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Alder reaction by I, is consistent with our original hypothesis that
1-FeX,* should be the catalytic species since I, is expected to favor
cation generation by the process 1-Fel; + I, — 1-Fel,* + I,
because of the affinity of I, for 1.2

The chiral ligand 1 is readily and efficiently recoverable from
these catalytic Diels—-Alder reactions for reuse. Because of this
fact, the ready availability of ligand 1, and the low cost of iron
salts, the methodology described herein promises to be practical.

The structural rigidity of the 1.FeX,* system permits a rational
analysis of the stereochemical results described above, assuming
that the C==C/C==O0 s-cis form of dienophile 4 chelates to 1.
FeX,* prior to reaction with cyclopentadiene. If dienophile 4
chelates to 1.FeX,* via the equatorial sites e, and e, in 6, the
product of the Diels—Alder reaction clearly should be the 2§
adduct rather than the 2R adduct § which is observed. This must
not be the major binding mode for the catalytic pathway, and
therefore, chelation to 1-FeX,* via a and e sites in 6 is indicated.
Since site a,;~¢, (or the C, equivalent a,—e,) is sterically unfavorable
relative to a,~e, (or its C, equivalent), the a,~¢, site should be
preferred. Although there are two possible chelates of dienophile
4 at the a,~e, site, the favored pathway for each chelate is that
leading to 2R-adduct 5, as observed experimentally.

The conclusion that the chelation of dienophile 4 with 1-FeX,*
occurs at an a—e site rather than at the e—e site raises the question
of why coordination of 4 at the e—e site is kinetically less favorable.
One interesting possibility emerges from the likelihood that
complex 1-FeX,* possesses square-planar geometry and that
chelation of dienophile 4 takes place by the sequence (1) coor-
dination of one of the carbonyl oxygens of 4 to an axial site and
(2) chelate ring closure with e — a transposition of X. This
pathway clearly would lead to predominant formation of the a—¢
chelate of 4, as required for the above described mechanistic model.

Further study is planned to optimize this new enantioselective
Diels~-Alder addition, to determine its scope, and to gain deeper
insights as to mechanism.!*!4

(12) For examples of cationic complexes of aluminum with 3-acryloyl-
1,3-0xazolidines as reactive species in Diels—Alder reactions, see: Evans, D.
A.; Chapman, K. T.; Bisaha, J. J. Am. Chem. Soc. 1988, /10, 1238-1256.

(13) The following procedure illustrates the catalytic Diels—Alder reaction
with 1-Fel, and 1, to form adduct 5. To a mixture of 15.2 mg (0.272 mmol,
0.10 equiv) of powdered iron and 104 mg (0.408 mmol, 0.15 equiv) of iodine
was added 2 mL of anhydrous CH,CN. After stirring for | h at 40 °C, a
solution of 109 mg (0.326 mmol, 0.12 equiv) of the bis(oxazoline) 1in 2 mL
of anhydrous CH;CN was added dropwise at 23 °C to the black solution. The
solution was stirred for | h at 40 °C and evaporated to afford a dark viscous
oil, which was dissolved in 7 mL of anhydrous CH,Cl, and treated at =78 °C
with 69.1 mg (0.272 mmol, 0.10 equiv) of iodine, 385 mg (2.73 mmol, | equiv)
of 3-acryloyl-1,3-0xazolin-2-one (4),” and 0.68 mL (8.19 mmol, 3 equiv) of
precooled cyclopentadiene. After stirring for 2 h at =50 °C, the dark brown
solution was quenched with 0.1 mL of EtyN, diluted with ether—pentane, and
washed first with aqueous sodium sulfite and then with aqueous cupric acetate.
The organic layer was dried and concentrated in vacuo, and the crude product
was chromatographed on silica gel with a 1:] mixture of ethyl acetate and
hexane to afford 539 mg (95% yield, endoiexo = 96:4, 82.2% ee) of
1R,2R,4R-adduct 5.2° The ee was determined by HPLC analysis using a
Daicel OD column with 10% i-PrOH in hexane for elution (I mL/min;
retention times 23.5 min for § and 21.4 min for the enantiomer of §).
Treatment of the aqueous Cu(OAc), extract described above with NH,OH
and extraction with 4:1 ether—-CH,Cl, afforded ligand 1 (>85%) for reuse.

(14) This work was assisted financially by grants from the National Sci-
ence Foundation and the National Institutes of Health.
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The bimolecular reaction of Fe* with propane has been the
subject of considerable research during the past decade, spanning
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a wide variety of gas-phase experimental techniques.!? Two
exothermic processes are observed, reactions 1a and 1b, and several
endothermic processes, reactions lc. Since reactions 1a and 1b

Fe' + CyHy —1—= FeCoH,* + CH, (1a)
= FeC;He" + Hy (1b)

= FoH', C3H;', FeCH;', FeCoHs® (10)

are barrierless, elucidating details of the potential energy surface
(PES) of reaction 1 is difficult. Here, we describe a novel ex-
periment that allows us to probe such details by entering the PES
at a different place, namely, the bottom of the well associated with
the assumed initial intermediate for reaction 1, the ion induced
dipole bound complex, Fe*-C;Hg.2 We then collisionally activate
this species to induce reactions 2a—d.

