(CO)s propeller connected to the rotating phosphorus atom, enabling a gearing ratio
of 2:1 according to B3LYP and Car—Parrinello Molecular Dynamics calculations. Methyl substitution of the
eight-membered ring tempers the gearing process, with the PMeW(CO)s entity passing the substituted

carbon atom only at temperatures above 50 °C

Introduction

Captivating molecular devices capable of mechanical work
exist for molecular bearinddyrakes? gears? ratchets, switches,
and turnstile$.Most are held together by weak interactions such

as hydrogen bonds or van der Waals and electrostatic forces.,

Heat, mechanical force, photochemical activation, or proton or
electron transfer drive their motion. Friction is a common
phenomenon in the molecular machinery. Exemplary are the
propeller-like motion&of triptycened” and biphenanthrylidene-
derived compound%.Gear slippage occurs when teeth bend,
such as for aromatics linked to carbon nanotubes.

Molecular machines and particularly gears with covalently
interlocking parts are very rare. An exception is the bishapto
circumambulation mimicking the motion of a bevel géam
such a rearrangement, known as “walk”, a cyclopropane ring
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*Vrije Universiteit.
§ Utrecht University.

(1) Miura, K.; Kamiya, SPhys. Re. Lett. 2003 90, 055509-1-055509-4.

(2) Kelly, T. R.; Bowyer, M. C.; Bhaskar, K. V.; Bebbington, D.; Garcia, A.;
Lang, F.; Kim, M. H.; Jette, M. PJ. Am. Chem. S0d.994 116, 3657
3658.

(3) (a) lwamura, H.; Mislow, K.Acc. Chem. Resl988 21, 175-182. (b)
Stevens, A. M.; Richards, C. Jetrahedron Lett1997 38, 7805-7808.

(4) Kelly, T. R.; Tellitu, I.; Sestelo, J. PAngew. Chem1997, 109, 1969~
1972;Angew. Chem., Int. Ed. Engl997, 36, 1866-1868.

(5) (a)Molecular SwitchesFeringa, B. L., Ed.; Wiley: New York, 2001. (b)
Schoevaars, A. M.; Kruizinga, W.; Zijlstra, R. W. J.; Veldman, N.; Spek,
A. L.; Feringa, B. L.J. Org. Chem1997 62, 4943-4948. (c) lwamoto,
M.; Alessio, E.; Marzilli, L. G.Inorg. Chem.1996 35, 2384-2389.

(6) Bedard, T. C.; Moore, J. S. Am. Chem. Sod.995 117, 10662-10671.

(7) Brydges, S.; Harrington, L. E.; McGlinchey, M.Qoord. Chem. Re 2002
233-234, 75-105.

(8) Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Harada, N.; Feringa,
B. L. Nature1999 401, 152.

(9) Han, J.; Globus, A.; Jaffe, R.; Deardorff, Banotechnology 997, 8, 95—

102.
(10) Reviews on circumambulation: (a) Childs, R.Tetrahedron1982 38,
567-608. (b) Klaner, F.-G.Top. Stereochen1984 15, 1—42.

10.1021/ja0627895 CCC: $33.50 © 2006 American Chemical Society

moves over the perimeter of the other ring in a series ofj{1,
sigmatropic shifts. The larger ring and the migrating carbon
represent the two gearing wheels that are covalently linked by
two C—C bonds. To constitute a bevel gear, the substituents

on the migrating carbon may not interchange, necessitating
inversion at the carbon center at each step.

Such a motion complies with the WoodwarHoffmann
(WH) rules for pericyclic reactions and mandates the participa-
tion of 4n electrons, such as in the thermal 4e-walk of a bicyclo-
[3.1.0]hexadienyl catiort and the 8e-walk of a bicyclo[6.1.0]-
nona-2,4,6-triené? Gear slippage cannot occur in these systems
because the two “wheels” are covalently interlocked.

