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Abstract: The radical anion of the highly pyramidalized alkene 1,5-dehydroquadricyclane (1) was generated
in the gas phase from the Squires reaction of 1,5-bis(trimethylsilyl)quadricyclane with F~/F,. The electron
binding energy and proton affinity of 1*~ were determined by bracketing experiments to be 0.6 + 0.1 eV
and 386 + 5 kcal/mol, respectively. These values are in good agreement with values predicted by density
functional theory (B3LYP/6-31+G*) and ab initio (CASPT2/6-31+G*) calculations. The experimental heat
of hydrogenation of 1, obtained from a thermochemical cycle, was found to be 91 + 9 kcal/mol. This value
of AHu, leads to values of 67 £ 9 kcal/mol for the olefin strain energy (OSE) of 1, 172 4+ 9 kcal/mol for its
heat of formation, and 23 + 9 kcal/mol for its & bond dissociation enthalpy. Since the retro-Diels—Alder
reaction of neutral 1 is computed to be highly exothermic, the finding that 1°~ apparently does not undergo
a retro-Diels—Alder reaction is of particular interest. The B3LYP/6-31+G* optimized geometry of 1 suggests
that the bonding in this alkene is partially delocalized, presumably because the highly pyramidalized double
bond in 1 interacts with the distal cyclopropane bonds in a manner that eventually leads to a retro-Diels—
Alder reaction. The good agreement of the B3LYP and (2/2)CASPT2 values for the heat of hydrogenation
and OSE of 1 with the experimentally derived values provides indirect evidence for the correctness of the
B3LYP prediction that the equilibrium geometry of 1 lies part way along the reaction coordinate to the

transition structure for the retro-Diels—Alder reaction.

Strained molecules have fascinated chemists for more than ain solution?® but none of these alkenes have been isolated.

century! In particular, pyramidalized alkerfeand alkenes with
twisted double bonds$ave been the subject of many theoretical

Nevertheless, these trapping experiments have provided some
information about the relative energies of isom#rs3.7¢

and experimental investigations. Although some pyramidalized g aimies and co-workers have computed the relative energies

alkenes, such as tricyclo[3.3.3Qundec-3(7)-ené,dodecahe-
drene’ andtrans-cyclooctené, are isolable, many have only a
transitory existence.

For example, Szeimies and co-workers have generated an

chemically trapped dehydroquadricyclane isonterg, and3
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of these three alkenes and their singligiplet splittings AEsr)

at both the two-configuration (TC)SCF/6-31@*and B3LYP/
-31G* levels of theory.They also calculated the olefin strain
energies (OSEY) of 1—4 (i.e., the differences between their
heats of hydrogenation and that of a relatively unstrained
reference) at the TCSCF/6-31G* level of thedtyHowever,
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D.; Prinzbach, HRes. Chem. Intermed996 22, 667. (b) Kiplinger, J. P.;
Tollens, F. R.; Marshall, A. G.; Kobayashi, T.; Lagerwall, D. R.; Paquette,
L. A.; Bartmess, J. EJ. Am. Chem. Sod.989 111, 6914.
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thermochemical data, such as the heat of hydrogenatibip.j, Table 1. Calculated Electron Affinities (eV) for
have not been measured for any of these four alkenes. Dehydroquadricyclane Isomers 13
calculation 1 2 3
Scheme 1
(U)B3LYP2 0.75 0.65 0.75
(2/2)CASPT2 0.5# 0.19 0.30
+ em —— /- -EA (U)B3LYP (corrected) 0.6 0.42 0.57
1 1 aUB3LYP/6-31+G* optimized geometries for the radical anions and
B3LYP/6-314-G* optimized geometries for the alkenésSICSCF/6-33%-G*
= o+ ut ﬁ -PA optimized geometries.0.53 eV using the (U)B3LYP/6-31G* geometries
for 1~ and1. 4 From eq 2.£0.56 eV using the (2/2)CASPT2/6-3G*//
H (U)B3LYP/6-314-G* value of AEst for 1.

ﬁ. + He ﬁ BDE Squires and co-workers have shown that allowing a bis-
(trimethylsilyl) compound to react with F followed by F,

results in the regiospecific generation of a radical adfofhe
radical anions of-, m-, and p-benzyne, among others, have
been generated in this way by the Squires reac¢fidhHerein
we report the regiospecific generationdf from the Squires
b f W ﬁ i reaction of 1,5-bis(trimethylsilyl)quadricyclané)(
We have measured the PA and electron binding energy of

5 this radical anion in order to obtain values faHy, and the

OSE of pyramidalized alkené. We present the results of

3
\ o calculations demonstrating that we have, indeed, measured these
Y 7 1 thermochemical quantities, rather than those of the radical anion
= 6 5 of bicyclo[3.2.0]hepta-1,4,6-trien&), which could have been
1 2 3 4 5

