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Scheme III. Mechanism for Inactivation of Isomerase by [4-13C]-3
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placement is an Sy1 process, Alternatively, we propose an Sy2
reaction (see Scheme III) involving a nucleophile in the active
site of isomerase. Although the nucleophile has not yet been
identified, a carboxylate oxygen or a thicether sulfur are unlikely
candidates. We have shown that the isomerase—3 adduct is stable
to treatment with base under conditions where an ester linkage
should be hydrolyzed,? Furthermore, we do not favor the sulfur
in methoinine because the resulting allylic sulfonium salt should
be unstable toward solvolysis when the inhibited protein is de-
natured.® At the present time our NMR experiments do not
permit us to distinguish among hydroxyl, sulfhydryl, and amine
nucleophiles, and studies to address this question are now in
progress,

Experimental Section

General. [1-4C]Isopentenyl diphosphate for assays was purchased
from Amersham and used directly or diluted to a specific activity to 10
uCi/umol with synthetic material. All other materials were obtained
from Sigma or Aldrich Chemical Co. and were of reagent grade or
higher. Instafluor was purchased from Packard Instrument Co., and
liquid scintillation spectrometry was on a Packard Tricarb Model 4530
spectrometer.

All steps in the purification of isomerase were at 4 °C except for
HPLC which was at room temperature, Plasticware was used exclu-
sively. Dialysis was performed in Spectrapor dialysis bags (25.5 mm, M,
cutoff 6000-8000) or in a Micro-ProDicon Model 115 forced dialysis
concentrator using ProDimem PA-10 membranes (M, cutoff 10000).
SDS-polyacrylamide gel electrophoresis of proteins employed the Laemli
discontinuous buffer system. Gels were stained with Coomassie Brilliant
Blue R or silver nitrate. Enzyme activity was determined according to
the acid-lability assay.?

Isopentenyldiphosphate:dimethylallyldiphosphate isomerase was pu-
rified from fresh baker’s yeast (Saccharomyces cerevisiae, Westco Dis-
tributing Co., Salt Lake City, UT) by combination of previously reported
procedures. Four 1.5-kg batches were carried through ammonium sulfate
precipitation and DE-52 chromatography, combined, and then carried
through subsequent steps (chromatography on butyl-Sepharose, chro-

(7) No decomposition of 3 was detected after 24 h at 37 °C in aqueous
buffer.

(8) Trost, B. M.; Conway, P.; Stanton, J. Chem. Commun. 1971,
1639-1640.

matofocusing, and chromatography on Sephacryl-200 columns) to yield
7.5 mg (sp act. 4.9 umol mg™' min!) of enzyme for NMR experiments.?

NMR Spectroscopy. NMR spectra were recorded on a Varian VXR
500-MHz spectrometer. A 5-mm broad-band probe was used for all
experiments with 'H and '°F observation through the 'H-decoupling coil.
This permitted 'H, 13C, and '°F spectra to be acquired during the course
of the enzymatic reaction without removing the sample from the insert.
'H and BC spectra were referenced downfield to internal DSS, °F up-
field to external CFCl;, and 3P downfield to external 85% phosphoric
acid.

BC spectra were collected with a spectral width of 25 kHz into 32K
complex points which were zero-filled to 64K prior to transformation.
Approximately 2 W of radio-frequency power was used with WALTZ-16
modulation to decouple protons. The *C 90° pulse width was 11 us.

IF spectra were collected with a spectral width of 10 kHz into 8K
points which were zero-filled to 16K points prior to transformation. A
relatively narrow sweep width was used to observe fluorine bound to
carbon or free fluoride since it was not possible to cover the entire range
in a single experiment. The '°F 90° pulse width was 30 us.

'H and !*C difference decoupled spectra were obtained by collection
of 14000 transients with single-frequency *C decoupling at 119.6 ppm
(on-resonance) and 14000 transients with the '*C-decoupling field 75
kHz off-resonance. Spectra were collected in blocks of 64 transients in
an interleaved fashion and then subtracted to produce the difference
spectrum. The residual HDO peak and the most intense protein peaks
did not cleanly cancel. The 'H 90° pulse width was 20 us.

