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7′,7′-Dimethylspiro[cyclopropane-1,2′-norbornan]-1′-yl triflate (9) was obtained and its solvolysis
rates in buffered 60% aqueous ethanol were determined at different temperatures. The solvolytic
behavior of 9 and other bridgehead derivatives (13-17, see Table 1) was studied by force-field,
semiempirical and ab initio [B3LYP/6-31g(d)] methods. Cation 9(+) is a slightly pyramidal
cyclopropylcarbinyl cation in a nearly perpendicular conformation, showing an sp2-like hybridization.
Its high electron demand provokes an enhancement of the σ-participation of the C5-C6 and C4-C7

bonds. The introduction of a cyclopropyl group adjacent to the bridgehead cation leads to an increase
of the strain energy. This fact has two opposite effects on the solvolysis rate: (a) the strain energy
hinders the flattening of the cation and, hence, originates a rate depression, and (b) the strained
C-C bonds are prone to stabilize the cation at C1 by σ-delocalization, which provokes a rise of the
solvolysis rate. Both effects are accounted for only by the B3LYP/6-31g method. The claimed electron-
withdrawal effect of the cyclopropyl group as a basis for the small k(17)/k(16) rate ratio is not
confirmed by our calculations.

Introduction

Cyclopropylcarbinyl Cations. The fascinating be-
havior of cyclopropylcarbinyl derivatives in solvolytic
processes has attracted the attention of many chemists
over the last 40 years.1 The most important questions
concern the relationship between geometry and solvolysis
rate.

The structures of the bicyclobutonium or cyclopropyl-
carbinyl cations (merely the name was a subject of
controversy)1 generated from cyclopropylmethyl or cy-
clobutyl derivatives, are among the conceptually most
difficult nonclassical carbocations.2

The parent cyclopropylcarbinyl cation 1a (Figure 1) is
not static nor the sole species in stable solution (magic
acid). The bisected structure 1a was suggested as a
possibility for the minor cation of the species.3 In the case
of dimethylcyclopropylcarbinyl cation 1b the NMR spec-

tra are consistent with the bisected structure, due to the
stabilizing effect of the methyl groups;4 however, the
rotation barrier about the C1-C1′ bond is small (13.2 kcal/
mol),4 so that 1b cannot be regarded as a static structure.
In contrast with 1, the nortricyclylcarbinyl cations 2 had
allowed the first unequivocal observation of the NMR
properties of a static (the C1-C1′ barrier to rotation of
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(1) Only a small amount of pertinent data is possible to be covered

in this paper. For some reviews, see: (a) Richey, H. G. In Carbonium
Ions; Olah, G. A. and Schleyer, P. v. R., Eds.; Wiley-Interscience: New
York, 1972; Vol. III, Chapter 25. (b) Wiberg, K. B.; Hess, B. A.; Ashe,
A. J. Ibid., Chapter 26. (c) Olah, G. A. Acc. Chem. Res. 1976, 9, 41. (d)
Brown, H. C.; Schleyer, P. v. R. The Nonclassical Ion Problem;
Plenum: New York, 1977; Chapter 5. (e) Olah, G. A.; Reddy, P. V.;
Prakash, G. K. S. Chem. Rev. 1992, 92, 69. (f) Olah, G. A.; Reddy, P.
V.; Prakash, G. K. S. The Chemistry of the Cyclopropyl Group;
Rappoport, Z., Ed.; Wiley: Chichester, U.K., 1995; Vol. II, pp 813-
859.

(2) Laube, T. Angew. Chem., Int. Ed. Engl. 1996, 35, 2765.

Figure 1. Structural diversity of cyclopropylmethyl cations.
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2b is higher than 18 kcal/mol) and bisected cyclopro-
pylcarbinyl structure.5 However, the NMR spectra of the
very similar triaxane-2-methyl cation 3 are in accord with
a static bisected cation (point group C3) as well as with
a rapidly equilibrating mixture of less symmetric cations
4 (bicyclobutonium ions).6 Both the experimental and
computed chemical shifts [IGLO//B3LYP/6-31g(d)] are in
good agreement with a fast equilibrium between the
structures 4. The structures of spiro[cyclopropane-3′-
norbornan]-2′-yl cations 5 are also bicyclobutonium-like,
according to NMR data and low-level (STO-3G) calcula-
tions.7

The interaction between the electron-deficient carbinyl
carbon and the adjacent cyclopropyl group gives rise to
a highly geometry dependent stabilization.1-8 The sol-
volytic participation of cyclopropyl groups with cationic
centers has been investigated for several orientations of
the cyclopropyl group in relation to the cationic center.

The rates of solvolysis in 70% acetone-water of exo-
and endo-spiro[cyclopropane-1,3′-norbornan]-2′-yl 3,5-
dinitrobenzoates 6 (Figure 1) are strikingly similar,
showing little of the large exo/endo rate ratio associated
with the 2-norbornyl system.9 Also interesting is the ca.
103 rate enhancement of exo-6 over exo-2-norbornyl 3,5-
dinitrobenzoates. Both experimental data are consistent
with the participation of the cyclopropyl group leading
to the formation of the highly stabilized cyclobutonium-
like cation 5 (R ) H) as intermediate (here, only the exo-
lobe of the empty p-orbital interacts with the exo-C-C
bond of the cyclopropyl group). The only product isolated
from the solvolysis was the exo alcohol derived from 6.
Accelerations were also observed in the case of geo-
metrically unrestricted cyclopropylcarbinyl derivatives,
whose solvolysis takes place through type-1 cations,
affording usually a mixture of rearranged products.1

In contrast with this, the solvolysis of spiro[cyclopro-
pane-1,2′-adamantan]-1′-yl chloride [17(Cl)] (Table 1) in
50% (v/v) aqueous ethanol at 25 °C takes place slower,
by a factor of 1.6 × 10-3, than the unsubstituted 1-ada-
mantyl chloride 16(Cl) (Table 1).10,11 The rate decrease
in the case of 17(Cl) was attributed to the electron-
withdrawing effect (-I effect) of the cyclopropyl group
adjacent to the bridgehead position where ionization
takes place.10,11 Hence, there is no resonance stabilization
of the static perpendicular conformation1 shown by the
intermediate cyclopropylcarbinyl cation 17(+).