A phosphorus group, having longer and weaketCPbonds
connecting it to the hydrocarbon ring, should migrate more
easily. This is the case for thanti-9-phenyl derivative of
9-phosphabicyclo[6.1.0]nona-2,4,6-triena-1), where P-Ph
“walks” over the hydrocarbon frame below 8Q (Figure 1)3
For functionality of the gear, the motion of the phosphorus
migrating over the eight-toothed hydrocarbon ring must be
transferred, and this can be accomplished by attaching an axle
to the smaller gear whe&t.Because of its convenient acces-
sibility, we decided to use the W(C&fransition metal group.

Its preferred orientation in the transition state is rotated By 45
relative to the global minimum, resulting in a 9fbtation of

(11) Swatton, D. W.; Hart, HJ. Am. Chem. Sod.967, 89, 5075-5076. (b)
Childs, R. F.; Winstein, SJ. Am. Chem. S0d.968 90, 7146-7147.

(12) (a) Klaner, F.-G.; Wette, MChem. Ber1978 111, 282-298. (b) Gunther,

H. Tetrahedron Lett197Q 11, 5173-5176.

(13) Bulo, R. E.; Jansen, H.; Ehlers, A. W.; de Kanter, F. J. J.; Schakel, M.;
Lutz, M.; Spek, A. L.; Lammertsma, Kkngew. Chem., Int. Ed. Engl004
43, 714-717; Angew. Chem2004 116, 732-735.

(14) We considered a phenyl group, but its correlated rotation is frustrated by
an enthalpic preference for the same perpendicular orientation of the phenyl
group in both the phosphirane and the transition state of respectively 0.3
and 2.5 kcal/mol at B3LYP/6-31G*.
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Figure 1. (a)anti-9-Phenyl-9-phosphabicyclo[6.1.0]nona-2,4,6-trieae (
1). (b) A representation of its successive [1,7]-sigmatropic shifts viewed
down on the carbon ring with the phenyl group shown as a circle. (c) A
macroscopic bevel gear. (dhti-W(CO)-9-phenyl-9-phosphabicyclo[6.1.0]-
2,4,6-triene &-2). (e) Its [1,7]o shifts viewed on the carbon ring, with the
W(CO) shown as a filled circle and the methyl group as a small circle. (f)
s-2, where the [1,7]-shift is prevented by steric interaction of the CO ligands
with the carbon ring.

the axial carbonyl groups during each step that the phosphiran
“walks” over the hydrocarbon rin§. A complication might be
the small barrier for rotating the W(C@®)roup from its
preferred conformation, so that slippage of the axle might occur
readily during the “walk”. Such slippage may be reduced with
an asymmetric transition metal group to enhance tkeVIP

double bond character. In the present study, we consider the

merits of the W(CQO)complexed system as a proof of principle.
Results

Reaction of in-situ-generated phosphinidene [MePW[EO)
with cyclooctatetraene affordeslyn- and anti-W(CO)-com-
plexed 9-methyl-9-phosphabicyclo[6.1.0]nona-2,4,6-triese (
and a-2), which were fully characterized biH, 13C, and3P
NMR spectroscopy and by an X-ray crystal structure determi-
nation” We focus on theanti isomer a-2, which has the
W(CO)s group oriented away from the hydrocarbon ringHts
NMR spectrum displays no noticeable line broadening at 300
K, but selective inversion by a DPFGE excitation block of one
of the ring protons§(*H) = 2.31 (H1)), using a mixing time

exchange, i.e., rotation of the W(Cfjs fast on the NMR time
scale AE < 10 kcal/mol)8

The relationship of the rotation of the eight-membered ring
with that of the transition metal group, the axle, was analyzed
with B3LYP/6-31G* (and at other levels of theory, see Methods)
for a model containing a H-substituted phosphorus and with
tungsten replaced by chromium. The [1,7]-shift for this model
is a normal pericyclic process with no diradical character in
the transition state where the phosphorus atom inverts on the
rim of a flat hydrocarbon ring (Figure 2). The calculated barrier
of 13.4 kcal/mol is slightly lower than the experimentally
observed one. An intrinsic reaction coordinate (IRC) analysis
starting at the transition structure for the “walk” reveals a
correlated rotation with the Cr(C®yroup that can be followed
for an 1T (out of 45) rotation ) of the transition metal group,
after which the reaction path bifurcates due to inversion of the
near-planar hydrocarbon rir§.