Synthesis of [4-!°C]-3-(Fluoromethyl)-3-butenyl Diphosphate
([4-*C}-3). [4-1*C]-3-(Fluoromethyl)-3-butenyl diphosphate ([4-1*C]-3)
was synthesized from [1*C]triphenylmethylphosphonium iodide according
to the procedure developed by Muehlbacher and Poulter? for unlabeled
material. The phosphonium salt was prepared from ['*C)methyl iodide
(Sigma) by the following procedure. Triphenylphosphine (1.83 g, 7
mmol) was dissolved in 5 mL of ether in a heavy-walled ampule. The
vial containing methyl iodide (1.00 g, 7 mmol) was opened, 1 mL of
chilled ether was added, and the contents were transferred to the ampule.
The procedure was repeated twice with 1-mL portions of ether. The
resulting solution was cooled to -=78 °C, and the ampule was sealed. The
reaction mixture was allowed to stand for 3 days at room temperature
before the ampule was opened, and the resulting white suspension was
filtered. The residue was washed with 4:1 hexane/ethyl acetate and dried
under vacuum for 6 h to yield 2.33 g (82%) of [!*C]triphenylmethyl-
phosphonium iodide, which was used in the subsequent reactions to give
200 mg (21% based on [*C]methyl iodide) of a white powder; 'H NMR
(300 MHz, D,0) 224 2 H,q,J = 6.1 Hz, Hat C2),385(2H,q,J
= 6.1 Hz, Hat Cl), 471 (2 H, dd, Jygisc = 5.7 Hz, Jupsg = 46.1 Hz,
fluoromethyl H), 4.96 (1 H, d, Jigisc = 157.9 Hz, H at C4), and 5.01
ppm (1 H, d, Jigisc = 157.2 Hz, at C4); 3C NMR (75 MHz, D,0, 'H
decoupled) 117.72 ppm (Ji3ciop = 10.8 Hz); '°F NMR (470 MHz, D,0)
213.52 ppm (dt, Jigsg = 46.1 Hz, Jigisp = 9.3 Hz); ¥'P NMR (121 MHz,
D,0, 'H decoupled) -7.02 (1 P, d, J = 21.2 Hz) and -9.96 ppm (1 P,
d,J = 21.2 Hz).
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On the basis of Olah’s fundamental work! which demonstrated
the advantage of superacidic media for the study of carbocations

we developed a method for matrix deposition of suitable precursors
in SbFs and subsequent IR analysis of some carbocations and
carbocation-like species in the solid state. Our technique is a
combination of Saunders’ “molecular beam” method? and the cold
window codeposition technique of Craig et al.> Using a liquid

¥t Dedicated to the memory of Dr. Zdenko Majerski (1937-1988).

(1) (a) Olah, G. A.; Baker, E. B; Evans, J. C.; Tolgyesi, W. S.; Mclntire,
J.S.; Bastien, 1. J. J. Am. Chem. Soc. 1964, 86, 1360. (b) Olah, G. A.; Kaspi,
J.; Bukala, 1. J. Org. Chem. 1977, 42, 4187. (c) See, also: Evans, J. C; Lo,
G. Y.-S. J. Am. Chem. Soc. 1966, 88, 2118.

(2) Saunders, M.; Cox, D.; Lloyd, J. R. J. Am. Chem. Soc. 1979, 101,
6656.
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Figure 1. IR spectra of the |-methylcyclopentyl cation (a and b), com-
pared with those of precursors 1 and 2. The spectra were recorded
between 77 and 150 K.

nitrogen cooled cryostat,* SbFs and the respective chloride or
ketone were deposited in vacuo on a liquid nitrogen cooled Csl
window at a ratio of 5:1. By gradually warming the probe to 150
K all changes in the spectrum of the sample can be observed by
continuous recording. All IR spectra were taken on Perkin-Elmer
167 and 783 spectrometers. In this account only the gross features
of the spectra will be commented upon, postponing detailed vi-
brational assignments to subsequent papers.

1-Methylcyclopentyl Cation. 1-Chloro-1-methylcyclopentane
(1) and SbFs were codeposited on the CsI window at 77 K, and
the spectrum was recorded. By gradually warming the probe the
signals of the starting material decreased in intensity and at
approximately 100 K the shape of the spectrum drastically
changed. By further raising of the temperature to about 150 K
the base line resumed the original position and remained stable
(Figure 1).

There is a marked difference in the IR spectrum (a) of the
matrix-generated cation in comparison with the spectrum of the
precursor chloride (1). The contour and positions of the signals
in the C-H stretching and CH; and CH, deformation regions
differ from any known IR spectra of hydrocarbons. It is difficult
to assign the two broad bands centered around 3275 and 3100
cm™! which could be caused by some moisture, but the most
intensive absorption at 2775 cm™ can be assigned to the stretching
vibration of (weak) C-H bonds adjacent to the cationic center.
These bonds are well positioned for hyperconjugative interaction
with the empty p-orbital, and the shift to lower frequencies is a
direct measurement of this interaction. However, we are not aware
of any report of a direct observation of the hyperconjugative
weakening of the C-H bond which in this case amounts to about
220 cm™'. The change in bond strengths is also manifested on
the deformation vibrations. In this region new absorption bands
appear at 1463, 1408, and 1320 cm™. Note that the corresponding
CHj; deformation in chloride 1 appears at 1385 cm™.. The
strongest peak in the spectrum is at 1280 cm™. From previous
work in superacid solutions,!®¢ signals in this spectral region have
been assigned to the asymmetric stretching of the carbon—carbon
bonds around the cationic center (C-C*-C).