Hp — H- + HT + e~ IE(H) + BDE(Hp)

formed from1 via a retro-Diels-Alder reaction.
We also discuss the prediction by B3LYP and (2/2)CASPT2
One of the best ways to measure thermodynamic propertiescalculations that the highly pyramidalized double bondlin

of reactive intermediates is to use thermochemical cycles moves the equilibrium geometry toward the transition structure
involving the corresponding gas-phase anignBor example, for a retro-Diels-Alder reaction. This prediction is supported
the electron affinity (EAY of 1,5-dehydroquadricyclang)and by the good agreement of the B3LYP and (2/2)CASPT2 values
the proton affinity (PA) of the corresponding radical aniary for the OSE ofl with the value obtained from our experiments.
could, at least in principle, be measured by flowing afterglow

selected ion flow tube (FA-SIFT) experiments. As shown in Results and Discussion

Scheme 1, and summarized in eq 1, the PAofand the EA Ab Initio and DFT Calculations. Alkenes typically do not
of 1 can be combined in a thermochemical cycle with the known pind an extra electron (i.e., EA 0):2! However, pyramidal-
C5—H bond dissociation enthalpy (BDE) of quadricyclabi¢ ization of an alkene double bond has been shown to reduce the

the ionization energy (IE) of hydrogen atom, and the BDE of energy of the lowest unoccupied molecular orbital (LUM&)??
H: to yield the AHy, of pyramidalized alkend.'* Kass and  Consequently, it seemed probable that highly pyramidalized
co-workers have made use of similar thermochemical cycles to glkene1 would bind an electron.

determine the\Hy, of bicyclo[1.1.0]but-1(3)-er# and cubené? Unrestricted (U)B3LYP/6-3tG* calculations have been
—AH. = shown to provide accurate values for the EAs of many organic
HZ

compound22 Therefore, UB3LYP/6-3:+G* calculations were
IE(H") + BDE(H,) — EA(1) — PA(1™) — BDE() (1) performed on the radical anions and B3LYP/6+&3* calcula-
tions were performed on the neutral alkenes in order to predict
A common method of generating radical anions in the gas the EAs of dehydroquadricyclane isomérs3. The results of
phase is to allow O to react with an organic neutral, resulting  these DFT calculations, shown in Table 1, confirm that all three
in loss of H** and formation of HO.}" However, O~ is a highly dehydroquadricyclane isomers are predicted to bind an electron.
reactive and indiscriminate reagent. In fact, whenm @as

allowed to react withs, a mixture of dehydroquadricyclane  (19) (a) Wenthold, P. G.; Hu, J.; Squires, R.RAm. Chem. S0d994 116
radical anions was generat@d. 6961. (b) Wenthold, P. G.; Hu, J.; Squires, RJRAm. Chem. S0d.996

118 11865.
(20) Wenthold, P. G.; Hu, J.; Hill, B. T.; Squires, R. Rt. J. Mass Spectrom.
(11) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Cheml994 98, 2744. 1998 179/180Q 173.
(12) The electron affinity (EA) of a pyramidalized alkene is equivalent to the (21) Jordan, K. D.; Burrow, P. DChem. Re. 1987, 87, 557.
electron binding energy (EBE) of the corresponding radical anion. (22) (a) Hrovat, D. A.; Borden, W. TJ. Am. Chem. Sod.988 110, 4710. (b)
(13) Lee, H. S.; DePuy, C. H.; Bierbaum, V. NIl. Am. Chem. S0d.996 118 Strozier, R. W.; Caramella, P.; Houk, K. N. Am. Chem. S0d.979 101,
5068. 1340.
(14) The heat of hydrogenatiorhdy,) is customarily defined as the negative ~ (23) For review see: (a) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer,
of the enthalpy of hydrogenation, so thaHy, is a positive number. H. F., lll; Nandi, S.; Ellison, G. BChem. Re. 2002 102, 231. For examples
(15) Chou, P. K.; Kass, S. R. Am. Chem. S0d.99], 113 697. see: (b) Hill, B. T.; Squires, R. Rl. Chem. Soc., Perkins Trans1298
(16) (a) Hare, M.; Emrick, T.; Eaton, P. E.; Kass, S. R.Am. Chem. Soc. 5, 1027. (c) Rienstra-Kiracofe, J. C.; Graham, D. E.; Schaefer, H. F., Ill.
1997 119, 237. (b) Staneke, P. O.; Ingemann, S.; Eaton, P.; Nibbering, N. Mol. Phys.1998 94, 767. (d) Brown, S. T.; Rienstra-Kiracofe, J. C.;
M. M.; Kass, S. RJ. Am. Chem. S0d.994 116, 6445. Schaefer, H. F., [11J. Phys. Chem. A999 103 4065. (e) Pak, C.; Rienstra-
(17) Lee, J.; Grabowski, J. €hem. Re. 1992 92, 1611. Kiracofe, J. C.; Schaefer, H. F., IIl. Phys. Chem. 200Q 104, 11232.
(18) Gunion, R. F.; Lineberger, W. C.; Borden, W. T.; Karney, W., unpublished (f) Boesch, S. C.; Grafton, A. K.; Wheeler, R. A. Phys. Chem1996
results. 100, 10083.
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Table 2. Calculated Values for AEst (kcal/mol) in
Dehydroquadricyclane Isomers 1—3