The coupled rotation was confirmed with a €&arrinello
Molecular Dynamics run using the PBE potentfatarting from
the symmetric transition state at 50 K. The-® bond closes
within the first 100 fs, diminishing the potential energy (Figure
3) and increasing the temperature to 120 K, at which it remains

€or the remainder of the trajectory. After 300 fs, the flat ring

bends into a more stable exo conformation. The simulation

shows some fluctuation of the eight-membered ring until after

500 fs, when the Cr(C@group has completed the 4fptation

(w) in the expected direction, confirming the correlation between

the two motions. Repeating the procedure at 300 K showed the
same correlation between the two movements. Within the run
time, no free rotation of the metal group is observed. Simulation

of the transition region renders a barrier of 15 kcal/mol at 120

K that is in excellent agreement with 13.5 kcal/mol obtained at

B3LYP.

Whereas the rotation of W(C@is coupled to the “walk” of
the phosphorus center, that of, e.g., a phenyl group is not, despite
the anticipated resonance stabilizatior-@ bond rotation is
not evident from the quantum dynamics calculations that keep
this group in a perpendicular orientatiéh.

Circumambulation of the pareat2 occurs within a limited
temperature domain. Above about 10C, a competitive
conversion sets in, givingnti-9-phosphabicyclo[4.2.1]nona-
1,3,6-triene §-3) as the main product in 22 h (Scheme 1).

of 1 s, shows subsequent transfer of magnetization to all the Evidently, the bevel gear flexes at higher temperatures, and when

other ring protons(*H) = 6.01 (H2), 6.23 (H3), 5.89 (H4)),
thereby illustrating their interconversion and thus circumam-
bulation. An activation enthalpyAH* of 17 kcal/mol was
deduced for this dynamic process B NMR line shape
analysis over a temperature range of 3@30 K. Without the
transition metal group, the rearrangement barrier is slightly
higher, that is, 20 kcal/mol fa-1.13 Low-temperaturéC NMR
spectroscopy-{83°C, GsDg) did not reveal splitting of theis-

CO resonance 6y, = 195.6), indicating that in solution

the angle between its components becomes too small, the teeth
opposite to the gearing point connect and lock the entire system
permanentlya-3 is the thermodynamic sink, as it is 16.9 kcal/
mol more stable thaa-2 at B3LYP/6-31G*. The product was
fully characterized byH, 13C, and®'P NMR spectroscopy and

by an X-ray crystal structure determinatibiirhe 3P chemical

shift of —56.8 ppm is very shielded for a phospholene, but the
P—W coupling of 236.7 Hz is typical for aanti isomer. The
conversion suggests a Woodwaittdoffmann-forbidden [1,3]-

(15) B3LYP/6-31G* calculations give a preference of 0.6 kcal/mol for an
eclipsed W(CO) orientation in the three-membered ring geometry, and
0.7 kcal/mol for the staggered orientation in the transition state.

(16) (a) Vlaar, M. J. M.; Lammertsma, Kur. J. Org. Chem2002 7, 1127—
1138. (b) Mathey, F.; Huy, N. H. T.; Marinetti, Adelv. Chim. Acta2001,

84, 2938-2957.

(17) Further details about the crystal structure determinations can be found in
the Supporting Information. The crystallographic data have also been
deposited with The Cambridge Crystallographic Data Centre, reference
codes CCDC 296483(2) and 2964824-3). These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif.
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(18) (a) The observed line-broadening for #ie-CO resonance could not be
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Luck, L. A.; Weltin, E. E.; Rheingold, A. L.; Bushweller, C. H. Phys.
Chem.1992 96, 8765-8777. Mastrorilli, P.; Nobile, C. F.; Latronico, M.;
Gallo, V.; Englert, U.; Fanizzi, F.; Sciacovelli, torg. Chem2005 44,
9097-9104.
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Figure 3. Car—Parrinello Molecular Dynamics trajectory starting from
transition structuréll via IV to minimum energy structureat 50 K and
upon heating to 120 K.