(3) Craig, N. C,; Lai, R. K.-Y.; Matus, L. G; Miller, J. H,; Palfrey, S.
L. J. Am. Chem. Soc. 1980, 102, 38.

(4) See Supplementary Material for a drawing of the cryostat and com-
plete experimental details.
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Since it is known® that upon ionization in superacids cyclohexyl
chloride (2) rearranges to the l-methylcyclopentyl cation, the
experiment was repeated using 2 as a precursor. The resulting
spectrum is shown in (b). A comparison of the spectra of cations
generated from 1 and 2 shows that the rearrangement of the
respective cations occurs also in the solid state below 150 K. The
mechanism of this rearrangement has never been thoroughly
investigated. However, it is believed that it involves the formation
of an intermediate pentacoordinated carbon species, i.e., a pro-
tonated cyclopropane which subsequently undergoes rearrange-
ment and intramolecular hydrogen shifts.®

Adamantyl Cations.” 1,2-Hydride shifts, usually facile processes
in carbonium ions, are known not to occur in adamantyl cations
under solvolytic or dilute superacid conditions.® This observation
was rationalized by considering the relative orientations of the
C-H bonds with respect to the adjacent p-orbital at C, and C,,
respectively. Sometimes under different conditions, hydride
transfers have been observed, but they are thought to be inter-
molecular.3®  When deposited on a SbF; matrix at 77 K the
tertiary chloride 3 gives the spectrum of the respective cation. The
same spectrum is obtained by using the secondary chloride 4 as
precursor and warming the matrix to 150 K. Since 1,2-hydride
shifts in the solid state are more likely to be intramolecular, it
is difficult to rule out this possibility solely on the basis of orbital
considerations.

Carbocation-like Species. Experiments in superacid media
always produce the thermodynamically most stable cation. Some
cations have never been isolated and studied spectroscopically
because they rapidly rearrange.™ One way to circumvent this
problem would be the application of the matrix isolation technique
to species which have a high density of the positive charge on
carbon and behave like carbonium ions. Such species are com-
plexes formed by reacting Lewis acids with aldehydes or ketones.'°
Recently, Laube studied complexes of 5-phenyladamantan-2-one
and SbCls by X-ray diffraction methods.!' As predicted, the
carbon-oxygen bond was found to be 0.045 A longer than the
normal carbonyl bond.

In a typical experiment, cyclohexanone was codeposited with
SbFs on a CsI window at 77 K. By warming the probe to 150
K the carbonyl stretching frequency shifted from 1708 to 1585
cm™ with a concurrent increase in the intensity. Other signals
show some changes in the contours of the bands but are not
markedly shifted. Interesting is the appearance of a medium
strong band at 2640 cm™ which can be associated with a hy-
perconjugative weakening of the 8-CH bonds in the complex.

An important advantage of this technique is that direct mea-
surements of bond strengths, i.e., frequencies and force constants,
are possible which when combined with X-ray structure deter-
mination!'"!? and theoretical calculations!*'3 could yield funda-
mental data on structures of transient cationic intermediates.

(5) Olah, G. A,; Bellinger, J. M.; Cupas, C. A,; Lucas, J. J. Am. Chem.
Soc. 1967, 89, 2692. See, also: Olah, G. A. Angew. Chem. 1973, 85, 183.

(6) Carey, F. A,; Sundberg, R. J. Advanced Organic Chemistry, 2nd ed.;
Plenum Press: New York & London, 1984; Part A, p 301. See also:
Saunders, M.; Vogel, P.; Hagen, E. L.; Rosenfeld, J. Acc. Chem. Res. 1973,
6, 53.

(7) For the crystal structure of 1-adamantyl cation, see: Laube, T. Angew.
Chem. Int. Ed. Engl. 1986, 25, 349.

(8) (a) Adamantane, the Chemistry of Diamond Molecules; Fort, R. C.,
Jr., Ed.; Marcel Dekker, Inc.: New York, 1976; p 181. (b) Brouwer, D. M.;
Hogeween, H. Recl. Trav. Chim. 1970, 89, 211.