Bridgehead Cations. There is continued interest in
the chemistry of bridgehead cations such as 1-norbornyl

cation 14(+)12 (Table 1). The sluggish behavior of 1-nor-
bornyl derivatives toward ionization13 is the result of
their reluctance to accommodate the developing positive
charge at the nonplanar bridgehead position.14 Thus, only
the 2-norbornyl cation is observed by NMR upon ioniza-
tion of 1-chloronorbornane in an SbF5/SO2 system at low
temperatures.15 In contrast with this, the 1-adamantyl
cation 16(+) (see Table 1) is readily prepared in
solution.15b,16 The cation 16(+) is stabilized by carbon-
carbon hyperconjugation (σ-participation).17 The carbon-
hydrogen hyperconjugation is not favorable in this system
because it would violate Bredt’s rule.15b Cation 14(+),
more strained due to its rigid framework, cannot form a
planar sp2 cationic center and will therefore remain
relatively unrehybridized, with an empty sp3-like orbital,
whichcannotbeadequatelystabilizedbyhomoconjugation15b

(according to our calculations this conclusion is not
correct; see later).

To carry out a study of structure-reactivity relation-
ships in 1-norbornyl cations, it is convenient to have a
series of norbornyl derivatives at ones disposal.15b,18 We
have previously shown that the rearrangement of 2-nor-
bornanones by reaction with triflic anhydride (Tf2O) is a
very useful method for the introduction of the versatile
triflate group at the bridgehead position of the norbor-
nane system.19 In the present work we report about a
carbocation system that incorporates features of both the
1-norbornyl cation and a distorted cyclopropylcarbinyl
structure, the cation 9(+), formed by solvolysis of spiro-
[cyclopropane-1,2′-norbornan]-1′-yl triflate (9) (see Table
1).

Results and Discussion

7,7-Dimethyl-2-methylenenorborn-1-yl triflate (8) was
obtained by reaction of 1,3,3-trimethyl-2-norbornanone
(7) with Tf2O, according to our procedure for the prepara-
tion of 1-norbornyl triflates (Scheme 1).19,20 The synthesis
of triflate 9 was achieved by cyclopropanation21 of the
carbinol 10,22 due to failure of the reaction between 8 and

(3) (a) Stasal, J. S.; Yavari, I.; Roberts, J. D.; Prakash, G. K. S.;
Donovan, D. J.; Olah, G. A. J. Am. Chem. Soc. 1978, 100, 8016. A high-
level ab initio study showed that the bisected form of the simple
unsubstituted cyclopropylcarbinyl cation was slightly more stable than
the edge form and isoenergetic with the bicyclobutonium ion: (b)
Saunders, M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. v. R. J. Am.
Chem. Soc. 1988, 110, 7652.

(4) Kabakoff, D. S.; Namanworth, E. J. Am. Chem. Soc. 1970, 92,
3234.

(5) Schmitz, L. R.; Sorensen, T. S. J. Am. Chem. Soc. 1982, 104,
2600.

(6) Olah, G. A.; Buchholz, H. A.; Prakash, G. K. S.; Rasul, G.;
Sosnowski, J. J.; Murray, R. K.; Kusnetzov, M. A.; Liang, S. De Meijere,
A. Angew. Chem., Int. Ed. Engl. 1996, 35, 1499.

(7) Olah, G. A.; Reddy, V. P.; Rasul, G. Prakash, G. K. S. J. Org.
Chem. 1992, 57, 1114.

(8) Buckley, N. J. Org. Chem. 1997, 62, 2205.
(9) (a) Wilcox, C. F.; Jesaitis, R. G. Tetrahedron Lett. 1967, 27, 2567.

(b) Lenoir, D.; Röll, W.; Ipaktschi, J. Tetrahedron Lett. 1976, 35, 3075.
(10) Buss, V.; Gleiter, R.; Schleyer, P. V. R. J. Am. Chem. Soc. 1971,

93, 3927.
(11) Ree, B. A.; Martin, J. C. J. Am. Chem. Soc. 1970, 92, 1660.

(12) For some reviews, see: (a) Fort, R. C. In Carbonium Ions; Olah,
G. A., Schleyer, P. v. R., Eds.; Wiley-Interscience: New York, 1972;
Vol. IV, p 1783. (b) Müller, P.; Mareda, J. In Cage Hydrocarbons; Olah,
G. A., Ed.; Wiley: New York, 1990; Chapter 6. (c) Müller, P.; Mareda,
J.; Milin, D. J. Phys. Org. Chem. 1995, 8, 507.

(13) Schleyer, P. v. R.; Nicholas, R. D. J. Am. Chem. Soc. 1961, 83,
2700. The solvolysis of 1-norbornyl bromide proceeded 1014 times slower
than the one of the corresponding tert-butyl derivative (see also Table
1).

(14) Gleicher, G. J.; Scheleyer, P. v. R. J. Am. Chem. Soc. 1967, 89,
582.

(15) (a) Schleyer, P. v. R.; Watts, W. E.; Fort, R. C.; Comisarow, M.
B.; Olah, G. A. J. Am. Chem. Soc. 1964, 86, 5679. (b) Olah, G. A.; Lee,
C. S.; Prakash, G. K. S. J. Am. Chem. Soc. 1993, 115, 10728.

(16) Olah, G. A.; Prakash, G. K. S.; Shih, J. G.; Krishnamurty, V.
V.; Mateescu, G. D.; Liang, C.; Sipos, G.; Buss, V.; Gund, T. M.;
Schleyer, P. v. R. J. Am. Chem. Soc. 1985, 107, 2764.

(17) Sunko, D. E.; Starcevic, S. H.; Pollack, S. K.; Hehre, W. J. J.
Am. Chem. Soc. 1979, 101, 6163.