Table 3. Calculated Relative Enthalpies (kcal/mol) at 298 K for
Dehydroquadricyclane Isomers 1—3

calculation 1 2 3 calculation 1 2 3
TCSCR 14.7 26.5 23.7 TCSCR 11.6 0 4.0
(U)B3LYP 20.3 18.6 24.1 B3LYPP 4.3 0 3.0
(2/2)CASPT2 23.5 24.0 28.2 (2/2)CASPT2 50 0 34

aTCSCF/6-33%G* optimized geometries (U)B3LYP/6-31-G* opti-
mized geometries.24.5 kcal/mol, using (U)B3LYP/6-3tG* optimized
geometries.

Thus, at least in principle, it should be possible to gendrate
3~ for gas-phase experiments.

However, DFT is not the best theoretical method for
predicting thermodynamic properties of pyramidalized alkenes

1-3. All three of these alkenes can be expected to have some

diradical character. Since B3LYP is a single-determinantal
method, it is expected to perform less well than multiconfigu-
rational methods in calculating the energies of singlet diradi-
cals?

To take account of the diradical character of the singlet
alkenes, at least a two-configuration (TC) SCF wave function
should be use& However, TCSCF does not include dynamic

electron correlation and therefore does not give accurate energies

for radical aniong®

(2/2)CASPT2, which is based on TCSCF reference wave
functions, but which also contains dynamic electron correla-
tion,26 is likely to give more reliable values than TCSCF for
the EAs of1—3. As shown in Table 1, CASPT2 predicts that
all three dehydroquadricyclane isomers will bind an electron,
but (2/2)CASPT2 gives binding energies that are 8:246 eV
lower than those predicted by B3LYP. Like many ab initio
methods, CASPT2/6-31G* calculations are likely to under-
estimate EAs.

A method for overcoming both the tendency of B3LYP to
overestimate the energies of singlet diradicals and that of
CASPT2 to underestimate EAs is to compute the energy
difference between the radical anions and the triplets using
UB3LYP, and then to subtract the energy difference between
the singlet and the tripletAEsy) obtained from CASPT2

aTCSCF/6-3%#G* optimized geometries and thermal corrections.
b B3LYP/6-31+G* optimized geometries and thermal correctior2.9 kcal/
mol, using the B3LYP optimized geometry and the TCSCF thermal
correction forl.

B3LYP TCSCF

Figure 1. Comparison of the bond lengths (A) in the B3LYP/643%*
and TCSCF/6-3+G* optimized geometries of.

Scheme 2

Ay — A5

1 7

using eq 2, the corrected values are less than the uncorrected
values by ca. 0.2 eV. Pyramidalized alkehis thus calculated
to have a corrected (U)B3LYP value of kfyecteqy= 0.61 eV.
The TCSCF value foAEst of 1 in Table 2 seems anoma-
lously low, compared with both the B3LYP and (2/2)CASPT2
values. Similarly, as shown in Table 3, the TCSCF enthalpy of
1, relative to2, seems about-67 kcal/mol too high, compared
with both the B3LYP and (2/2)CASPT2 values. Both anomalies
point to a problem in the TCSCF calculation of the energy of
the lowest singlet state df.
An important clue to the origin of the problem is evident in

calculations (eq 2). This method has been used to predict thethe comparison of the B3LYP and TCSCF optimized geometries

EAs of cyclopentanone-2,5-dfland acenaphthyr?8.

EA correctedy™ EAwiple(UB3LYP) — AEs(CASPT2) (2)

triplet

Table 2 lists theAEst values forl—3, computed at the (U)-
B3LYP/6-31+-G*, TCSCF/6-31%+G*,%° and (2/2)CASPT2/6-
31+G*//[TCSCF/6-31-G* levels of theory. As expected, the
(2/2)CASPT2 values oAEst are larger than the (U)B3LYP

for 1, which are shown in Figure 1. Although the lengths of
the double bond in both geometries fbrare essentially the
same, the 1.668 A length of the EZ7 (C4-C6) bond in the
B3LYP optimized geometry is 0.087 A longer than in the
TCSCF optimized geometry. In addition, the-©T2 (C4-C5)

and C6-C7 bond lengths of, respectively, 1.448 and 1.476 A
in the B3LYP optimized geometry are both significantly shorter
than the corresponding bond lengths in the TCSCF optimized

values, since B3LYP overestimates the energies of the singletgeometry.
states of these pyramidalized alkenes. Consequently, as shown The bond lengths in the B3LYP/6-31G* optimized geom-

in Table 1, when the (U)B3LYP EAs df—3 are recomputed

(24) Bally, T.; Borden, W. T. InRReviews in Computational Chemistry/ol.