Scheme 1. Symmetry-Forbidden Rearrangement of s-2
Me
(OC)sW Me Me W(CO)s
com— || 7 ST
bs 100°C, 22h Lb
1 S+ 1 skshit I 55 I~ 10
a-2 a-3 s-3

shift with retention (or a [1,5]-shift with inversion) at the
phosphorus center. B3LYP/6-31G* estimates for the model
compound two diradical transition states with barriers of 21.3
and 19.6 kcal/mol. The preference for the symmetry-forbidden
product @-3) differs from the concerted rearrangement of
uncomplexeda-1'2 but relates to that of the hydrocarbon
analogue bicyclo[6.1.0]nona-2,4,6-triene, for which the rear-
ranged product distribution was attributeddgnamic match-
ing.1®

No gearing is evident in the NMR spectra s, which
concurs with the B3LYP/6-31G* calculations on the model that
give a 4.8 kcal/mol higher “walk” barrier than for thenti
isomer. Steric repulsion between the W(G@tity and the

carbon ring causes the energy difference. In other words, the
bulky axle of the small gear hangs over the carbon gear to

interfere with its rotation. Competing [1,5]-shifts occur at 100
°C, forming both thesynand anti isomers of W-MPNT in a
ratio of 1.3:1.0, respectively. The mechanism likely involves

the same two diradical transition states as that of the more stable

a-2 isomer. Their barriers are similar in magnitude to that for
the “walk” and thereby effectively eliminate observation of the
latter.

Scheme 2. The “Walk™-Process of a-42
Me

(OC}5W—P/|\_;1e

> 50°C

Me

4a (8) 4b (1) Me

aThe blue arrow indicates the process at room temperature and the red
arrow the additional rearrangement above°80

The sensitivity of the gearing motion becomes evident on
introducing methyl groups at the carbon ring. Reacting [MePW-
(CO)] with 1,5-dimethylcyclooctatetraene resulted in an 8:1
ratio of anti productsa-4aanda-4b (Scheme 2) that equilibrate
at room temperature with a 1.25 kcal/mol preference, as
determined by!H NMR, for isomer a-4a, which has no
bridgehead methyl group. Rotation past this substituent requires
a temperature above 5C. Evidently, the methyl groups retard
the “walk”.

The circumambulatory rearrangement with characteristics of
a covalent molecular bevel gear, which we present here as proof
of principle, illustrates molecular machinery that is likely to
have more cases embedded in covalent chemistry. It comple-
ments the heavily researched noncovalent molecular bevel gears.
While fully supported by theoretical DFT and MD calculations
in the picosecond range, the presented system is not ideal
because in solution it suffers from slippage of theW axle,
being the transition metal group. Under experimental conditions,
this slippage obscures synchronization of the two motions. For
better transfer of the circumambulatory motion, the transition
metal group must be anchored more tightly by diminishing the
independent &P double bond rotation, for example, by
reducing the number of transition metal ligands. Currently, we
are attempting to improve this mechanical aspect using new
synthetic strategie®.

Experimental Section

Methods. All geometry optimizations, zero-point energies (ZPEs),
and IRC calculations were computed with the Gaussian98 program
package? using the hybrid (U)B3LYP exchange-correlation potentials

(21) Borst, M. L. G.; Bulo, R. E.; Gibney, D. J.; Alem, Y.; de Kanter, F. J. J.;

Ehlers, A. W.; Schakel, M.; Lutz, M.; Spek, A. L.; Lammertsma, K.

Am. Chem. SoQ005 127, 16985-16999. Borst, M. L. G.; Bulo, R. E;

Winkel, C. W.; Gibney, D. J.; Ehlers, A. W.; Schakel, M.; Lammertsma,

K. J. Am. Chem. So@005 127, 5800-5801.

(22) Frisch, M. J.; et alGaussian98Revision A.7; Gaussian, Inc.: Pittsburgh,
PA, 1998.