(18) For some “bona fide”15b reactions involving 1-norbornyl cations,
see: (a) Ebisu, K.; Batty, L. B.; Higaki, J. M.; Larson, H. O. J. Am.
Chem. Soc. 1965, 87, 1400. (b) Nickon, A.; Nishida, T.; Frank, J. J.
Org. Chem. 1971, 36, 1075. (c) White, E. H.; Ryan, T. J.; Field, K. W.
J. Am. Chem. Soc. 1972, 94, 1360. (d) Heublein, G.; Rang, D. D.
Tetrahedron 1972, 28, 1873. (e) White, E. H.; McGirk, R. H.; Aufder-
marsch, C. A.; Tiwari, H. P.; Todd, M. J. J. Am. Chem. Soc. 1973, 95,
8107. (f) McKinley, J. W.; Pincock, R. E.; Scott, W. B. J. Am. Chem.
Soc. 1973, 95, 2030. (g) Kirmse, W.; Schnurr, O.; Jendraller, H. Chem.
Ber. 1979, 112, 2120. (h) Feldmann, G.; Kirmse, W. Angew. Chem.,
Int. Ed. Engl. 1987, 26, 1873. (i) Müller, P.; Milı́n, D.; Feng, W. O.;
Houriet, R.; Della, E. W. J. Am. Chem. Soc. 1992, 114, 6169.

(19) For a review, see: Martı́nez, A. G.; Subramanian, L. R.; Hanack,
M. In Encyclopedia of Reagents for Organic Synthesis; Paquette, L.
A., Ed.; Wiley: New York, 1995; Vol. 7, p 5146.
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diiodomethane. The reaction of 11 with Tf2O under the
usual reaction conditions19 afforded a mixture of products.
Therefore, new reaction conditions were probed. The best
results were obtained by reaction of 11 with methyl-
lithium followed by addition of Tf2O at 0 °C.

The solvolysis of 9 in 60% (w/w) aqueous ethanol with
triethylamine as buffer affords only the corresponding
bridgehead alcohol 11 and ether 12 in an 11/12 ) 9/1
ratio, according to GLC analysis. The structure of ether
12 was established unequivocally by comparison with a
sample prepared by us from alcohol 11 (Scheme 1). The
k values at different temperatures were determined by

GLC. These values as well as the calculated activation
parameters are given in Table 1.

Bicyclo[2.2.2]octan-1-yl triflate (15) (see Table 1) shows
a strain energy lying between those of 14 and 16 and
was included in Table 1 as a reference substrate. The
solvolysis rates (k) of the triflates 15-17 in 60% (w/w)
aqueous ethanol at 80.3 °C were calculated by us using
conversion factors.23 As shown in Table 1, the solvolysis
rate of triflate 17 is 5.2 × 10-3 times slower than the
rate of triflate 16. Surprisingly, the solvolysis of the
triflate 9 takes place slower than the solvolysis of 7,7-
dimethyl-1-norbornyl triflate (13)20 only by a factor of
0.67.

(20) Martı́nez, A. G.; Osı́o Barcina, J.; Rodrı́guez Herrero, M. E.;
Iglesias de Dios, M.; Teso Vilar, E.; Subramanian, L. R. Tetrahedron
Lett. 1994, 35, 7285.

(21) (a) Nishimura, J.; Kawabata, N.; Furukawa, J. Tetrahedron
1969, 25, 2647. (b) Friedrich, E. C.; Biresaw, G. J. Org. Chem. 1982,
47, 1615.

(22) Martı́nez, A. G.; Teso, E.; Garcı́a, A.; Ruano, C.; Soto, J.;
Hanack, M.; Subramanian, L. R. Synthesis 1987, 321.

(23) For 15: k(OTf)/k(OTs) ) 1.7 × 104; k[60% (w/w)]/k[80% (v/v)]
) 2.91. For 16 and 17: k(OTf)/k(Cl) ) 2.7 × 109, k[60% (w/w)]/k[50%
(v/v)] ) 0.13. (a) Bentley, T. W.; Bowen, C. T.; Morten, D. H. Schleyer,
P. v. R. J. Am. Chem. Soc. 1981, 103, 5466. (b) Bentley, T. W.; Carter,
G. E. J. Org. Chem. 1983, 48, 579. (c) Bentley, T. W.; Roberts, K. J.
Org. Chem. 1985, 50, 5852.

Table 1. Rate Constants (k) and Activation Parameters for the Solvolysis of Bridgehead Triflates in Buffered 60% (w/w)
Aqueous Ethanola

a Solvolysis reactions were performed in closed ampules placed in a thermostat-controlled oil bath. Typical concentrations are [3] ) 2.5
× 10-2 M, [Et3N] ) 5.0 × 10-2 M. Decalone was used as internal standard for GLC analysis. b Experimental error (5%. c Extrapolated
values.10,11,23
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Three possible explanations for the astonishingly high
k values of 9 were considered: (a) relief of F-strain24 due
to steric congestion in the ground state of 9, (b) edge-
bridging of the cyclopropyl group leading to a (distorted)
bicyclobutonium cation,1d and (c) the increasing electron
demand25 generated by the destabilizing effect10,11,26 of
the (nearly) perpendicular cyclopropyl group, which
enhances the participation of the σ-bonds of the norbor-
nane framework.

The solvolysis of 1-norbornyl triflate (14) in buffered
(Et3N) 60% (w/w) aqueous ethanol takes place with C-O
fission and with formation of the 1-norbornyl cation [14-
(+)] as intermediate.27 The competition of a S-O bond-
cleavage mechanism in aqueous ethanol can be excluded
even in the case of the much less reactive 4-nortricyclyl
triflate.27 We have shown20,27c that the solvolysis of
substituted 1-norbornyl triflates in the same solvent
mixture yields a nearly constants ratio (1.50) of bridge-
head alcohols (ca. 60%) and ethers (ca. 40%). This ratio
is similar to the one found (1.18) in the case of the
solvolysis in 70% (v/v) aqueous ethanol of 1-adamantyl

bromide 16(Br). Thus, the reaction of bridgehead cations
with nucleophiles fulfills the constant selectivity prin-
ciple.29 Therefore, the high selectivity (11/12 ) 9.0)
showed by the cation 9(+) is surprising. A possible
explanation is the steric hindered attack of ethanol in
relation to water, suggesting a steric acceleration for the
reverse process (ionization of 9). Hence, F-strain could
contribute to the high k value of 9.