(9) Schleyer, P.v. R.; Watts, W. E,; Fort, R. C., Jr.; Comisarow, M. B,;
Olah, G. A. J. Am. Chem. Soc. 1964, 86, 5679.

(10) (a) Reetz, M. T.; Hulmann, M.; Berger, S.; Rademacher, P.; Hey-
manns, P. J. J. Am. Chem. Soc. 1986, 108, 2405. (b) Wiberg, K. B.; Le Page,
T. J. J. Am. Chem. Soc. 1988, 110, 6642.

(11) Laube, T.; Stilz, H. U. J. Am. Chem. Soc. 1987, 109, 5876.

(12) Laube, T. Angew. Chem., Int. Ed. Engl. 1987, 26, 560.

(13) Montgomery, L. K.; Grendze, M. P,; Huffman, J. C. J. Am. Chem.
Soc. 1987, 109, 4749.

(14) Bremer, M.,; Schleyer, P. v. R.; Schotz, K.; Kausch, M.; Schindler,
M. Angew. Chem., Int. Ed. Engl. 1987, 26, 761.

(15) For some recent calculations of vibrational frequencies, see: Koch,
W.; Lin, B.; DeFrees, D. J. J. Am. Chem. Soc. 1988, 110, 7325. Saunders,
M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. v. R. J. Am. Chem. Soc. 1988,
110, 7652.
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Systematic studies along these lines are under way in our labo-
ratory.
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The ability to construct artificial “enzymes” for which there
are no natural counterparts would render possible innumerable
chemical transformations that are beyond the reach of current
methodology.! Natural enzymes in part? exploit the kinetic
advantage® of converting normally intermolecular reactions into
intramolecular ones by binding substrate(s) prior to the com-
mencement of bond reorganization. To dateS studies in the area
of artificial enzymes have focussed almost exclusively on processes
involving a single substrate, with bond cleavage being the dominant
theme; the serine protease mimics of Cram®>’® and Breslow®d7
are prominent examples.

(1) For some possible long term applications, see: Drexler, K. E. Engines
of Creation; Anchor Press/Doubleday: Garden City, NY, 1986.

(2) Pauling’s proposal® that, in addition to rendering reactions effectively
intramolecular, enzymes also selectively stabilize transition states is
widely—but not universally*—accepted. (a) For a recent discussion, see:
Kraut, J. Science (Washington, D.C.) 1988, 242, 553-540. See, also: (b)
Jencks, W. P. Cold Spring Harbor Symposia on Quantitative Biology 1987,
52, 65-73. (c) Fersht, A. Enzyme Structure and Mechanism, 2nd ed.; W.
H. Freeman: New York, 1985.

(3) Pauling, L. Chem. Eng. News 1946, 24, 1375. See, also: Haldane, J.
B. S. Enzymes; Longmans, Green and Co.: London, 1930; p 182.

(4) For a recent summary, see: (a) Page, M. 1. In Enzyme Mechanisms;
Page, M. I, Williams, A., Eds.; Royal Society of Chemistry: London, 1987,
pp 1-13. (b) See, also: Menger, F. M. Acc. Chem. Res. 1985, 18, 128-134.

(5) (a) Page, M. 1. Chem. Soc. Rev. 1973, 2, 295-323. (b) Jencks, W. P.
Adv. Enzymol. 1975, 43, 219-410.

(6) (a) For a review, see: Tabushi, I. Tetrahedron 1984, 40, 269-292.
Among more recent Jeading references to this burgeoning field, see: (b) Lehn,
J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 89-112. (c) Cram, D. J. Angew.
Chem., Int. Ed. Engl. 1988, 27, 1009-1020. (d) Breslow, R. Adv. Enzymol.
1986, 58, 1-60. (e) Rebek, J., Jr. Science (Washington, D.C.) 1987, 235,
1478-1484. (f) Wolfe, J.; Nemeth, D.; Costero, A.; Rebek, J., Jr. J. Am.
Chem. Soc. 1988, 110, 983-984. (g) Lutter, H. D.; Diederich, F. Angew.
Chem., Int, Ed. Engl. 1986, 25, 1125-1127. (h) Diederich, F. Angew. Chem.,
Int. Ed. Engl. 1988, 27, 362-386. (i) Menger, F. M.; Whitesell, L. G. J. Am.
Chem. Soc. 1985, 107, 707-708. (j) Sasaki, S.; Shionoya, M.; Koga, K. J.
Am. Chem. Soc. 1985, 107, 3371-3372. (k) Klotz, I. M. in ref 4a, pp 14-34.
(1) Stoddart, J. F. in ref 4a, pp 35-55. (m) Bender, M. L. in ref 4a, pp 56-66.
(n) Kirby, A. J. in ref 4a, pp 67-77. (o) Corey, E. J. Chem. Soc. Rev. 1988,
17,111-133. (p) Note, also: Menger, F. M.; Ladika, M. J. Am. Chem. Soc.
1987, 109, 3145-3146. (q) A number of other highly relevant papers
(presented at the International Symposium of Bioorganic Chemistry; New
York, May 1985) are assembled in the following: Ann. N.Y. Acad. Sci. 1986,
471, 1-325.