J. AM. CHEM. SOC. = VOL. 128, NO. 37, 2006 12171



ARTICLES

Bulo et al.

and the LANL2DZ basis set for chromium and 6-31G* for all other

Synthesis ofa-4. A 0.335 g (0.48 mmol) sample ¢ 0.323 g

elements. Minima were confirmed to have only positive force constants (2.45 mmol) of 1,4-dimethylcyclooctatetraetfeand 10% CuCl were

and transition structured'§) to have only one imaginary value. To

stirred at 55°C under nitrogen fio9 h in 20 mL of drytoluene. The

extract the open-shell singlet energies from the mixture of singlet and reaction was monitored P NMR for disappearance of the precursor
triplet states that are obtained on calculating open-shell singlet energies(202 ppm). The solvent was evaporated, and the reaction mixture was
with spin UB3LYP, we use a spin projection method introduced by chromatographed on activated silica with a pentane/toluene (9:1)

Houk and co-workerd® Similar energy differences between the
stationary point® were obtained with BP86/T2Pand with B3PW91/
6311H-G** + LACVP3P. The CarParrinello Molecular Dynamics
simulation$® were performed using the CPMD pack&gg/e employed
the PBE exchange-correlation functioAal’he simulation system is a

mixture as eluent. Crystallization from hexane afforded a mixture of
the two interconverting isomera;4a anda-4b (Scheme 1), in an 8:1
ratio, as small, colorless needles (10%). The NMR data were obtained
from the mixture.

a-4a: 3P NMR (250 MHz, toluenalg) 6 = —170.2 {J(P,W)= 254.0

periodically repeated cubic box containing one molecule. The size of Hz); 13C NMR (400 MHz, tolueneds) 6 = 139.3 (d,3J(C,P)= 8.0 Hz,

the box is 25.0x 25.0 x 25.0 A3 A plain wave basis set with an

CMe3), 131.8 (d2J(C,P)= 5.0 Hz, CMe7), 127.7 (¥J(C,P)= 6.3

energy cutoff of 40 Ry was employed. The interactions of the core Hz, C6), 127.2 (s, C5), 124.6 (s, C5), 123.13#HC,P)= 4.3 Hz, C2),
and valence electrons were described with norm-conserving pseudo-34.2 (d,%J(C,P)= 10.1 Hz, C8), 27.9 (dJ(C,P)= 7.9 Hz, C1), 25.4
potentials for phosphorus (revPBE), carbon (PBE), and hydrogen (d,3)(C,P)= 4.2 Hz, Me7), 23.9 (s, Me3), 8.9 (d)(C,P)= 14.6 Hz,

(PBEY® and ultrasoft ones for chromium (PW) and oxygen (PBE). All

MeP);*H NMR (400 MHz, tolueneds) 6 = 5.64 (m, CH=, H6), 5.53

results were obtained applying a spin-unrestricted formalism. In the (m,3J(H,H) = 13.2 Hz, CH=, H5), 5.45 (d3J(H,H) = 13.2 Hz, CH=
MD simulation, we used a 0.120 fs time step and 800 au for the electron , H4), 5.17 (d,3J(H,P) = 10.5 Hz, CH=, H2), 2.03 (d3J(H,H) = 9.7

mass.

Synthesis ofa- and s-2. Phosphinidene MePW(C@yas generated
in situfrom 0.59 g (1 mmol) of 2,3-dimethyl-5,6-dimethyldicarboxylate-
7-pentacarbonyltungsten-7-methyl-7-phoshanorbornad®erf the

Hz, CHP, H1), 1.85 (d%J(H,H) = 9.7 Hz, CHP, H8), 1.64 (s, Me7),
1.57 (s, Me3), 0.82 (¢J(P,H)= 6.6 Hz, MeP); IR (KBr)» (CO) 2072
(w), 1987 (w), 1929 (s).

a-4b: 3P NMR (250 MHz, CDCJ) 6 = —151.4 {J(P,W) = 254.0

presence of 0.56 mL (5 mmol) of cyclooctatetraene and 10% CuCl, Hz); 3C NMR (400 MHz, toluenedg) 6 = 135.5 (CMe4), 134.0 (C3),

and the mixture was stirred at 6C under nitrogen for 11 h in 20 mL
of dry toluene. The reaction was monitored B NMR for disap-