F-Strain Problem. We decided then to examine the
F-strain problem in the solvolysis of bridgehead deriva-
tives.12c The existing F-strain is detected by deviations
of the straight lines obtained by plotting the logarithm
of the rates of solvolysis of bridgehead derivatives vs the
changes in steric energies (∆Est) between the parent
bridgehead hydrocarbon (RH) and the corresponding
cation (R+), calculated by force-field methods.12c It was
found that, with only a few exceptions,12c,30 the solvolysis
of bridgehead tosylates and triflates is insensitive to
F-strain.12c To test if F-strain was present in 9, we have
calculated the ∆Est (see Table 2) corresponding to sub-
strates 9(H) and 13(H)-17(H) by the MM+ molecular
mechanic method implemented in the HyperChem pack-
age31 and plotted32 -ln k vs ∆Est (see Figure 2; correlation
coefficient r ) 0.987 excluding 17). The obtained result
was fully unexpected: the F-strain effect was negligible
in the case of 9 but high for 17, the substrate used for
the experimental determination of the stability of a
cyclopropylcarbinyl cation in perpendicular conformation!
(See above.) An F-strain-free rate constant k(17)cal ) 0.13
s-1 was calculated by linear regression analysis from the
deviation of 17. Thus, the “correct” rate ratio k(17)cal/k(16)
should be 1.58 × 10-6 instead of 5.5 × 10-3. To clarify
this unexpected force-field result, it seems convenient to
take into account the electronic effects of the framework
carbons, which are excluded from the force fields.33

Semiempirical Calculations. The semiempirical
molecular-orbital method MINDO/3 has been used to give
an account of electronic factors in strained bridgehead
carbocations.34 On the other hand, the AM1 method is
used for the study of the solvolysis of bridgehead oxonor-
bornyl triflates.35 Hence, we have calculated the differ-
ences in binding energy (∆Eb) between the hydrocarbons
9(H), 13(H)-17(H) and the cations 9(+), 13(+)-17(+)
by the AM1 and the MINDO/3 methods implemented in
HyperChem.31 The results (∆Eb

A and ∆Eb
M, respectively)

are given in Table 2.

(24) Brown, H. C.; Fletcher, R. S. J. Am. Chem. Soc. 1949, 71, 1845.
(b) Slutsky, J.; Bingham, R. C.; Schleyer, P. v. R.; Dickason, W. C.;
Brown, H. C. J. Am. Chem. Soc. 1974, 96, 1969. (c) Tidwell, T. T. J.
Org. Chem. 1974, 39, 3533. (d) Lomas, J. S.; Luong, P. K.; Dubois, J.
J. Am. Chem. Soc. 1977, 99, 5478.

(25) (a) Farmm, D. G.; Wolf, A. D. J. Am. Chem. Soc. 1974, 96, 5166.
(b) Farmm, D. G.; Botto, R. E.; Chambers, W. T.; Lam, R. J. Am. Chem.
Soc. 1978, 100, 3847. (c) Brown, H. C.; Periasamy, M.; Pernmal, T.;
Kelly, D. P. J. Am. Chem. Soc. 1984, 106, 2359.

(26) For the inductive withdrawing effect of the cyclopropane ring
in 4-substituted nortriciclenes, see: (a) Chemier, P. J.; McClure, J.
R.; Golembeski, D. J. J. Org. Chem. 1978, 43, 4306. This experimental
result seems to be in contradiction with force-field calculations,
suggesting that the cyclopropane ring exerts no electronic effect on
the transition state in the solvolysis of nortriciclyl derivatives: (b)
Müller, P.; Millin, D. Helv. Chim. Acta 1991, 74, 1808.

(27) (a) Bingham, R. C.; Sliwinsky, W. F.; Scheleyer, P. v. R. J. Am.
Chem. Soc. 1979, 92, 3471. (b) Sherrod, S. A.; Bergman, R. G.; Gleicher,
G. J.; Morris, D. G. J. Am. Chem. Soc. 1972, 94, 4615. (c) Martı́nez, A.
G.; Osı́o, J.; Rodrı́guez, M. E.; Iglesias, M. Tetrahedron Lett. 1994, 35,
7285.

(28) McManus, S. P. Zutaut, S. E. Isr. J. Chem. 1985, 26, 400.
(29) For a review, see: Richard, J. P. Tetrahedron 1995, 51, 1535.

About the selectivity of substituted 1-norbornyl cations in aprotic
solvents, see: Martı́nez, A. G.; Alvarez, R. M.; Teso, E.; Garcı́a, A.;
Osı́o, J.; Subramanian, L. R. Tetrahedron 1995, 51, 7077.

(30) Takeuchi, K.; Ohga, Y.; Munakata, M.; Kitagawa, T.; Kinoshita,
T. Tetrahedron Lett. 1992, 33, 3335.

(31) HyperChem 4.0. Autodesk, Hypercube. Licensed to A. G.
Martı́nez. There is no correlation between ln k and ∆Est when the ∆Est
values were calculated from default values. The ∆Est values given in
Table 2 were calculated by using the atom type CK +1 at C1. For other
parameter sets, see: Reindl, B.; Clark, T.; Schleyer, P. v. R. J. Comput.
Chem. 1997, 18, 28, and ref 30.

(32) All the plotting and linear regression analysis was realized with
Microsoft Excel 5.0. Licensed to A. G. Martı́nez.

(33) See, for example: Bentley, T. W.; Roberts, K. J. Org. Chem.
1985, 50, 5852.

(34) (a) Dewar, M. J. S.; Haddon, R. C. Komornichi, A.; Rzepa, H.
J. Am. Chem. Soc. 1977, 99, 377. (b) Della, E. W.; Gill, P. M. W.;
Schiesser, C. H. J. Org. Chem. 1988, 53, 4354.

(35) (a) Takeuchi, K. Yoshida, M.; Ohga, Y.; Tsugeno, A.; Kitagawa,
T. J. Org. Chem. 1990, 55, 6063. (b) Carrrupt, P.; Vogel, P. J. Org.
Chem. 1990, 55, 5696. (c) Martı́nez, A. G.; Osı́o, J.; Teso, E. Tetrahedron
1996, 52, 14041.

Scheme 1
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No correlation is observed between ∆Eb
M and -ln k.