13; Lipkowitz, K. B., Boyd, D. B., Eds.; John Wiley and Sons: New York,
1999.

(25) Borden, W. T.; Davidson, E. RAcc. Chem. Red.996 29, 67.

(26) Andersson, K.; Malmqyvist, P.-A.; Roos, B. @.Chem. Phys1992 96,
1218.

(27) Hoenigman, R. L.; Kato, S.; Borden, W. T.; Bierbaum, V.Ikt. J. Mass
Spectrom2005 241, 149.

(28) Broadus, K. M.; Kass, S. R. Am. Chem. So001, 123 4189.

(29) Szeimies and co-workers have previously reported TCSCF/6-31G* values
of AEst for 1—4.72 However, our calculations revealed that the triplet
energies in ref 7a were obtained with UHF wave functions. Using ROHF
energies for the triplets, the relative sizes of thiesy values for2 and 3
in Table 2 are reversed from those given in ref 7a.

17774 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005

etry for 1 suggest that the bonding in this pyramidalized alkene
is partially delocalized, presumably because the double bond
in 1 interacts with the distal cyclopropane bonds in a manner
that would eventually lead to the retro-Diel8lder reaction,
shown in Scheme 2. At the B3LYP/6-35G* level of theory,
this retro-Diels-Alder reaction ofl to form 7 is predicted to
be highly exothermicAH = —73.1 kcal/mol), with an activation
enthalpy of onlyAH¥ = 10.0 kcal/mol.

Because TCSCF correlates only the pairmo€lectrons in
the highly pyramidalized double bond &f TCSCF does not
describe as well as B3LYP the partially delocalized bonding in



Heat of Hydrogenation of 1,5-Dehydroquadricyclane ARTICLES
Scheme 3
Si(CHy)s Si(CHs)s
F~ Fz : 7 _
- @ . .
Si(CHy); B

8

1. Since (2/2)CASPT2 does provide correlation for all electrons
in 1, if the geometry ofl could be optimized at this level of
theory, this geometry would presumably be closer to that
optimized at B3LYP rather than at the TCSCF level of theory.
Indeed, when the (2/2)CASPT2 enthalpylofvas recomputed

at the B3LYP optimized geometry, the (2/2)CASPT2 energy
was found to be 2.1 kcal/mol lower than at the TCSCF optimized
geometry30

Using the (2/2)CASPT2/6-31G*//(U)B3LYP/6-31+G* value
of AEst for 1, the corrected (U)B3LYP EA for the alkene is
predicted to be 0.56 eV. In contragt, the product of a retro-
Diels—Alder reaction ofl, is not predicted to bind an electron.
In fact, at the (U)B3LYP/6-31G* level of theory, 7°~ is
actually computed to be higher in energy thaby 0.15 eV.
Therefore, a retro-DielsAlder reaction ofl°*~ should lead to
electron loss.

The reaction,1*~ — 7 + e, would be very exothermic,
becauseAH = —73.1 kcal/mol forl — 7 is far in excess of
EA(correctedy= 13.0 kcal/mol forl*= — 1 + e~. An upper limit
to the enthalpy of activation for this reaction shouldAid*(1°~
— 7+ e7) = EA(1) + AH¥(1 — 7) = 23.0 kcal/mol AH*(1 —

7) = 10.0 kcal/mol for the retro-DietsAlder reaction of neutral

1

mol), giving PAQ*~) = 386 + 5 kcal/mol. This experimental
value for GHe"~ is in good agreement with the B3LYP/6-
31+G* predicted value of PA= 388.1 kcal/mol forl*—.32

The PA of1°~, both measured and calculated, is similar to
the experimental PA of the radical anion of bicyclo[1.1.0]but-
1(3)-ene (PA= 386 £ 5 kcal/mol}®> but smaller than the PA
of the radical anion of cubene (P& 392 & 3 kcal/mol)16
B3LYP/6-31+G* predicts PA= 391.3 kcal/mol for cubene, in
excellent agreement with the experimental value.