127.2 (C7), 124.6 (C6), 121.7 (C2), 121.0 (C5), 33.8 (C1), 31.4 (C8),
25.4 (d,2)(C,P)= 5.1 Hz, Me8), 23.2 (s, Me4), 10.8 (4)(C,P) =

pearance of the precursor (202 ppm). After solvent evaporation, the 15.1 Hz, MeP)2H NMR (400 MHz, toluenedg) 6 = 5.73 (d,2J(H,H)
reaction mixture was chromatographed on activated silica with a = 11.3 Hz, CH=, H3), 5.69 (ddtJ(H,H) = 4.0 Hz,3J(H,H) = 12.1

pentane/toluene (4:1) mixture as eluent to give two fractiarswas

Hz, CH=, C6), 5.36 (d3J(H,H) = 4.0 Hz, CH=, C5), 5.29 (dd3J(H,P)

obtained from the first fraction as white needles (32%) after crystal- = 10.8 Hz,3J(H,H) = 12.1 Hz, CH=, H7), 5.27 (dd2J(H,P) = 11.2
lization from pentane. After concentration and crystallization from Hz, 3)J(H,H) = 11.3 Hz, CH=, H2), 1.79 (s, HCP, H1), 1.64 (s, Me4),

pentane, the second fraction yielde@ as yellow needles (13%).

NMR spectra were recorded on Bruker Avance 250 and MSL 400

spectrometers®{P, 85% HPQ,; H and3C, TMS). IR spectra were

1.12 (d,2J(H,P) = 18.9 Hz, Me8), 0.94 (J(H,P) = 6.6 Hz, MeP).
Synthesis ofa-3. A 39 mg sample o&-2 was dissolved in 2 mL of
toluene. The conversion af-2 to a-3 was monitored by!P NMR

recorded on a Mattson-6030 Galaxy FT-IR spectrophotometer, and high-spectra, which were acquired at 60 min intervals. When the conversion
resolution mass spectra (HR-MS) were recorded on a Finnigan Mat was completeds-3 was isolated on a silica column with pentane/toluene

900 spectrometer.

(1:9) as eluent. Crystallization from pentane yielded yellow crystals in

a-2 was obtained from the first fraction as white needles (32%) after 41% yield.

crystallization from pentane®’P NMR (250 MHz, CDCJ) 6 = —150.0
(L(P,W) = 254 Hz); 2*C NMR (400 MHz, CDC}) ¢ = 197.8 (d,
2)(C,P) = 30.3 Hz,trans-CO), 195.6 (d2J(C,P)= 8.3 Hz, cis-CO),
130.7 (d.3)(C,P)= 7.8 Hz, 2CH=, C3), 124.4 (s, 2CH, C4), 122.5
(s, 2CH=, C2), 28.3 (d1J(C,P)= 9.6 Hz, 2CHP, C1), 8.8 (dJ(C,P)
= 15.4 Hz, Me);*H NMR (400 MHz, CDCH) 6 = 6.23 (d,3)(H,H) =
11.7, 2CH=, H3), 6.01 (dd3J(H,P) = 9.1 Hz,3J(H,H) = 11.7 Hz,
2CH=, H2), 5.89 (s, 2CH=, H4), 2.31 (s, 2CHP, H1), 1.18 (&)(H,P)
= 6.5, Me); HRMS calcd for gH1;WPQ; 473.98541, found 473.98346
(0 =2.0x 1079).