Moreover, the predicted structures for all cations (avail-
able as Supporting Information), with the exception of
the 1-norbornyl cation 14(+), were unrealistically dis-
torted (artifacts), showing the failures of this method to

describe bridgehead cations.36 In contrast with this, the
plot of -ln k vs ∆Eb

A affords a straight line with a good
correlation coefficient (r ) 0.977) (see Figure 3). As can
be seen, according to this method there is no F-strain in
the case of 17. Hence, the deviation of 17 found by the
MM+ method must be an artifact.

DFT Calculations. To clarify this contradictory situ-
ation as well as to make sure of the bondings in cations
9(+) and 13(+)-17(+), we sought recourse to the B3LYP
method of the density functional theory (DFT).37 This ab
initio method provides significantly greater accuracy than
the Hartree-Fock theory with only a small increase in
CPU time, because it includes some of the effects of
electronic correlation. The choice of the theoretical level
is also a matter of novelty, because this method has been
scarcely used in the study of structure-reactivity rela-
tionships of organic compounds.38

(36) For the deficiencies of MINDO/3, see: Scheleyer, P. v. R.; Sieber,
S. Angew. Chem., Int. Ed. Engl. 1993, 32, 1606.

(37) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
(b) Becke, A. D. Phys. Rev. A 1988, 38, 3098.

Table 2. Computationally Calculated Energy Differences (kcal/mol) for the Solvolysis of Bridgehead Triflates

a Values at 80.3 °C. b Molecular-mechanic MM+ calculation. c Semiempirical AM1 calculation. d Semiempirical MINDO/3 calculation.
e Ab initio B3LYP/6-31g(d) calculation.

 R –RH+Est

Figure 2. Lineal correlation of -ln k vs MM+ calculated ∆Est-
(R+-RH).
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First, we have calculated the structures and energies
of the hydrocarbons and cations of the types 14-16, to
compare the results with those obtained by using other
methods (see Table 3). The calculations were performed
with the standard 6-31g(d) basis set implemented in the

GAUSSIAN program package.39 The structures, energies,
and frequencies were calculated at the same theoretical
level and basis set [B3LYP/6-31g(d)//B3LYP/6-31g(d)].
Geometries of all stationary points were optimized using
self-consistent-field (SFC) and DFT analytical gradient
methods. Vibrational frequencies were computed by ana-
lytical second-derivative methods.39 No imaginary fre-
quencies were found.

The bond lengths calculated with the MP2/6-31g(d)
method40,41 are in good agreement with the B3LYP/6-31g-
(d) method (∆R ) (0.01 Å; only in the case of R(2,3) of
14(+) was ∆R 0.03 Å). The concordance with the R values
calculated with the AM1 method was bad, because in
some cases ∆R ) 0.05 Å. There are no high-level studies
of the adamantane system (16).17 The R values calculated
with the STO-3G method17 for cation 16(+) display a
slightly better concordance with our B3LYP/6-31g(d) cal-
culation than with the AM1 distances (see Table 3).

Some discussion about the structure of the cations 14-
(+)-16(+) is necessary at this point. There is a consider-
able distortion of the hydrocarbon framework as the cat-
ionic center attempts to achieve planarity. There are also
some significant changes in bond lengths. The decrease
in R(1,2) and increase in R(2,3) in the cations 14(+)-
16(+) as well as the decrease in R(1,7) and increase in
R(4,7) in 14(+) indicate substantial hyperconjugation of
the cationic center with the â σ(C-C) bonds.17,40,41,42

The total energies (i.e., the sum of the electronic energy
and nuclear repulsion energy) (E) calculated with ab
initio methods for hydrocarbons and cations 14 and 15
are shown in Table 4. The differences between the E
values calculated with the MP2 (EM) and B3LYP (EB)
theoretical levels are given in Table 4. The differences
of ca. 1.0 hartrees are due to thermal and/or scaled zero-
point energy (ZPE) corrections of the MP2 values.40,41 We
have not attempt to reproduce the MP2 energies by
scaling our ZPE values, because we are interested only
in the energy differences between cations and hydrocar-
bons (for the significance of this, see later).

Once the equivalence of the B3LYP/6-31g(d) and MP2/
6-31g(d) methods for the study of bridgehead cations has
been demonstrated, we have calculated the ∆E(R+-RH)
values (see Table 2) corresponding to substrates 9, 13,
16, and 17, with the same conditions as in the cases of
14 and 15 (see above). Only an imaginary frequency (22i
cm-1) was found in the case of 13(+), corresponding to a
vibration of the C4-C5 (C3-C4) bond (see corresponding
structure in Table 5), which was ignored.

The plot of -ln k vs ∆E(R+-RH) (see Figure 4, solid
line) shows clearly that 9 and 13-17 are free of F-strain
effects, because there are no significant deviations of the
correlation line, according with the results of the AM1
method. A slope value near to unity (0.984) for the
correlation line points to an essentially complete carboca-

(38) (a) Schreiner, P. R.; Schleyer, P. v. R.; Schaefer, H. R. J. Org.
Chem. 1997, 62, 4216. (b) Smith, B. J.; Tsanaktsidis, J. J. Org. Chem.
1997, 62, 5709.

(39) Frisch, M. J.; Trucks, G. W.; Schelegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Haman, M. A.;
Zakrzewski, V. G.; Ortiz, J. V.; Foreseman, G. B.; Peng, C. Y.; Ayala,
P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94W; Gaussian Inc.: Pittsburgh, PA, 1995. Licensed to A. G. Martı́nez.

(40) Adcock, W.; Clark, C. I.; Schiesser, C. H. J. Am. Chem. Soc.
1996, 118, 11541.

(41) Hrovat, D. A.; Borden, W. T. J. Org. Chem. 1992, 57, 7, 2519.
(42) Grob, C. A.; Rich, R. Tetrahedron Lett. 1978, 29, 663.

Figure 3. Lineal Correlation of -ln k vs AM1 calculated ∆Eb
A-

(R+-RH).