Rapid electron transfek(x 1 x 1072 cm® molecule® s71)
was observed when8s~ was allowed to react with SGEA
= 1.1074 0.008 eV). Slower depletion of the;B¢*~ signal k
~ 1 x 10710 ¢cm® molecule? s and~5 x 1071 cm?
molecule! s71) and formation of C§ and G~ were observed
upon reactions with GS([EA = 0.51+ 0.10 eV) and @ (EA
= 0.451 £+ 0.007 eV), respectively. The results of the EA
bracketing experiments suggest that the latter two electron-
transfer reactions are slightly endothermic processe& of
Given the uncertainty in the EA of GSthe observed slow
electron transfer to this compound places upper and lower
bounds of 0.7 and 0.5 eV, respectively, for the electron binding
energy ofl*~. This leads to an experimental electron binding

1 should provide a very conservative lower limit. Consequently, energy of 0.6+ 0.1 eV for 1°~, which is consistent with the
it seemed reasonable to expect that, if generated in a FA-SIFTapparently endothermic electron transfer tp This EA value
apparatus]*~ would survive long enough to be detected, despite is within experimental error of both the corrected B3LYP/6-

the possibility of its undergoing a very exothermic retro-Diels
Alder reaction to forn, with concomitant loss of an electron.

FA-SIFT Experiments. In our FA-SIFT apparatus, the
Squires reaction 06 (Scheme 3) did generate gHg ~ ion,
albeit in low abundance. The abundance of ar8orwas also
low. The low intensity of these ions was due, at least in part, to
the low vapor pressure of bis(trimethylsilarg)

31+G* EA of 0.61 (0.56) eV and the (2/2)CASPT2/6-8G*
EA of 0.54 (0.53) eV forl (Table 1).

Using PA(@*~) = 386+ 5 kcal/mol and EA{) = 0.6 + 0.1
eV, combined with the known value of BDE 109.4+ 1.3
kcal/mol for the C5-H bond of5,13 eq 1 gives a value akHpy,
= 91 £ 9 kcal/mof® for 1. This experimental value for the
heat of hydrogenation of is, within experimental error, the

To characterize the #£l¢"~ ion generated from the Squires same as both the (2/2)CASPT2 value/dfly, = 89.9 kcal/mol
reaction of 6, EA and PA bracketing experiments were and the B3LYP value ofAHu, = 94.0 kcal/mol. Within
performed, along with semiquantitative determinations of the experimental errorAHy, = 91 4 9 kcal/mol for1 is also the
rate constants (see Experimental Section). Only a small depletionsame as the experimental value/dfi,, = 88 + 5 kcal/mol for

of the GHe"~ signal was observed with added®i (k ~ 8 x
10~ cm® molecule* s72). In contrast, the ion reacts with more

cubeneté
The heat of formation ofl can be derived by adding the

acidic reagents much more rapidly, with rate constants ranging experimental heat of hydrogenationiofo the heat of formation

fromk a5 x 10719 cm? molecule? s~ for MeOH tok ~ 1 x
107° cm® molecule! s~ for CHR,CH,OH. There is a clear gap

in reactivity observed between MeOH and®{ The PA of
C/He~ was thus bracketed to be between those of MeOH
(AHacig = 3824 1 kcal/molf! and HO (AHaciq = 390.3 kcal/

(30) The effects of recalculating the (2/2)CASPT2 values of EBgr, and the
relative enthalpy ofl at (U)B3LYP, rather than TCSCF optimized
geometries are given in footnotes to Tables31 The (2/2)CASPT2/6-
31+G*//UB3LYP/6-31+G* energies of the radical anion and the triplet
state ofl are, respectively, 0.9 and 0.8 kcal/mol lower than the (2/2)-
CASPT2/6-31#G*//TCSCF/6-31-G* values. That the (2/2)CASPT2 en-
ergy of the singlet is lowered by more than twice as much as those of the
radical anion and triplet is not surprising, given the large differences, shown
in Figure 2, between the B3LYP and TCSCF optimized singlet geometries.

(31

—

P. J., Mallard, W. G., EdsSNIST Chemistry WebBopRIST Standard

Reference Database No. 69, March 2003; National Institute of Standards

and Technology: Gaithersburg, MD (http://webbook.nist.gov).

Unless otherwise noted, all thermochemical data are taken from: Linstrom,

of 5 (AH; = 81.054 0.55 kcal/mol)3! The value thus obtained
is AH¢(1) = 172 + 9 kcal/mol.

The = BDE of 1 can be determined by combining the
experimental value for the heat of hydrogenatiori efith the
BDEs of the CG-H bonds formed ir5!3 and the BDE of H.
Thex BDE of 1 is thus found to be 23 9 kcal/mol3* This =z
BDE is 11 kcal/mol larger than the experimental value oft12
9 kcal/mol for thexr BDE in cubené? but the uncertainties in

(32) In principle, rearrangements could have formed the radical anion of
norbornenyne (&¢ ). However, our independent studies of this radical
anion find that it shows very different reactivity than that ascribeti*to
Hoenigman, R. L., Ph.D. Dissertation, University of Washington, 2002.