(7) (a) Trainor, G. L.; Breslow, R. J. Am. Chem. Soc. 1981, 103, 154-158.
Breslow, R.; Trainor, G. L.; Veno, A. J. Am. Chem. Soc. 1983, 105, 2739-44.
(b) Cram, D. J.; Katz, H. E. J. Am. Chem. Soc. 1983, 105, 135-137. Cram,
D. J; Lam, P. Y.-S, Tetrahedron 1986, 42, 1607-1615.

Scheme [
binding site a

binding site b

We now report the first® example of a fully synthetic system
wherein two organic substrates are bound simultaneously—but
temporarily—by a designed®® receptor possessing two binding sites,
and reaction between the two substrates is accelerated because
of this transient intramolecularity.’ The system is rudimentary
at present, but it demonstrates the validity of the basic concept.

The mechanistically straightforward Sy2 alkylation of an amine
by an alkyl halide was selected for initial study. The overall process
is represented in general terms in Scheme I. the ditopic receptor
1 binds the two substrates, giving the ternary complex 2 and
placing the two potentially interacting functional groups in relative
proximity to each other. Bond formation (— 3) followed by
dissociation of the template-product complex (3) completes the
process. Scheme II supplies molecular detail. The specifics of
5-8 were designed using CPK models, taking into account syn-
thetic accessibility and solubility in nonpolar organic solvents
{(which would not interfere with the requisite hydrogen bonding!©
between template and substrates). For initial simplicity the binding
sites a and b of 1 are identical in 5, but such identity is not required
(nor, ultimately, desirable). It was hoped that 5 (and 8) possessed
a satisfactory balance between conformational flexibility and
preorganization!! such that any imprecisions in design, although
perhaps debilitating, would not be fatal. The synthesis of 5 relies
heavily on recent developments in organopalladium chemistry!»!313
and is outlined in Scheme III; the two substrates were prepared
from 11'¢ as indicated.

(8) (a) An aza crown ether which sequentially (rather than simultaneously)
operates on two substrates (by a “ping pong™ mechanism) has been reported
by Lehn and colleagues (Lehn, J.-M. Ann. N.Y. Acad. Sci. 1986, 471, 41-50,
and references therein). (b) For “undesigned” hosts which promote bimole-
cular reactions, see: Rideout, D. C.; Breslow, R. J. Am. Chem. Soc. 1980,
102, 7816-7817. Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Manimaran, T.
L. J. Org. Chem. 1983, 48, 3619-3620.

(9) Walsh, C. Enzymatic Reaction Mechanisms; W. H. Freeman: New
York, 1979; pp 220-222. See, also: ref 2¢, pp 114-119, and references
therein.

(10) For earlier studies of receptor-substrate binding from this laboratory,
see: Kelly, T. R.; Maguire, M. P. J. Am. Chem. Soc. 1987, 109, 6549-6551.
Kelly, T. R.; Bilodeau, M. T.; Bridger, G. J.; Zhao, C. Tetrahedron Lett., in
press.

(11) Cram, D. J. Angew. Chem., Int. Ed. Engl. 1986, 25, 1039-1057.

(12) (a) Miyaura, N,; Yanagi, T.; Suzuki, A. Synth. Commun. 1981, 11,
513-519. (b) Sharp, M. J.; Snieckus, V. Tetrahedron Lett. 1985, 26,
5997-6000.

(13) Azizian, H.; Eaborn, C.; Pidcock, A. J. Organomet. Chem. 1981, 215,
49-58.

(14) Robison, M. M.; Robison, B. L. J. Am. Chem. Soc. 1955, 77,
457-460.

(15) (a) Bailey, T. R. Tetrahedron Lett. 1986, 27, 4407-4410. (b) Kosugi,
M.; Koshiba, M.; Atoh, A.; Sano, H.; Migita, T. Bull. Chem. Soc. Jpn. 1986,
59, 677-679. (c) Malstein, D.; Stille, J. K. J. 4m. Chem. Soc. 1979, 101,
4992-4998.
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