Table 3. Optimized Bond Lengths (R, Å) of
Hydrocarbons 14(H)-16(H) and Cations 14(+)-16(+)

AM1 MP2/6-31g(d)40 B3LYP/6-31g(d)

R 14(H) 14(+) 14(H) 14(+) 14(H) 14(+)

(1,2) 1.542 1.482 1.538 1.464 1.548 1.470
(2,3) 1.541 1.583 1.557 1.600 1.565 1.567
(3,4) 1.542 1.556 1.538 1.559 1.548 1.611
(4,7) 1.550 1.591 1.536 1.583 1.544 1.593
(7,1) 1.550 1.507 1.536 1.471 1.544 1.480

AM1 MP2/6-31g(d)41 B3LYP/6-31g(d)

R 15(H) 15(+) 15(H) 15(+) 15(H) 15(+)

(1,2) 1.526 1.471 1.532 1.449 1.542 1.456
(2,3) 1.523 1.569 1.546 1.626 1.559 1.638
(3,4) 1.526 1.539 1.532 1.527 1.542 1.538

AM1 STO-3G17 B3LYP/6-31g(d)

R 16(H) 16(+) 16(H) 16(+) 16(H) 16(+)

(1,2) 1.526 1.468 1.497 1.544 1.459
(2,3) 1.526 1.574 1.590 1.544 1.628
(3,4) 1.526 1.525 1.540 1.544 1.536

Table 4. Energies (E, in hartrees) of Hydrocarbons
14(H) and 15(H) and Cations 14(+) and 15(+)

MP2/6-31g(d) (EM) B3LYP/6-31g(d) (EB) EM - EB

14(H) -272.975 9140 -273.968 486 4 0.992
14(+) -272.065 9340 -273.040 776 5 0.975
15(H) -312.147 741 -313.289 914 5 1.142
15(+) -311.264 241 -312.388 665 2 1.124
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tionic transition state, in agreement with other experi-
mental results.23c The correlation coefficient is good (r )
0.967), taking into account the wide range of correlated
bridgehead reactivities and the use of extrapolated k
values. However, an improved r value of 0.988, i.e., an
excellent correlation, could be reached by excluding 14
(see Figure 4, dotted line). This fact suggests that the
theoretical level B3LYP with the 6-31g(d) basis set tends
to lower the hyperconjugation38 in the case of 14(+) by
ca. 6 kcal/mol.

At this point, we shall address an interesting question.
The well-known Eyring’s equation correlates ln k with
free energies (G), not energies (E). However, the struc-
ture-reactivity relationships in solvolytic reactions are
always discussed by plotting energies or enthalpies
against ln k.12c,40-43 Although a frequency job using

GAUSSIAN produces G values, we have also adopted the
use of E values taking into account the following consid-
erations. The ZPE and thermal-energy (at 298 K) cor-
rected G value of 13(+) is -351.486 291 hartrees. The
uncorrected total energy E is -351.672 630 4 hartrees.
For 13(H), the calculated values are G ) -352.388 591
hartrees and E ) -352.590 941 2 hartrees. Thus, ∆G(R+-
RH) ) 566.2 kcal/mol and, hence, ∆E - ∆G ) 10.0 kcal/
mol. In the case of the most reactive substrate 16, a value
of ∆E - ∆G ) 8.1 kcal/mol is obtained. Considering the
accuracy of the B3LYP/6-31g(d) method (ca. 2 kcal/mol
for ∆E),36 the use of ∆E or ∆G is irrelevant for the
calculation of both the slope and the correlation coef-
ficient.

The existing correlation between ∆E(R+-RH) and sol-
volysis rates provides strong evidence on behalf of that
the rate ratios k(13)/k(9) and k(17)/k(16) are mainly due
to electronic effects accounted for by the B3LYP/6-31g-
(d) method. To determine the nature of these effects, we
will take into account the bond lengths (see Table 5) as
well as the charge distributions calculated by the Mul-
liken population analysis (see Table 6). The shorter R(1,4)
and R(1,6) distances as well as the longer R(4,7) and
R(5,6) distance of 9(+) when compared with those of the
hydrocarbon 9(H) suggest that the canonical structures
9′(+) and 9′′(+) (see Figure 5) play an important role in
stabilizing cation 9(+). Cationic charges (Table 6) also
suggest that the resonance structures 9′(+) and 9′′(+)
are important contributors to the overall structure. The
C4-H bond suffers no lengthening in cation 9(+), show-
ing that the back-lobe interaction with the empty orbital
at C1 is insufficient to become a stabilizing factor.40 The
slight lengthening of the C2-C10 bond of 9(+) in relation
to the C2-C11 bond probably results from a better
overlapping with the empty orbital at C1 [Figure 6; cf.
LUMO (ψ2) of 17(+)]. However, the C2-C10 bond length-
ening (see Table 5) seems to be too small to cause any
significant stabilization of cation 9(+). According to our
calculations, the empty orbital of 9(+) looks much like a
p-orbital (see Figure 6), strongly suggesting an sp2-like
hybridization for C1, which is against the proposed sp3

for the cationic carbon in the analogue cation 14(+).15b

The higher ψ2 value of the internal lobe for the LUMO
of 9(+) is also pointing to the σ-participation of the
norbornane-cage C-C bonds.

In the case of 13, the distortions of the above-
mentioned bonds in going from 13(H) to 13(+) are not
so pronounced (see Table 5). Therefore, we believe that
the strikingly high solvolysis rate of triflate 9 is mainly
due to σ-participation of the C5-C6 and C4-C7 bonds.
Hence, the introduction of the spirocyclopropane group
provokes an enhancement of the σ-participation. The
same conclusion is reached in the adamantane system
by comparing the length variations of the C1-C2 and C2-
C3 bonds provoked by the hydride-abstraction reaction
from the hydrocarbons 16(H) (see Table 3) and 17(H)
(see Table 5). In fact, the rate enhancement in the
norbornane system is higher than in adamantane. Thus,
the difference in the calculated ∆E values for 9 and 13
is 0.1 kcal/mol, but 1.5 kcal/mol for 16 and 17 (from
values given in Table 2). Hence, the strikingly different
values of the rate ratios k(9)/k(13) and k(17)/k(16) are
accounted for by the DFT method.