(33) The error distribution in a bracketing experiment is not gaussian and cannot
be treated with the conventional root mean error evaluation. A conservative
limit for the error is a sum of the errors of the corresponding reference
values.
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these experimental values are too large to draw any firm the heat of formation of was determined to baH; = 172+
conclusions about what their relative sizes actually are. 9 kcal/mol, ther BDE to be 23+ 9 kcal/mol, and the olefin
Nevertheless, it is noteworthy that, although the experimental strain energy to be OSE 67 + 9 kcal/mol for this highly
value of ther BDE in 1 is 11 kcal/mol larger than that in  pyramidalized alkene.
cubene,1 is found to hae a 3 kcal/mol larger heat of The experimentally derived value of OSE 67 + 9 kcal/
hydrogenation. The reason is straightforward: each of the pair mol is in much better agreement with the B3LYP/6+33* and
of cyclopropyl C-H bonds formed in the hydrogenation bf (2/2)CASPT2/6-33+G* values of 69.5 and 65.3 kcal/mol,
(BDE = 109.4+ 1.3 kcal/mol}® is 7 kcal/mol stronger than  respectively, than with the TCSCF/6-31G* value of OSH9
each of the pair of cyclobutyl €H bonds formed in the  kcal/mol’2 This finding suggests that the bonding inis
hydrogenation of cubene (BDE 102 4 4 kcal/mol)16 partially delocalized, as predicted by B3LYP and (2/2)CASPT2,
The OSE ofl is the difference between the heat of rather than localized, as predicted by TCSCF. Thus, our
hydrogenation ofl and that of an unstrained reference alk&he.  experiments provide indirect support for the B3LYP prediction
Szeimies and co-workers used bicyclo[3.3.0]oct-1(5)-&hag that the highly pyramidalized double bond Inresults in the
the reference alkene to compute the OSELSR If AHy, = equilibrium geometry lying part way along the reaction coor-
24.5 kcal/mol is used f09,%® the experimental value okHy, dinate from the localized TCSCF structure to the completely
=91+ 9 kcal/mol forl gives OSE= 67 &+ 9 kcal/mol. B3LYP/ delocalized transition structure for a retro-Die/slder reaction.
6-31+G* calculations predict the OSE df to be 69.5 kcal/ i
mol, and (2/2)CASPT2 predicts OSE 65.3 kcal/mol. These ~ Computational Methods
values are in excellent agreement with the OSE obtained from DFT geometry optimizations were performed with Becke’s hybrid

the experimental value of the heat of hydrogenation.of three-parameter functiorf&and the correlation functional of Lee, Yang,
and Parf” (B3LYP). A B3LYP vibrational analysis was performed at
each stationary point to confirm its identity as an energy minimum or
OE> as a transition state and to provide the zero-point and thermal energy
corrections necessary to convert the B3LYP electronic energies to
9 enthalpies at 298 K. For this purpose the B3LYP vibrational frequencies
were used without scaling.
In contrast, the TCSCF/6-31G* value of OSE79.0 kcal/ Ab initio geometry optimizations were carried out with (2/2)CASSCF
mol for 172is considerably larger than both the experimentally (I-€- TCSCF) for neutral structures and (3/2)CASSCF (i.e., ROHF)
derived value and the (2/2)CASPT2 and B3LYP/6+&* for radical anions. The active electrons were distributed among-the

calculated values. The main reason TCSCE/6-31G* overesti- °" 7-like molecular orbitals. CASSCF vibrational analyses were

. . performed in order to establish the nature of each stationary point found
mates the OSE ol is that, as discussed above, the TCSCF and to obtain zero-point and thermal corrections to its energy. The

level of theory provides a poor description of the partially cAssCF vibrational frequencies were used without scaling. To include
delocalized bonding irl. the effects of dynamic electron correlati®n(2/2)CASPT2¢ single-
point calculations were performed at CASSCF geometries. The
CASSCEF zero-point and thermal corrections were used to convert the

The radical anion of 1,5-dehydroquadricyclafe ) has been CASPT?2 electronic energies to enthalpies.
generated independently of the three other isomeric dehydro- All calculations were performed using the 6-8G* basis se® The
quadricyclane radical aniong{—4°") via the Squires reaction B3LYP and CASSCEF calculations were carried out using the Gaussian
of 6. Although the retro-DielsAlder reaction ofl*~ to give 7, 98_suite of program®,while the CASPT2 calculations were performed
with concomitant electron loss, is computed to be very favorable USing the MOLCAS package of prograrts.
thermodynamically,1°*~ has sufficient kinetic stability to be
detected in our FA-SIFT apparatus.