Fe'sCsHg + Xe FoC,H," + CH, + Xe (2a)
FeCzHg' + Hy + Xe (2b)
Fe' + C3Hg + Xe (2c)

FeH', FeCH;”, FeCoHs', FeXe® (2d)

The guided-ion beam mass spectrometer on which these ex-
periments were performed has been described previously.>
Parent ions are formed in a meter-long flow tube® by termolecular
collisions between Fe* (created in a DC discharge®), propane, and
the He carrier gas. The complexes then undergo ~ 10° ther-
malizing collisions. The ions are mass and energy selected and
then interact with Xe under single-collision conditions inside an
octopole ion trap.>* Reactant and product ions are mass analyzed
and detected and their intensities converted to cross sections.’

Results of this threshold collisional activation (TCA) experiment
are shown in Figure 1. The lowest energy processes are reactions
2a and 2b, while the major process is reaction 2c. The products
of reaction 2d are also observed, which except for C;H,* and
FeXe* are the same as those of reaction 1c. This correspondence
indicates that reaction 2 is occurring on the same global PES as
the bimolecular system. The dominance of reaction 2¢ suggests
a Fe*-C;H;, structure for the parent ion since simple cleavage
processes should be the main dissociation pathways at high collision
energies. This conclusion is supported by recent work on TCA
of Fe™:C,H,’ that indicates that insertive structures have very
different fragmentation patterns than simple adducts.

Quantitative information regarding reaction 2 can be obtained
by measuring the product thresholds.® This analysis yields a
threshold for process 2¢ of 0.82 = 0.07 eV (19 % 2 kcal/mol).
Given the Fe*-C;H, structure for the parent ion, this energy
corresponds to the depth of the ion induced dipole well. This value
can be verified by measuring the threshold for FeCH,* formation,
2.17 £ 0.09 eV (50 £ 2 kcal/mol). Combined with
D°[Fe*(°D)-CH,] = 58 + 2 kcal/mol? and D°(CH;~C,Hs) =
88 kcal/mol,'? this threshold implies D°[Fe*(°D)-C;H;] = 20
% 3 kcal/mol, consistent with the directly measured value. Ad-

(1) (a) Armentrout, P. B,; Halle, L. F.; Beauchamp, J. L. J. Am. Chem.
Soc. 1981, 103, 6501. (b) Halle, L. F.; Armentrout, P. B.; Beauchamp, J.
L. Organometallics 1982, 1, 963. (c) Byrd, G. D.; Burnier, R. C.; Freiser,
B. S. J. Am. Chem. Soc. 1982, 104, 3365. (d) Jacobson, D. B.; Freiser, B.
S.J. Am. Chem. Soc. 1983, 105, 5197. (e) Houriet, R.; Halle, L. F.; Beau-
champ, J. L. Organometallics 1983, 2, 1818. (f) Larsen, B. S.; Ridge, D. P.
J. Am. Chem. Soc. 1984, 106, 1912. (g) Tonkyn, R.; Ronan, M.; Weisshaar,
J. C. J. Phys. Chem. 1988, 92, 92. (h) Hanton, S. D.; Noll, R. J.; Weisshaar,
J. C. J. Phys. Chem. 1990, 94, 5655.

(2) Schultz, R. H.; Armentrout, P. B. J. Phys. Chem. 1987, 9/, 4433.
Schultz, R. H.; Elkind. J. L.; Armentrout, P. B. J. Am. Chem. Soc. 1988. /10,
411.

(3) Ervin, K. M.; Armentrout, P. B. J. Chem. Phys. 1985, 83, 166.

(4) Sunderlin, L. S.; Armentrout, P. B, Chem. Phys. Lett. 1990, /67, 188.

(5) Schultz, R. H.; Armentrout, P. B. Int. J. Mass Spectrom. Ion Pro-
cesses, accepted for publication.

(6) Schultz, R. H.; Lian, L,; Elkind, J. L.; Armentrout, P. B.. manuscript
in preparation.

(7) Schultz, R. H.; Armentrout, P. B., work in progress.

(8) Aristov, N.; Armentrout, P. B. J. Am. Chem. Soc. 1986, 108. 1806:;
J. Phys. Chem. 1987, 91, 6178.

(9) Schultz, R. H.; Haynes, C,; Fisher, E. R.: Armentrout, P. B., work in
progress.
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Figure 1. Cross sections for TCA of Fe*.C;Hj; as a function of relative
energy (lower x axis) and laboratory energy (upper x axis).

ditional experiments also imply that the parent ion derives from
the Fe*(°D,3d%s) ground state rather than the Fe*(*F,3d”) first
excited state. Specifically, recent measurements find that bond
energies for Co*-alkane complexes are consistently stronger than
the analogous Fe*~alkane species,™® contrary to the similar alkane
bond strengths expected for Co*(3d®) and Fe*(3d").