On the other hand, the enhancement of σ-participation
in cation 9(+) is accompanied by a loosening of the C-C

(43) (a) Mareda, J. J. Chem. Soc., Chem. Commun. 1993, 1280. (b)
Della, E. W.; Head, N. J.; Janowski, W. K.; Schiesser, C. H. J. Org.
Chem. 1993, 58, 7876. (c) Della, E. W.; Grob, C. A.; Taylor, D. K. J.
Am. Chem. Soc. 1994, 116, 6159. (d) Wiberg, K. B.; McMurdie, N. J.
Am. Chem. Soc. 1994, 116, 11990. (e) Della, E. W.; Janowski, W. K. J.
Org. Chem. 1995, 60, 7756.

Table 5. Some Significant B3LYP/6-31g(d) Optimized
Bond Lengths (Å) for Hydrocarbons 9(H), 13(H), and

17(H) and Cations 9(+), 13(+), and 17(+)

R 9(H) 9(+) 13(H) 13(+) 17(H) 17(+)

(1,2) 1.537 1.484 1.549 1.537 1.531 1.460
(2,3) 1.575 1.559 1.565 1.553 1.531 1.595
(3,4) 1.549 1.556 1.549 1.540 1.545 1.538
(4,5) 1.550 1.588 1.544 1.536
(5,6) 1.565 1.620 1.544 1.534
(1,6) 1.549 1.464
(1,7) 1.564 1.491 1.563 1.399
(1,4) 2.251 1.979
(4,7) 1.565 1.623 1.563 2.199
(2,10) 1.508 1.521 1.508 1.502
(2,11) 1.507 1.505 1.508 1.502
(10,11) 1.511 1.503 1.514 1.521
(7,8) 1.544 1.633
(1,8) 1.545 1.457
(4,H) 1.095 1.093 1.085 1.090

Figure 4. Lineal correlation of -ln k vs B3LYP/6-31g(d)
Calculated ∆E(R+-RH).
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bond cage in relation to triflate 9, as well as by a charge
dispersion. These two effects can explain the high ∆Sq

value obtained for the solvolysis of triflate 9 (see Table
1).

Therefore, there are two reasons for the enhancement
in σ-participation caused by the spirocyclopropane
group: (a) the -I effect of the cyclopropyl group (see
above) and (b) the increase of strain energy.44

Inductive effects, like atomic charges, are not a quan-
tum-mechanical observable (the Mulliken population
analysis is only a convention for assigning charges). The
theory of atoms in molecules45 predicts that the cyclo-
propyl group is somewhat more electron-withdrawing
that a methyl (CH3) group. According with this, the
F-value measured for the cyclopropyl group (0.02) is
slightly higher than the corresponding one for a methyl
group (0.01).45 Thus, it seems not possible that the -I
effect of the cyclopropyl group could provoke the small
value of k(17)/k(16). On the other hand, the -I effect of
the cyclopropyl group should be detected by higher
positive charge at the adjacent carbon C3. This prediction
is correct in the case of 9(+) [cf. 13(+)] but fails for 17-
(+) [cf. 16(+)] (see Table 6). Therefore, the weak -I effect
of the cyclopropyl group is overcome by the strong
electron-withdrawing ability of the cationic carbon C1.

(44) The solvolysis of very strained bridgehead derivatives (i.e., cubyl
triflate) takes place with enhanced σ-participation: (a) Eaton, P. E.;
Yang, C. X.; Xiong, Y. J. Am. Chem. Soc. 1990, 112, 3255. (b) Hrovat,
D. A.; Borden, T. J. Am. Chem. Soc. 1990, 112, 3227. (c) Wiberg, K.
B.; Hadad, C. M.; Sieber, S. Schleyer, P. v. R. J. Am. Chem. Soc. 1992,
114, 5820. (d) Della, E. W.; Head, N. J.; Janowski, W. K.; Schiesser,
C. H. J. Org. Chem. 1993, 58, 7876. (e) Della, E. W.; Grob, C. A.; Taylor,
D. K. J. Am. Chem. Soc. 1994, 116, 6159.

(45) Wiberg, K. B.; Bader, R. F. W.; Lau, C. D. H. J. Am. Chem.
Soc. 1987, 109, 1001.

(46) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165.

Table 6. B3LYP/6-31g(d) Atomic Charges (Hydrogens Summed into Carbons) Calculated on the Optimized Geometry of
Cations 9(+), 13(+), 16(+), and 17(+)

a Charge sum of C7, C8, and C9.

Figure 5. Canonical structures of cation 9(+).

Figure 6. B3LYP/6-31g(d) calculated LUMOs (ψ2) of cations
9(+) and 17(+).
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Hence, the increase in strain energy is the main reason
for the enhanced σ-participation.

Summary and Conclusions

The relationship between solvolysis rates and strain
energies calculated by force-field methods is not a reliable
method for the evaluation of F-strain, despite the high
correlation coefficient that could be reached.

The semiempirical MINDO/3 method should not be
used for calculations on bridgehead cations. The AM1
method is a better one, although some important features
are not accounted for by it.

The B3LYP theoretical level with the 6-31g(d) basis
set gives a satisfactory explanation of the striking
problem of the effect of a spirocyclopropane group on the
stability of the corresponding bridgehead cations. How-
ever, B3LYP/6-31g(d) fails in describing σ-participation
(homoconjugation) in the case of the parent 1-norbornyl
cation [14(+)] by ca. 6 kcal/mol. The B3LYP/6-31g(d)
method calculates cation 9(+) as a slightly pyramidal
cyclopropylcarbinyl cation in a nearly perpendicular
conformation, showing an sp2-like hybridization for the
cationic center.

The introduction of a spirocyclopropane group adjacent
to the bridgehead position causes an increase of the strain
energy, which hinders the flattening of the corresponding
cations and, therefore, leads to a solvolysis-rate depres-
sion. However, this effect is partially compensated by an
enhancement of the σ-participation of the framework
C-C bonds, particularly in the case of the very strained
norbornane system.

The claimed -I effect of the cyclopropane group as an
explanation for the small k(17)/k(16) rate ratio is not
confirmed by the DFT method.