The GHg~ ion formed from the Squires reaction 6fwas Gas-phase Experimer)tsGas-phase ion chemistry experiments were
found to have an electron binding energy of &@.1 eV and performed at 298 K using a tandem flowing afterglow selected ion

- - flow tube (FA-SIFT) instrument that has been described previdisly.
a proton affinity of 386+ 5 kcal/mol. These experimental values ) )
. . . The reactant ion, F; was generated in the source flow tube by electron

are in good agreement with the values predicted Ifor by

. " B impact on NR. The F ions were mass selected by the SIFT quadrupole
B3LYP/6-3HG* and (2/2)CASPT2/6-3+G* calculations. mass filter and injected into the second flow tube containing helium

Using these experimental values, the heat of hydrogenation.o.5 Torr), where they encounter&d which was added through a
of pyramidalized alkend was found to beAHy, = 91 £ 9 fixed inlet near the upstream end of the flow tube. Teion thus
kcal/mol. This value is in excellent agreement with the value generated was allowed to react with(5% in He,~0.5 mTorr), which
of AHy, = 94.0 kcal/mol predicted by B3LYP/6-31G* was added downstream, forming an aniommé 90 (GHg" ") via the
calculations and the value dfHy, = 89.9 kcal/mol predicted
by (2/2)CASPT2 calculations. From the heat of hydrogenation, (36) Becke, A D.J. Chem. Phys1993 98, 5648

' (37) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(38) (a) Harihan, P. C.; Pople, J. Aheor. Chim. Actd 973 28, 213. (b) Clark

Conclusions

Experimental Section

(34) Using Benson’s definition (Benson, S. E., Hdhermochemical Kinetics T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. \1. Romput.
2nd ed.; Wiley-Interscience: New York, 1976; pp-6&) of thex BDE Chem.1983 4, 294.
of 1 as the negative of the enthalpy of the disproportionation reaction of (39) Frisch, M. J.; et alGaussian 98Revision A.7; Gaussian, Inc.: Pittsburgh,
two molecules of 1-quadricyclyl radical to forirand5, the CASPT2 value PA, 1998.
for the w BDE of 1 is 24.7 kcal/mol. This value is very similar to the (40) Andersson, K.; et aMOLCAS version 4.1; Department of Theoretical
CASPT2 values ofAEst = 23.5 and 24.5 kcal/mol in Table 2, as well as Chemistry, Chemical Centre: University of Lund, Lund, Sweden, 1999.
to the experimental value of 28 9 kcal/mol for ther BDE of 1. (41) (a) Van Doren, J. M.; Barlow, S. E.; DePuy, C. H.; Bierbaum, V.IM.
(35) There apparently has been no measurement of the heat of hydrogenation J. Mass Spectrom. lon ProcessE387 81, 85. (b) Bierbaum, V. M. In
of 9. Therefore, we have used calculated values. (2/2)CASPT21653/ The Encyclopedia of Mass Spectrometry: Volume 1, Theory and lon
TCSCF/6-31#+G* and B3LYP/6-3%G* both predictAHy, = 24.5 kcal/ Chemistry Gross, M. L., Caprioli, R., Armentrout, P. B., Eds.; Elsevier:
mol for 9; therefore, we believe that this value is reliable. San Diego, 2003.
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Squires reaction. For reactivity studies ofHg~ (e.g., PA and EA

layers were combined and dried over MgSThe solvent was removed

bracketing experiments), neutral reagents were added farther down-by rotary evaporation. Purification by vacuum fractional distillation
stream. All ionic species were mass analyzed and detected using thewith an 8-in. Vigreux column (8187 °C, water aspirator) gave 9.0 g

guadrupole mass filter/electron multiplier at the end of the flow tube.
Due to the low vapor pressure of reagéntintensities of8~ and
C;He"~ anions were rather low, while unreacted iens (PA= 371.3
kcal/mol, EA(F) = 3.4012 eV§* were present in large excess in the
reaction flow tube. In addition, impurity ions atz 89 and 91 were
more abundant than /#8¢~. The heavier of these two anions is
presumably quadricyclanide anion#&~, PA = 402.9 kcal/mol}!
formed from the reaction of Fwith 1-(trimethylsilyl)quadricyclane,
which was present as an impurity-2%) in the sample. The lighter
anion is presumably trimethylsiloxide (G#SIO~, formed from the
reaction of F with an impurity (~2%), (CH)sSiOSi(CH)s. The first
isotopomer of the trimethylsiloxide anion (with eith&iSi or 13C)
provided a small background (typicalty20%) atmv/z 90 for G;He"".
In fact, prior to addition of i the observead/z 90:m/z 89 ratio was

(0.037 mol, 69.8% yield) of clear liquid (98.2% pure by GG} NMR
(CDCl;, 300 MHz)6 0.13 (s, 9H), 1.92 (dt] = 1.6 Hz, 6.2 Hz, 1H),
2.11 (dt,J = 1.6 Hz, 6.2 Hz, 1H), 3.51 (m, 1H), 3.17 (m, 1H), 6.69
(ddd,J = 2.0 Hz, 5.2 Hz, 0.8 Hz, 1H), 6.81 (ddd~= 3.0 Hz, 5.2 Hz,
0.2 Hz, 1H);*3C NMR (CDCk, 300 MHz) 6 —1.4, 56.1, 61.8, 72.7,
141.5, 143.2, 147.7, 148.2; MS (El) 244, 24271199, 197, 163,
147, 97, 73 (100%).