Since reactions 1a and 1b (which are exothermic by 19 and
11 £ 5 keal/mol,'%*2 respectively) exhibit no activation barriers,?
reactions 2a and 2b must have lower thermodynamic thresholds
than process 2c, as is evident from Figure 1. Analyses of these
two products find a threshold of 0.47 £ 0.12 eV (11 % 3 kcal/mol)
for both processes, even though reactions 2a and 2b have different
reaction enthalpies, ~0 and 8 kcal/mol, respectively, given
D°(Fe*-CyHjg) = 19 kcal/mol. Clearly, the observed threshold
for reaction 2a is not the thermodynamic threshold, but rather
the activation barrier associated with the rate-limiting step in the
bimolecular process. It seems likely that this is also true for
reaction 2b. In analogy with recent work on the Co* + propane
system (based on completely different experimental techniques),'?
we propose that this barrier corresponds to the activation of a C-H
bond of propane by Fe*.

Further insight into the PES can be obtained from the kinetic
energy dependence of reactions 2a and 2b. For the bimolecular
system, reaction 1a is favored by a factor of 3 at all kinetic energies
for both the °D and “F electronic states of Fe*,? consistent with
the overall thermodynamics. In contrast, the branching ratio of
reactions 2a and 2b is highly energy dependent. At the lowest
energies, reaction 2b is slightly favored, indicating that the product
branching ratio is under kinetic control or that reaction 2b has
a slightly lower threshold. Cross sections for both FeC,H,* and
FeC,Hg* exhibit a sudden change at ~1 eV. Since dissociation
of these products cannot begin until 1.7 and 2.1 eV,'2 respectively,
this abrupt change must be due to competition with direct dis-
sociation, reaction 2¢c. Above this energy, cross sections for re-
actions 2a and 2b deviate strongly from one another, suggesting
that a new pathway for reaction 2a (but not reaction 2b) becomes

(10) Thermochemistry for organic species is taken from the following:
Chase, M. W, Jr,; Davies, C. A.; Downey, J. R., Jr,; Frurip, D. J.. McDonald,
R. A.;Syverud, A. N. J. Phys. Chem. Ref. Data 1985, 14, Suppl. | (JANAF
Tables). Brouard, M.; Lightfoot, P. D.; Pilling, M. J. J. Phys. Chem. 1986,
90, 445. Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of
Organic Compounds, 2nd ed.; Chapman and Hall: London, 1986.

(11) Our preliminary work on the CID of FeC,H,* and FeC,H,* yields
bond strengths in agreement with those of ref 12 (Schultz, R. H.; Armentrout,
P. B.. work in progress).

(12) van Koppen, P. A. M.; Bowers, M. T.; Beauchamp, J. L.; Dearden,
D. V. In Bonding Energetics in Organometallic Compounds;, Marks, T. J.,
Ed.; American Chemical Society: Washington, DC, 1990.

(13) van Koppen, P. A. M.; Brodbelt-Lustig, J.; Bowers, M. T.; Dearden.
D. V.; Beauchamp, J. L.; Fisher, E. R.; Armentrout, P. B, J. Am. Chem. Soc.
1990, /12, 5663; J. Am. Chem. Soc., submitted for publication.

0002-7863/91/1513-730$02.50/0

— 0.25

“Cc-C

* + CgH
- 000 £et = - — — — activatlon®— — — —

s
A
>
o - -0.25 “C-H
[ actlvation”
c
w
[ -
> FeCyHg' + H
2 F-0.50 s 2
o
)
o
- -0.75

FeC,H," + CH,

Fe'eesCyH,
L-LOO

Flgure 2. Thermodynamics of the Fe*—propane potential energy surface.
The “C-C activation™ barrier is derived by scaling the cross section for
reaction 2b to that of reaction 2a and fitting a threshold to the remainder.

energetically accessible. An obvious choice is C—C bond activation.
This then implies that the 11 kcal/mol activation barrier corre-
sponds to an initial primary C~H bond activation step which can
lead to both reactions 2a and 2b. Secondary C-H bond activation
is also presumably occurring but apparently exhibits no inde-
pendent feature in the TCA spectrum. The insensitivity of the
branching ratio of reactions la and 1b to kinetic energy can be
explained, since in reaction 1 (but not reaction 2), the reactants
enter with enough energy to surmount either of the two activation
barriers. These details are again similar to those suggested for
reaction of Co* with C;H,."

The combination of all these results leads to the PES shown
in Figure 2. This diagram clearly does not indicate all of the
complications of the system, in particular the surfaces of differing
spins that arise from the two lowest energy states of Fe*.2 Further
work to probe the PES of this interesting reaction system is
underway.!' Such studies will include examination of the reverse
of reactions 2a and 2b and, if possible, TCA of other purported
intermediates on the PES.
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Phosphotriester hydrolysis occurs by an associative mechanism

with nucleophilic attack of hydroxide.! This associative process
can occur via two limiting mechanistic alternatives: the formation

(1) Benkovic, S. J.; Schray, K. J. Enzymes (3rd Ed.) 1973, 8, 201. Khan,
S. A Kirby, A, J. J. Chem. Soc. B 1970, 1172.
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