Experimental Section

General Information. All starting materials and reagents
were obtained from well-known commercial suppliers and were
used without further purification. THF and hexane were dried
by distillation over sodium/benzophenone under a positive
pressure of Ar, and CH2Cl2 was distilled from P2O5 under a
positive pressure of Ar, immediately prior to use. Flash
chromatography was performed over silica gel (230-400
mesh). 1H and 13C NMR spectra were recorded on a 300 MHz
spectrometer for 1H and on a 75 MHz spectrometer for 13C.
Chemical shifts (δ) for 1H and 13C NMR were recorded in ppm
downfield relative to the internal standard tetramethylsilane
(TMS), and coupling constants (J) are in Hz. IR spectra were
recorded in a FT spectrometer. Wavenumbers are in cm-1.
Mass spectra were recorded on a 60 eV mass spectrometer.
For gas-liquid chromatography, a chromatograph equipped
with a capillary OV 101 column was used.

7′,7′-Dimethylspiro[cyclopropane-1,2′-norbornan]-1′-
ol (11). Compound 11 was obtained according to the cyclo-
propanation procedure described by Nishimura, Kawabata,
and Furukawa.7a Over a solution of hydroxyolefin 10 (1.000
g, 6.58 mmol) in 10 mL of dry hexane, under an Ar atmosphere,
were added 11.4 mL of diethylzinc 1 M in hexane (11.40 mmol)
followed by dropwise addition via syringe of diiodomethane
(4.224 g, 15.76 mmol) over a 30 min period. Exothermic
reaction took place immediately. When the addition was
complete, the reaction mixture was kept at room temperature
for 3 h (the reaction progress was monitored by GLC). Finally,

the reaction mixture was poured into 10% HCl, extracted with
hexane, washed with water and saturated sodium bicarbonate,
and dried over anhydrous magnesium sulfate. After filtration
and solvent evaporation, the residue was purified by column
chromatography (silica gel, hexane/CH2Cl2 60:40) to yield pure
11 (983 mg, 90% yield), as a colorless oil: IR (CCl4) ν 3610,
3480, 3060 cm-1; MS m/z 166 (M•+, 1); 1H NMR (300 MHz,
CDCl3) δ 1.97-1.92 (m, 2H), 1.73-1.65 (m, 4H), 1.41-1.37 (m,
2H), 1.03 (s, 3H), 0.98 (s, 3H), 0.77 (m, 1H), 0.43-0.35 (m, 2H),
0.25 (m, 1H) ppm; 13C NMR (75.5 MHz, CDCl3) δ 82.1, 47.3,
42.2, 39.9, 32.8, 27.8, 26.6, 19.4, 19.1, 13.8, 6.9 ppm.

7′,7′-Dimethylspiro[cyclopropane-1,2′-norbornan]-1′-
yl Triflate (9). Over a solution of 300 mg (1.81 mmol) of spiro
alcohol 11 in 5 mL of dry CH2Cl2, at -78 °C under an Ar
atmosphere, were added 1.7 mL of methyllithium 1.6 M in
ether (2.72 mmol) followed by dropwise addition of freshly
distilled triflic anhydride (0.767 g, 2.72 mmol) via syringe. The
reaction mixture was then allowed to warm to room temper-
ature and stirred for 30 min (the reaction progress was
monitored by GLC). Finally, the reaction was hydrolyzed with
saturated sodium bicarbonate, extracted with CH2Cl2, washed
with brine, and dried over anhydrous magnesium sulfate. After
filtration and solvent evaporation, the residue was purified
by column chromatography (silica gel, hexane) to yield pure 3
(405 mg, 75% yield) as a colorless liquid: IR (CCl4) ν 3070,
1405, 1210, 1150 cm-1; MS m/z 283 (M•+ - 15, 2); 1H NMR
(300 MHz, CDCl3) δ 2.43 (m, 1H), 2.27 (m, 1H), 2.14-2.07 (m,
2H), 1.75 (m, 1H), 1.57 (m, 1H), 1.49 (d, J ) 11.7, 1H), 1.20 (s,
3H), 1.11 (s, 3H), 1.07 (m, 1H), 0.81 (m, 1H), 0.49 (m, 1H),
0.42 (m, 1H) ppm; 13C NMR (75.5 MHz, CDCl3) δ 118.3 (c, J )
319), 49.2, 39.9, 39.7, 29.3, 27.8, 26.6, 19.1, 18.8, 14.1, 6.6 ppm.

7′,7′-Dimethylspiro[cyclopropane-1,2′-norbornan]-1′-
yl Ethyl Ether (12). Sodium hydride (80 mg, 60% dispersion
in mineral oil, 2.00 mmol) was placed in a flask under an Ar
atmosphere and washed via syringe, with dry hexane (2 × 3
mL) and with dry THF (1 × 3 mL), to remove the mineral oil.
Then, 5 mL of dry THF was added. Over the resultant
suspension, 150 mg (0.90 mmol) of spiro alcohol 5 dissolved
in 2 mL of dry THF was added dropwise at room temperature.
The reaction mixture was stirred for 1 h, and 624 mg (4.00
mmol) of freshly distilled iodoethane was added dropwise via
syringe. When the addition was complete, the mixture was
refluxed for 6 h (the reaction progress was monitored by GLC).
The mixture was poured into saturated ammonium chloride
solution, extracted with ether, washed with brine, and dried
over anhydrous magnesium sulfate. After filtration and solvent
evaporation, the residue was purified by column chromatog-
raphy (silica gel, hexane) to yield pure 12 (155 mg, 89% yield)
as a colorless liquid: IR (CCl4) ν 3070 cm-1; MS m/z 194 (M•+,
6); 1H NMR (300 MHz, CDCl3) δ 3.38 (m, 2H), 2.03-1.91 (m,
3H), 1.67-1.27 (m, 4H), 1.05 (s, 3H), 1.04 (t, J ) 6.6, 3H), 1.01
(m, 1H), 1.00 (s, 3H), 0.40 (m, 1H), 0.28 (m, 1H), 0.15 (m, 1H)
ppm; 13C NMR (75.5 MHz, CDCl3) δ 85.2, 60.6, 47.9, 42.2, 40.6,
27.5 (two signals), 27.3, 20.3, 19.4, 16.5, 13.8, 8.0 ppm.
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