2,3-Bis(trimethylsilyl)norbornadiene (11). tert-Butyllithium (50
mL, 0.085 mol, 1.7 M in pentane) was added slowly over 10 min to a
cooled (78 °C) solution 0f10 (9.0 g, 0.037 mol) in 40 mL of ether
under an argon atmosphere. The reaction mixture was stirrédHat
—78 °C, after which chlorotrimethylsilane (28 mL, 0.221 mol) was
added. The solution was warmed to room temperature over 3.5 h,
saturated NELCI (50 mL) and water (50 mL) were added, and the layers

approximately 0.1, in agreement with the natural isotopic abundance were separated. The water layer was extracted with ether, and the

ratio for (CH;)sSiO™ of 0.083.

Since (CH)sSIO™ is weakly basic (reported PAs of 358.9 and 362.9
kcal/mol¥! and strongly bound (EA= 2.80 eV at B3LYP/6-33G*),
this anion did not significantly interfere with the EA and PA
determinations in the present study. The signals for3}¢3#0~ ions
with either 2°Si or 13C were subtracted from thevz 90 signal as a

organic layers were combined and dried over MgSthe solvent was
removed by rotary evaporation. Purification by column chromatography
(silica, 19.5 cmx 2 cm, hexanes) gave 7.1 g (0.03 mol, 81.3% yield)
of clear liquid (96.2% pure by GC)*H NMR (CDClz, 400 MHz) 6

0.15 (s, 18H), 1.64 (m] = 1.6 Hz, 6.0 Hz, 2H), 3.92 (m] = 1.6 Hz,

2H), 6.60 (app tJ = 2.0 Hz, 2H);*3C NMR (CDCk, 400 MHz)4 0.3,

constant background. After the background subtraction, the reactivity 58.2, 71.7, 142.1, 165.2; MS (EIl) 236 (y) 221, 162 (100%), 155,

of the m/z 90 signal was examined with fixed flow rates of proton-
transfer reagents 40 (AHacia = 390.3 kcal/mol), MeOH AHacia =
382 kcal/mol), EtOH AHacq = 378.3 kcal/mol),t-BuOH (AHacia =
374.7 kcal/mol), and CHEH,OH (AHacq = 366.4 kcal/mol) and
electron-transfer reagents (A = 1.107 eV), C%(0.51 eV), and
0, (0.451 eV)3* Semilogarithmic depletions of the/z 90 signal were

133, 97, 73.

1,5-Bis(trimethylsilyl)quadricyclane (6). A solution of 11 (2.23
g, 9.45 mmol) and acetophenone (0.049 mL, 0.43 mmol) in 25 mL of
ether was degassed for 5 min under argon and then irradiated for 18 h.
The solvent was removed by rotary evaporation to yield 2.03 g (8.6
mmol, 91.0% vyield) of clear liquid:*H NMR (CDCls, 400 MHz) 6

compared with that for a known reaction, and approximate reaction —0.02 (s, 18H), 1.27 (dt) = 1.2 Hz, 4.0 Hz, 2H), 1.48 (d] = 4.0

rate constants were obtained.
SynthesesThe synthesis of 1,5-bis(trimethylsilyl)quadricyclai (

Hz, 2H), 2.01 (dtJ = 1.2 Hz, 10.8 Hz, 1H), 2.16 (df,= 1.2 Hz, 10.8
Hz, 1H);*%C NMR (CDCk, 400 MHz)6 —1.0, 13.2, 19.3, 27.9, 32.9;

was modeled after the synthesis of 1,5-dibromoquadricyclane, describedVS (El) 236 (M"), 221, 162, 155, 133, 73, 66 (100%). Exact mass:

by Szeimies and co-workefs.Ether solvents were dried over and

distilled from Na/benzophenone. All other reagents were used as
received, unless otherwise noted. Alkoxides were handled and stored

in a glovebox. Column chromatography was performed using silica
gel 60 (236-410 mesh, 0.040.063 mm). Photolysis was carried out

with a 200-W high-pressure quartz mercury vapor lamp in a water bath.

calcd for G3SibHz4, 236.1411; found, 236.1402.
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