s-2: 3P NMR (250 MHz, CDC)) 6 = —150.1 £J(P,W) = 265 Hz);
13C NMR (400 MHz, CDC}) 6 = 197.4 (d,2)(C,P)= 30.2 Hz trans
CO), 195.2 (d2)(C,P) = 8.1 Hz,cis-CO), 130.6 (d2J(C,P)= 13.0
Hz, 2CH=, C3), 124.9 (d2J(C,P) = 1.2 Hz, 2CH=, C2), 124.8 (d,
4J(C,P)= 0.8 Hz, 2CH=, C4), 29.9 (dXJ(C,P)= 9.4 Hz, 2CHP, C1),
18.6 (d,%J(C,P) = 13.9 Hz, Me);'H NMR (400 MHz, CDC}) 6 =
6.18 (d,2)(H,H) = 11.6 Hz, 2CH=, H3), 6.07 (dd3J(H,P)= 12.5 Hz,
3J(H,H) = 11.6 Hz, 2CH=, H2), 5.90 (s, 2CH=, H4), 2.45 (d 2)(H,P)
= 9.9 Hz, 2CHP, H1), 1.55 (¢J(H,P) = 7.0 Hz, Me); HRMS calcd
for C14H11WPQ; 473.98541, found 473.98433% & 1.0 x 1079).
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a-3: 3P NMR (250 MHz, CDCJ) 6 = —56.8 J(P,W) = 236.7
Hz): 13C NMR (250 MHz, CDC}) 6 = 199.4 (d,2)(C,P)= 20.5 Hz,
transCO), 197.3 (d2J(C,P)= 7.2 Hz,cis-CO), 134.4 (d2J(C,P)=
8.0 Hz, 2CH=, C2, C5), 127.3 (d?J(C,P)= 2.9 Hz, 2CH=, C7, C8),
124.6 (d,3)(C,P)= 11 Hz, 2CH=, C3, C4), 46.5 (dXJ(C,P)= 22.5
Hz, 2CHP, C1, C6), 15.4 (dJ(C,P)= 18.8 Hz, Me);*H NMR (400
MHz, CDCk) 6 = 6.13-6.03 (m, 4HG=, H2, H3, H4, H5), 5.59 (dd,
3)(H,P) = 18.5 Hz,3J(H,H) = 2.6 Hz, 2HG=, H7, H8), 3.35 (ddd,
2J(H,P) = 3.8 Hz,3J(H,H) = 2.8 Hz,%J(H,H) = 8.0 Hz, 2HCP, H1,
H6), 1.49 (d,2J(H,P) = 6.4 Hz, Me).

Synthesis ofs-3. In an NMR tube, 12 mg (0.03 mmol) a&f2 was
dissolved in toluene and heated to 1U0. The rearrangement was
monitored by3*P NMR spectroscopy. After 5 h, most of the starting
material had disappeared, and a mixtures@fanda-3 remained in a
1.3:1 ratio.

s3: 3P NMR (250 MHz, toluenep = —14.4 (J(P,W) = 241.8
Hz); *C NMR (250 MHz, CDC}) 6 = 199.7 (d,2)(C,P)= 20.4 Hz,
transCO), 197.2 (d2J(C,P)= 7.2 Hz,cis-CO), 133.3 (d2J(C,P)=
4.6 Hz, 2CH=, C2, C5), 128.5 (d?J(C,P)= 4.5 Hz, 2CH=, C7, C8),
122.8 (s, 2CH, C3, C4), 47.5 (dXJ(C,P)= 19.5 Hz, 2CHP, C1, C6),
16.9 (d,%J(C,P) = 23.2 Hz, Me);*H NMR (250 MHz, CDC}) 6 =
6.26-6.0 (M, 4HCG=, H2, H3, H4, H5), 5.6 (dd3J(H,P) = 14.1 Hz,
3)(H,H) = 2.0 Hz, 2HG=, H7, H8), 3.2 (dd3J(H,H) = 8.3 Hz,3J(H,H)
= 2.0 Hz, 2HCP, C1, C6), 1.64 (d)J(H,P) = 5.7 Hz, Me).

Thermodynamic Measurementsln an NMR tube, a small amount
of the a-4a/a-4b mixture was dissolved in toluene. The equilibrium

(29) Baldwin, J. E.; Kaplan, M. S]. Am. Chem. Sod.971, 93, 3969-3977.
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was monitored witif’P NMR spectra. After careful phasing of the NMR  (NCF) for the use of supercomputing facilities, both with

signals, their areas were accurately integrated. The equilibrium was fingncial support from the Netherlands Organization for Sci-
studied at five temperatures in the range fro0 to 50°C. The Eyring entific Research (NWO).

plot (In(K/T) vs 1/T) shows an enthalpy difference aH = 1.25 kcal/

mol; errors are 95% confidence regions and correspond to two standard

deviations. Supporting Information Available: Complete ref 22; details

about the crystal structure determinations (PDF, CIF). This
material is available free of charge via the Internet at
Shttp://pubs.acs.org.
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